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FOREWORD 

We welcome you to the International Porous and Powder Materials Symposium and 

Exhibition, PPM 2015.   

The foreword of the proceedings and the abstracts books of the previous symposium, PPM 

2013 which was the first of its series, started with the following sentence: ‘Idea of 

organizing a symposium on porous and powder materials owes its germination to the 

curiosity about the “other side of the fence”.’ 

It was a very fitting and almost a prophetic statement because 700 participants from 50 

countries hosted by PPM 2013 belonged to an incredibly wide spectrum of science and 

technology, who one way or another dealt with porous and powder materials.  It was both a 

fascinating and engaging sight to have people from the cement industry sitting in the 

sessions related to Biological and Medical Aspects since they realized that a 

characterization technique used in this field may actually answer some questions in theirs. 

Do we not deal with the same basic questions when we truly try to understand a material 

no matter where it originates from or how it is being put into application?   

PPM 2015 took courage from this basic premise, and of course, the wonderful attention 

and success it was rewarded in 2013.  Hence its aim is the same: to focus on and amplify 

the interconnection among different fields of science and technology  related to porous and 

powder materials and turn it into a fruitful interaction while creating a familiarity for the 

work of each other. With this in mind, the main themes of the symposium was kept the 

same: 

Theme A: Development and Characterization 

Theme B: Catalysis 

Theme C: Environmental and Energy 

Theme D: Biological and Medical Aspects 

Theme E: Transport and Surface Chemistry 

Theme F: Modeling and Simulation 

Theme G: Industrial Applications  

Therefore, this foreword for PPM 2015 should end with the same sentences of its 

precedent which clearly demonstrated that the symposium addressed a need for those of us 

who work with porous and powder materials: PPM Symposia address ‘a need which arises 

from the curiosity about  what is happening beyond the fence. We believe that this healty 

curiosity will make the International Porous and Powder Materials Symposium and 

Exhibition a regular and respected  gathering in the field for the years to come.’ 

We would like to take this opportunity to extend our sincere appreciation to all symposium 

participants, our invited speakers, session chairs, Advisory Boards, Exhibitors and 

Sponsors who have all contributed to make this possible. 

With our best regards we hope to get together in PPM 2017 in both senses of the word. 

On behalf of the PPM Organizing Committee, 

Mehmet Polat and Metin Tanoglu, Symposium Chairs 

Sevgi Kilic Ozdemir, Symposium Secretary 
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ABSTRACT: Strategies for higher selectivity are needed without sacrificing activities in chemical 

conversions for better material and energy economy in chemical process industries (CPI). Our 

objective is to describe methodologies combining fundamental understanding of catalysis and 

surface chemistry with the tools of chemical reaction engineering towards designing processes with 

high material and energy efficiencies. The engineering rules of thumb demands availability of 

global rate and activation energy data to tune the temperatures and the residence times in the 

reactors for the maximization of the desired product yield and selectivity.  On the other hand, 

fundamental research in catalysis aims tuning active sites for greater activity towards the desired 

product while inhibiting the activity for the undesired side products. Combination of both of these 

strategies, i.e., designing reactor operation protocols based on the surface reaction mechanisms can 

lead to rational design of catalysts and reactors. When the interface of the metal nanoparticles and 

their porous support are involved simultaneously in the reaction, the mechanism is significantly 

altered. In this paper, selected examples from reactions involving the interactions between adsorbed 

layers at the interface of the porous materials and Nano sized precious metal catalysts are discussed 

for an effective reactor design. 

  

1. INTRODUCTION 

There are unique possibilities for chemical 

conversions at the interface between a 

supported precious metal and a porous 

material used as catalyst support. In addition 

to the unique oxidation state of the precious 

metal at the interface eluding chemical 

analysis -but not the chemical intuition-, the 

reactants and the intermediates flux across the 

interface for temporary –or permanent- 

residence on the support.   

The original use of the support for the 

precious metals stemmed from the need to 

create greater surface areas for the expensive 

precious metals.  The effect of different 

supports on many reactions had to be 

determined empirically in the early studies.  

Presently, the role of the support is well 

understood in many of the reactions, but the 

field still offers pristine problems to pursue.   

One of the important issues at the metal 

support interface is the spillover phenomena.  

The topic is controversial in catalysis 

literature, mainly due to the elusive nature of 

the spilled over intermediates and absence of 

the evidence of the reactivity of the spilled 

over species.   

The objective of this paper is to review 

different aspects of spillover process at the 

precious metal/oxide support interface 

investigated in my research group over the 

years.    

 

2. METAL/OXIDE INTERFACE OF TiO2 

as a PHOTOCATALYST 

 

2.1. Photocatalytic Oxidation 

The first problem to be discussed will be the 

photocatalytic oxidation –and reduction- 

reactions over Pt/TiO2. The main activity in 

this catalyst is provided by TiO2. Upon 

irradiation by electromagnetic  

radiation, charge carriers in the form of 

electron and hole pairs are generated in the 

structure. The exothermic recombination of 

these charge carriers is detrimental to the 

activity.  Therefore, precious metals such as 

Pt are added on the surface to provide a 

INVITED PAPER 
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Schottky barrier where electrons are 

populated and used. Research from our group 

and others [Ozbek and Uner, 1999, and the 

references therein] revealed the increase in 

the photocatalytic activity of the catalyst 

towards benzene oxidation upon addition of 

Pt.  Furthermore, in the presence of platinum, 

the catalyst deactivation was much slower. 

The process was modeled as a series reaction 

where benzene decomposition underwent a 

series reaction scheme to a single carbon 

surface intermediate as shown below: 

C6H6  6C1 6 CO2 + H2O   

In this scheme, it was possible to demonstrate 

that the presence of Pt enhanced the rate of 

the seconds step by supplying enough 

dissociated oxygen for carbon and hydrogen 

oxidation [Uner, 2010]. It was also possible to 

demonstrate that the catalyst deactivation was 

due to the depletion of oxygen from TiO2 

leading to a carbon buildup in the absence of 

enough accessible oxygen over the surface.  

Reactor design principles: In this scheme, the 

design constraints is to increase the useful 

lifetime of the photo catalyst.  By adding a 

precious metal in a minute amount, it was 

possible to inhibit the deactivation by 

continuously providing dissociated oxygen to 

the support.  The reader is advised to tag the 

concept of spillover for further use in this 

paper.   

 

2.2. Artificial Photosynthesis 

The same catalyst used in photocatalytic 

oxidation can be used for the reverse reaction, 

i.e. production of hydrocarbons from CO2 and 

H2O. In a detailed study of artificial 

photosynthesis, we were able to demonstrate 

the decoupled mechanism of water splitting 

and CO2 hydrogenation [Uner and Oymak, 

2012]. In the natural photosynthesis, the same 

reaction takes place through a series of 

reactions in different domains  

compartmentalized by membranes providing 

diffusion resistance. Photosystem I and 

photosystem II are responsible to absorb light 

to generate electrons for water splitting 

reactions.  Protons and electrons generated as 

such travel across membrane walls while di-

oxygen is formed and discarded from the 

plant cell at once. The greater selectivity of 

the reactions at the plant cell –or any other 

enzymatic reaction- is due to the precise 

control of the rate of arrival of the reactants at 

the reaction centers and inhibition of the 

aggressive reaction intermediates, such as 

oxygen, from the reaction medium.  

With this in mind, we devised a feeding 

strategy for photocatalytic hydrogenation of 

CO2 to methane, the only detected product in 

the gas phase.  In this feeding, reaction 

strategy, we created C1 intermediates on the 

surface by exposing the surface to CO2 and 

water under illumination.  The surface 

intermediates were converted to CH4 in the 

presence of hydrogen that has been 

dissociated and sustained on the surface of the 

support. In the presence of the surface 

dissociated hydrogen, methane formation was 

highly favorable even at room temperature 

and in dark.  The role of the metal in this case 

was also to provide the dissociated hydrogen 

while the support sustained large amounts of 

dissociated hydrogen for further use in the 

excursions where CO2 was supplied.  

Reactor design principles:  In fact, the design 

principles in this system has already been 

perfected over 2.5 billion years of evolution.  

Photosynthetic plant cells have already 

separated the hydrogen production –and 

therefore oxygen evolution- from CO2 

fixation reactions.  Compartmentalization of 

chemical conversions, in opposition to 

mixing, is a viable strategy for selectivity 

enhancement in parallel/series reaction 

networks.  Accurate kinetic information is 

utmost importance to select the mixing and 

compartmentalization strategy.  

 

3. METAL/OXIDE INTERFACE OF 

CeO2- OXYGEN PUMPING  

 

3.1 CO Oxidation 

The next problem we will discuss involves 

the reducibility of the oxide and its 

implications during redox reactions. CeO2 is 

well known for its oxygen pumping 

properties and is used as such in emission 

control catalysts used in exhaust mufflers. 

Ceria is known to switch between different 

crystalline phases of various oxidation states.  

Transition between these oxidation states 
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allows CeO2 to withhold and release oxygen 

upon demand.  The rate of transfer of oxygen 

between the metal and the support interface 

determines the effectiveness of the oxidation. 

Oran and Uner [2004] have conducted a 

detailed study of CO oxidation over Pt 

catalysts supported over CeO2 and also Al2O3.  

The mechanism of CO oxidation over Pt/ 

Al2O3 is proposed to follow the following 

steps:  

CO + * CO* 

O2 + 2*  2 O* 

CO* + O*  CO2 + 2* 

If the surface is mainly populated by CO, and 

dissociative adsorption of oxygen is the rate 

limiting step, the reaction rate takes the 

following form [Oran and Uner, 2004]. 

  

𝑟𝑎𝑡𝑒 =
𝑘 𝑃𝑂2

(1+𝐾 𝑃𝐶𝑂)2  (1) 

The rate expression given by equation (1) is 

consistent with the measured reaction orders 

of 1 for oxygen and -2 for CO.    On the other 

hand, the reaction rates take a different 

mathematical expression when ceria is used 

as a catalyst support.  The role of ceria as a 

compound to take-up and release oxygen is 

well documented. Accordingly, the following 

mechanism is proposed:  

CO + * CO* 

O2 + 2s  2 Os 

Os + *  O* + s 

CO* + O*  CO2 + 2* 

In this mechanism * represent the active site 

on the metal, while s represent the active site 

over the support surface.  The dissociation of 

oxygen takes place over the oxide, while this 

oxygen is being transported to the metal for 

further reaction. Under these conditions, the 

overall reaction rate takes the following form: 

𝑟𝑎𝑡𝑒 =
𝑘 

1+𝐾 𝑃𝐶𝑂
  (2) 

The rate expression given in equation (2) is 

also consistent with the experimental 

observations.  When the two expressions are 

compared, two principal differences are 

observed: rate described in eq. (2) does not 

depend on oxygen partial pressure, and the 

order of CO is less negative in comparison to 

rate described in eq. (1).  

Reactor design principles: When we analyze 

the use of ceria in the light of these rate 

expressions, we conclude the following: 

Under the conditions when oxygen is scarce, 

the overall reaction may run faster when 

oxygen is supplied from the support. Low 

oxygen concentrations no longer decrease the 

reaction rate.  Furthermore, the strong 

negative influence of CO partial pressure is 

milder when oxygen from the support is 

utilized.  The two nearest neighbor sites on 

the metal surface necessary for oxygen 

dissociation is no longer needed when oxygen 

is provided from the support.   A pulsed flow 

reactor is recommended.  

 

3.2 Dry Reforming 

In this section, we will continue our 

discussion of another reaction involving CO, 

but this time as a reaction product. Steam 

reforming reactions are frequently used in 

industry to produce hydrogen: 

CH4 + H2O  CO+ 3 H2 

This reaction is frequently accompanied by 

reverse water gas shift (RWGS) reaction: 

CO2 + H2  CO + H2O 

The combined reaction is commonly referred 

to as dry reforming reaction:  

CH4 + CO2  CO+ 2 H2 

 The industrial importance of dry reforming 

reaction is to offer a chemical pathway for 

two major greenhouse gases CH4 and CO2. 

Efficient conversion of methane and CO2 to 

syngas, as a result, becomes both industrially 

advantageous and also creates a closed carbon 

cycle.  

The historical problem with this reaction is 

dictated by the thermodynamics.  The 

production of CO is not favorable at 

temperatures lower than ca 800 C.  If the 

system is forced to produce CO, nature 

responds to it via Boudard disproportionation 

reaction: 

2 CO  CO2 +C 

The nature’s response to this forceful 

situation is coke buildup on the catalysts, 

many times resulting in irreversible 

deactivation by encapsulating the catalytically 

active material. Severe endothermicity of the 
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reaction can create local “cold” spots, 

furthering the coke build-up.  

The conditions for oxygen transfer to/from 

CeO2 during CO oxidation over Pt/ CeO2 and 

the reaction models that can describe this as 

discussed in the previous section is used to 

pave the way for the role of the CeO2 during 

dry reforming of methane using Ni/ CeO2 

catalysts[Ay and Uner 2015].  

Reactor design proposals: Controlled build-

up of carbon is a nature preferred route in 

photosynthesis.  Instead of swimming against 

the current of thermodynamics, devising 

strategies of energy efficient partial 

hydrogenation of CO2 to valuable products is 

necessary.   

 

4. METAL SUPPORT INTERFACE IN 

HYDROGENATION REACTIONS 

 

4.1 Synthetic fuels Through CO 

Hydrogenation  

Due to the kinetic considerations, CO 

hydrogenation is the preferred chemical 

synthesis route from coal (and also from other 

hydrocarbon sources) since Fischer Tropsch 

synthesis was developed in Germany in early 

20
th

 century.  In this reaction scheme, syngas 

(CO + H2) is used to produce a mixture of 

hydrocarbons distributed along the molecular 

weight similar to a polymerization reaction.    

Commercial synthesis of CO hydrogenation 

reaction, is carried out in slurry bubble 

column reactors.  In this design, bubbles of 

CO and hydrogen mixture pass through a 

catalyst layer suspended in wax.  Transport 

limitations combined with inaccessibility of 

the catalyst surface due to the wax molecules 

limits the activity of the catalyst.   

A general reaction mechanism as presented 

below can be used to determine rate and 

selectivity expressions as a function of 

hydrogen and CO partial pressures.  

CO + * CO* 

CO* + * C* + O* 

H2 + 2*  2H* 

H*+O*  OH* + * 

OH* + H* H2O + 2* 

CO* + O* CO2 + 2* 

C* + H* CH* + * 

CH* + H* CH2* + * 

CH2* + H* CH3* + * 

CH3* + H* CH4 + 2* 

CH3* + CH2*  C2H5* + * 

C2H5* + * C2H4 + H* + * 

C2H5* + H* C2H6 + 2* 

And so forth.  

When this mechanism is worked out [Uner, 

1998], the following kinetic expressions are 

determined: 

𝑂𝑃𝑅 =
𝑘𝑡𝑜

𝑘𝑡𝑝√(𝐾𝐻2𝑃𝐻2)
 

Where OPR is the olefin to paraffin ratio, kto 

is the rate constant for termination to olefins 

and ktp is the rate constant for termination to 

paraffin.  It is clear that the olefin to paraffin 

ratio is inversely proportional to hydrogen 

partial pressure, i.e. increasing hydrogen 

partial pressure decreases olefin to paraffin 

ratio.  

The chain growth probability, , is another 

important parameter measuring the selectivity 

of the reaction towards higher hydrocarbons. 

The implicitly defined expression for   given 

below again indicates that increasing 

hydrogen partial pressure decreases chain 

growth probability.  

 
Reactor design principles:  Not evident from 

the given expressions, the rates inherently 

inhibited by the strongly adsorbing CO 

molecules.  In other words, the reaction is 

strongly poisoned by both of the reactants.  

Under such conditions, judicious adjustment 

of CO and hydrogen partial pressures along 

the reactor would enable selective synthesis 

of hydrocarbons and removal of oxygen from 

the surface.   

 

4.2 NH3 Synthesis  

Ammonia synthesis is another industrially 

important reaction, one of the largest volume 

of commodity chemicals manufactured 

globally. The energy demand of ammonia 

synthesis process is also second to ethylene 

manufacture in global CPI. Almost 80% of 

the energy demand for this process is towards 

hydrogen manufacture. The role of the spilled 
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over hydrogen to design new reactor 

strategies for industrially relevant ammonia 

synthesis reaction is the final challenge of this 

paper to be addressed. Thermodynamics of 

adsorption links the conditions in the gas 

phase to the reactions on the surface. 

Localized dense and loose adsorbed layers 

may be present with distinctly different 

surface reaction rates. In the dense surface 

phases, the restricted mobility of the adsorbed 

species lead to unique kinetic processes 

effective at the interfaces, while the kinetics 

in the loose adsorbed phases are governed by 

the mean field rules of gas phase chemical 

reactions. Whether the spilled over hydrogen 

was useful was already answered in section 

2.2. In this system, the kinetically hindered 

hydrogen desorption from the support surface 

can be used to operate the ammonia synthesis 

reactor as a membrane reactor without 

actually using a physical membrane. To 

enhance the rates, a segregated reactor 

strategy is proposed. When hydrogen 

adsorption and dissociation is decoupled from 

nitrogen adsorption, dissociation and 

hydrogenation, the reaction is no longer 

poisoned by the adsorbed hydrogen, the rates 

are directly proportional to nitrogen partial 

pressure and inversely proportional to 

ammonia partial pressure.   

 

SUMMARY 

Good understanding of the surface reaction 

mechanisms can lead to improved reactor 

design and operation strategies.  6 examples 

for present day academic and/or industrial 

challenges were discussed. 
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ABSTRACT: High power density heat storage is usually hindered by the low heat conductivity of 

technically relevant phase change storage materials (PCM), i.e. paraffine. For improved devices, 

the length of the conductive paths within the storage material has to be minimised. Different 

approaches have been followed in the past for improving the heat conductivity in PCM such as 

adding particulates (i.e. graphite flakes, turning chips) or encapsulation in polymers. However, the 

improvment of these approaches in terms of power gain is limited. One of the main reasons for this 

outcome is the fact that all of these solutions do not connect well to ordinary metallic heat 

exchanger structures. In order to overcome this limitation, a new approach uses powder metallurgy 

to prepare porous metals such as fibre structures and hollow metallic spheres. Manufacturing routes 

for improved heat accumulators using these materials have been developed. In particular, it could 

be demonstrated that it is possible to build simple, fast, and compact PCM heat accumulators with a 

charging / discharging power density in the order of one kilowatt per liter and above and charging 

times in the range of a few minutes with negligible degradation in performance over the testing 

period.  

 

1. INTRODUCTION 

Phase change materials (PCM) usually suffer 

from a very low heat conductivity of less than 

1 W/(m K). It is therefore necessary to 

combine the PCM with a highly conductive 

matrix which, on the other hand, should not 

consume too much of the storage volume. In 

order to achieve fast PCM heat accumulators, 

it is necessary to reduce the distance the heat 

has to travel in the PCM. Metallic heat 

transfer structures with pore sizes of a few 

mm or less are required to arrive at significant 

improvements. Sintered metal fibre structures 

made from aluminium alloys with pore sizes 

well below 1 mm are thus a well suited matrix 

for this purpose. They provide a reasonable 

compromise between heat conductivity and 

structural porosity. Additionally, their 

manufacturing process ensures that no closed 

cavities are contained in the structures, this 

way making sure that the available storage 

volume will be used to its full extent. 

 

 

1.1. Manufacturing of Sintered Metal Fibre 

Structures 

One important prerequisite for the 

manufacturing of sintered aluminium fibre 

structures is the availability of aluminium 

alloy fibres with appropriate composition and 

clean surface. This can be accomplished by 

utilising the crucible melt extraction (CME) 

process, by which it is possible to 

manufacture short fibres from almost any 

fusible material [Andersen and Stephani, 

1999]. To this end, a rotating wheel with a 

notched surface is placed over a melt pool. 

The rotating extraction device is water cooled 

and thus generates a high solidification rate. 

As a result, homogenous distribution of the 

alloying elements, small grain sizes, reduced 

segregation and extended solubility, as well 

as the formation of metastable phases is 

achieved. The melt extracted fibres typically 

show a sickle or kidney shaped cross-section. 

Fraunhofer IFAM Dresden has improved the 

crucible melt extraction process to pro-duce 

fibres of a mean equivalent diameter from 50 

to 250 µm in batch sizes of one to several 

INVITED PAPER 
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kilograms. The fibre length is typically set 

from 3 to 25 mm with a deviation of 

approximately ± 15 %. 

 

Plates, rings, and cylinders can be 

manufactured from the fibres by depositing 

them on a suitable sintering substrate, 

followed by sintering and machining to the 

desired dimensions (Figure 1). The preferred 

cutting method is laser cutting which is 

suitable for cutting plates of up to 10 mm 

thickness. The porosity of the fibre structures 

can be set to anywhere between 50 and 90 % 

and is completely interconnected, allowing 

for free through-flow of fluids which is 

important for complete filling of the PCM 

storage devices. The pore size usually lies 

between 10 and 250 µm, depending on the 

porosity and the fibre diameter. The small 

pore size minimizes the distance that the heat 

has to travel within the badly conducting 

PCM, thus maximising the expected 

performance of such storage devices. 

 

 
 

Figure 1: Examples of sintered fibre 

structures. 

 

Very early in the development it became 

obvious that liquid phase sintering had to be 

used in order to achieve a good 

interconnection between the fibres. Different 

compositions were tried, starting with 

Al89Cu6Zn5 and AlCu5 fibres with a mean 

circular cross section equivalent diameter of 

around 150 µm and a mean length of close to 

10 mm. The current standard composition is 

in most cases Al-Si alloys for reasons of 

corrosion compatibility with the surrounding 

construction. All of the aforementioned 

compositions were successfully liquid phase 

sintered. 

 

 
 

Figure 2: Cross-section of a sintered 

aluminium fibre core sandwich. 

 

The nature of the inter-fibre and cover plate-

fibre bonds was investigated by 

metallography. Figure 2 illustrates that there 

is an excellent metallurgical bond in all cases. 

The dark phase corresponds to the solidified 

liquid phase and consists mainly of Al2Cu. 

Based on these results, a patent for such 

structures has been granted [Andersen et al., 

2009]. 

 

The thermal properties of such fibre 

structures have been measured at IFAM 

Dresden and numerical models based on 

computed micro tomography images have 

been developed within the framework of an 

international cooperation. Different 

methodologies were applied: numerical 

calculations (i.e. Finite Element and Lattice 

Monte Carlo methods) as well as analytical 

modelling. Good agreement between the 

numerical methods and experimental 

measurements were obtained for high 

porosity models (i.e. porosity greater than 

72.5 %). A distinct thermal anisotropy was 

found where maximum values are in the 

parallel direction and minimum values in the 

transverse direction to the main fibre 

orientation [Veyhl et al., 2012]. 
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1.2. Manufacturing of a Lab Test 

Demonstrator 

The development and test results of a simple 

PCM heat accumulator using sintered 

aluminium fibre structures have first been 

described in [Andersen et al., 2012]. Since 

then, further lab test demonstrators have been 

built and tested and a patent has been filed for 

PCM heat accumulators. The as-of-yet largest 

demonstrator has a built volume of about 10 l 

(Figure 3), where approximately 8 l are 

occupied by sintered aluminium fibre 

structures with a porosity of 80 %, meaning 

that 80 % of the fibre structure volume can be 

infiltrated with liquid PCM. 

 

 
 

Figure 3: Prototype high-power latent heat 

storage device with connecting tubings 

(housing and insulation removed for better 

visibility of the internal construction). 

In this case, the sintered fibre plates were 

laser-cut from larger semi-finished aluminium 

fibre plates and stacked onto the tubes. 

Afterwards, the tubes were mechanically 

widened in order to provide a lasting elastic 

prestress which ensures a good thermal 

contact between the tubes and the fibre plates. 

The connecting tubings were fitted to the 

tubes by brazing. The total construction 

accommodates 7 l of PCM (Rubitherm RT42) 

and weighs 11.9 kg. The total heat capacity of 

the device amounts to 0.4 kWh. 

 

 

 

 

 

2. LAB TEST RESULTS 

The demonstrator was tested in a lab 

environment. Charging and discharging was 

carried out with a temperature difference of 

23 and 22 K, respectively. Initially, the 

thermal power under these conditions is 

around 12 kW and drops down in the course 

of time. The average thermal power was thus 

determined in the time interval beween 0 and 

90 % of the theoretical heat capacity 

(corresponding to 0.36 kWh). Table 1 gives 

an overview of the obtained performance 

characteristics. 

 

Table 1: Performance data of the lab test heat 

accumulator. 

Total heat capacity 0.4 kWh 

Maximum power 12 kW 

Average power 2 kW 

Time to 90 % 

charging 

11 min 

Specific energy 

density 

0.034 kWh/kg 

50 kWh/m³ 

Specific power 
0.17 kW/kg 

250 kW/m³ 

 

The results demonstrate that adding metal 

fibre structures to PCM is a powerful 

approach to tailor the thermal perfor-mance 

of latent heat storage devices. By varying the 

fibre structure porosity, the geometry of the 

tubes and the driving temperature difference 

as well as the water flow in the tubes, the 

thermal power of such a heat accumulator can 

be changed independently of the storage 

capacity in an extremely wide range. 

 

One potential application for such PCM heat 

accumulators is an activated ceiling cooling 

system. Here, the heat accumulated during the 

day in the molten PCM can be discharged 

during two to three hours using outside cold 

air at night. During the day, hot air is cooled 

by the ceiling and moves towards the ceiling 

via free convection (Figure 4), thus providing 

an agreeable environment in buildings with 

low thermal mass. 
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Figure 4: Functional principle of an activated 

cooling ceiling. 

 

Simulation of the performance of a cooling 

ceiling with free convection of the air at the 

interior side showed that for a sufficient heat 

transfer into the PCM, an additional heat 

transfer structure within the PCM is needed. 

Moreover, it turned out that fins were needed 

in order to provide sufficient heat exchange 

surface for the free convection. 

 

Based on lab test results, a modular design for 

a PCM cooling ceiling was developed 

Figure 5 shows the assembly of a number of 

small PCM elements. The modules were 

coupled and mounted in the hook-on ceiling 

of a container office demonstrator (Figure 6). 

 

The required PCM performance was provided 

by incorporating a highly porous aluminium 

fibre structure into the module. 

Thermographical imaging and thermocouple 

measurements showed that the ceiling cooling 

system surface temperature remained well 

below the ambient air temperature and the 

temperature of the surrounding conventional 

hook-on ceiling, thereby proving that a 

sufficient heat transfer was achieved inside 

the PCM-metal fibre compound and the free 

convection at the interior side of the cooling 

system was sufficiently high for the required 

heat transfer. 

 

 
 

Figure 5: Mounting of eight finned PCM 

cooling elements in one assembly frame. 

 

 

 
 

Figure 6: Integration of assembly frame in the 

hook-on ceiling of a container office 

demonstrator including outside air supply. 

 

Due to their favourable properties with regard 

to heat exchanger constructions, aluminium 

fibre structures have also very successfully 

been under investigation for other demanding 

heat transfer applications, i. e. for heat-driven 

adsorption cooling devices and heat pumps 

[Wittstadt et al., 2015]. 

 

3. METALLIC HOLLOW SPHERE PCM 

CONTAINERS 

Instead of filling a complete heat exchanger 

with PCM, it is also possible to encapsulate 

PCM in metallic hollow spheres. This 

approach is described in [Goehler et al., 

2014]. The basic powder metallurgical 

manufacturing route of MHSS consists of 

four main steps. To this end, templates such 

as expanded polystyrene spheres are coated 

with a slurry of fine metal powder, organic 

binder, and additives using a fluidised bed 

reactor. The organic components are then 

removed thermally and the spheres finally 

sintered in an inert or reducing atmosphere. 

 

By chosing appropriate powders and sintering 

conditions, the shells of the spheres may be 
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kept porous. Therefore, it is possible to 

infiltrate the spheres with PCM and 

subsequently seal their shells via a galvanic 

coating process. Figure 7 shows a micrograph 

of the cross-section of such a galvanically 

sealed sphere and a photograph of copper-

coated PCM filled steel hollow spheres. 

 

 
 

Figure 7: Metallographical cross-section of a 

galvanically sealed porous hollow sphere 

shell (left) and photograph (right) of PCM 

filled and copper coated hollow spheres 

[Goehler et al., 2014]. 
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ABSTRACT: Powders metallurgy route was used to produce foams from Al and pre-alloyed Al 

alloy powders, namely Alumix 231, with or without addition of SiC reinforcing elements. Both 

classical Al foam and spherical APM foam were produced with various production parameters and 

the results obtained have been discussed. Various amounts of TiH2 powders were used as foaming 

agent. Prior to compaction process, Al powders, SiC and TiH2 were mixed in a three dimensional 

turbula for 30 min. Mixed powders were compacted, sintered and deformed and then foamed at 710
 

o
C. Effect of volume fraction of reinforcing elements, foaming temperatures and foaming agent 

amounts on the foaming behavior, pore structure, pore distribution, linear expansion rate, density 

and wall thickness of the cell were investigated. Experimental studies have shown that 1% foaming 

agent and 4 % SiC addition was found to be the most suitable for foaming. In general foam 

produced from Alumix 231 powders exhibited more homogenous pore structure compared to the 

ones produced from pure Al powders. 

 

Keywords: Al Foam, APM foam, Reinforcement, TiH2, Foaming temperature, Linear expansion. 

 

 

1. INTRODUCTION 

Metallic foams, have been developed as 

new engineering materials particularly in 

space and defense industries as well as 

the automotive industry. These ultra-light 

materials possess unique mechanical 

properties, such as high strength and 

stiffness, good damping and, high fire 

resistance properties, remarkable 

vibration attenuation, high impact energy 

absorption at low weight. Number of 

methods have been developed for 

manufacturing metals foams including 

casting, powder pressing, metallic 

deposition and sputter deposition. This 

paper is mainly focus on foam with 

powder metallurgy (PM) route, called 

Fraunhofer process.  

 

Among metallic foams, Al foams have 

great importance. Al foams are known for 

characteristics such as heat change, 

acoustic insulation, sound insulation and 

energy absorption. They are used in 

profiles as filler materials for energy 

absorption.  

 

The production of Al foams via PM route 

is attractive due to the capability to 

produce near-net-shape components. This 

method involves mixing Al or Al alloy 

powder with ceramic reinforcing element 

and foaming agent, typically TiH2 

sometimes ZrH2 or CaCO3, followed by 

compaction such as hot or cold pressing, 

extrusion or combined methods. The 

compacted dense product called 

“foamable precursor material”. Heating 

the precursor near or over melting point 

of matrix results in expansion, due to gas 

release from the decomposing foaming 

agent, leading to a closed-cell foam 

structure.  

The main goal of many studies is to 

control the cell structure and ensure 

reproducibility. To improve the stability 

of foams, some ceramics particles, mostly 

SiC or Al2O3 and recently B4C, are added 

as reinforcement, which inhibit melt 

flow, through increasing bulk viscosity, 

thereby decreasing the rate of cell 

coarsening and drainage of liquid through 

the cell structure. During foaming process 
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these particles attached to the gas-liquid 

interface and modified it curvature, 

reduce the pressure difference between 

the plateau border and the cell walls, 

which also reduces the rate of drainage 

and also improve the mechanical 

properties. This only works properly 

when particles show good wetting with 

liquid metals.  

 

Besides some unique mechanical and 

thermal properties of metal foams based 

on the PM process, they shown some 

deficiencies during fabrication and 

application. Some examples of these 

problems are drainage, gravity effects and 

filling of hollow components 

respectively. However, a more recent 

type of porous material, namely advanced 

pore morphology (APM) foam, has 

proven to overcome these shortages by 

separating part formation from the 

foaming process. In this present study 

beside classical foams some work has 

also been carried out APM foams and 

sandwich foams.  

 

APM process is recent development of 

Fraunhofer IFAM in Bremen technology. 

On the contrary to PM route, foam 

elements are produced in a mass 

production process. For this a large 

number of granules made of the foamable 

precursor material are continuously fed 

through a belt furnace to affect the 

foaming. For this sheet materials are cut 

into a rectangular shape. During foaming 

it take spherical forms due to surface 

tension of the materials. Then the foam 

elements are coated with an adhesive and 

filled into a mould.  

 

2. MATERIALS AND 

EXPERIMENTAL PROCEDURES 

In this present study, in order to 

determine the effect of foaming agent 

amount on the foamability behavior of Al 

and pre alloyed Alumix 231, powders 

with various amount of foaming agent 

(0.5, 1, 1.5 and 2 % TiH2) were added to 

both batch of powders. To produce 

spherical APM foam 1-20 % SiC 

particles were added to al powders as 

reinforcing element. All pre-mixed 

powders were blended in three 

dimensional Turbola for 30 min and then 

compacted at 600 MPa pressure. 

Sintering was performed at 550˚C in air 

for 180 min. Before foaming; samples 

were deformed by 50% and then cut in a 

square shape to produce spherical foams. 

Finally they were foamed at 660˚C for 

2.5 min. For another experimental work, 

0.5-2% foaming agents were added to Al 

and Alumix 231 powders which foamed 

at 710˚C. Some examples of produced Al 

foams is given in Figure 1.  

 

 
 

 

Figure 1. Examples of Al foams with 

various in shape and Sandwich foams 

 

 

 

3. RESULTS AND DISCUSSION 

 

3.1. Linear Expansion and Density 

Experimental results have shown that 

linear expansion rate increased with 

increasing the foaming agent at a constant 
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foaming temperature (Fig.2). An increase 

in linear expansion was seen on Alumix 

231 up to 1% TiH2. Further addition of 

TiH2 resulted in a decrease in linear 

expansion and demolished the cell wall of 

the pores. In general linear expansion rate 

of pre-alloyed Alumix 231 foam was 

found to be lower than pure Al foam at 

foaming temperature of 710˚C.  

 

In general sample contained 1 % or over 

foaming agent resulted in the foams 

having an acceptable foaming and 

homogeneous pore distribution (Fig.3 and 

Fig. 5). From all over the experimental 

work, the highest density was obtained on 

Alumix 231 sample contained 0.5 TiH2 

whereas the lowest density was obtained 

on the Al foam contained 1.5% foaming 

agent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Effect of foaming agent on the 

linear expansion rate of Al based foam at 

710˚C 

 

The addition of 1% SiC particles to Al 

resulted in a sharp decrease in linear 

expansion of the foam (Fig.4). Increasing 

the SiC content to 2% resulted in a sharp 

increase in linear expansion. However, 

that was still lower than SiC free sample. 

The increase of linear expansion is 

continued with addition of SiC up to 8%. 

Further addition of SiC (from 12% to 

20%) reduced the linear expansion of the 

foams and also disfigures the sphericity 

of the foam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Effect of foaming agent amount 

on the density of Al foams 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of SiC addition on the 

linear expansion rate of Al foam  

 

3.2. Pore Structure 

Figures 5a and 5b show the foams 

produced from Alumix 231 powders 

contained 0.5 % and 1 % TiH2 

respectively. As seen in the pictures both 

exhibited fairly homogeneously 

distributed porosity. SEM appearance of 

cell wall with homogeneous wall 

thickness is shown in Figure 6. 
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Figure 5. Pore structure of Alumix 231 

foam depends on the amount of foaming 

agent at 710 
o
C a) 0.5 TiH2, b) 1% TiH2, 

c) 1.5 TiH2 d) 2% TiH2. 

Increasing the foaming agent to 1.5 and 2 

% resulted in the formation of coarse and 

irregular pore structure together with 

some upward movement of the base layer 

of the foams (Figs. 5c and 5d). This is 

because of the high temperature and high 

amount of foaming agent results in high 

pressure at high temperature (710 
o
C or 

over) which facilitates escaping of gases 

from the surface defects or cracks and 

causes the coarsening of the pores and 

finally results in the collapsing of the 

foam. 

 

Figure 6. SEM appearance of cell wall 

with homogeneous wall thickness  

 

As seen in Fig.7 the density of SiC free 

sample and the sample containing 1% 

SiC were 0.46 g/cm
3 

and
 

0.61 g/cm
3
 

respectively. Increasing the reinforcing 

element to 4% resulted in a continuous 

decrease in density where 0.49 g/cm
3
 

density was achieved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Effect of SiC addition on the 

density of Al foam 
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The lowest density on the SiC reinforced 

foam was obtained on the 4% SiC 

containing alloy.  Further addition of SiC 

to the Al resulted in an increase in 

density. 

 

SiC free Al showed the highest linear 

expansion rate (Fig. 8). Parallel to the 

results shown in Figure 7, the addition of 

SiC to Al powders firstly reduced the 

linear expansion rate and then increase up 

to 8% SiC and finally showed a decrease 

again. 

 

 

Figure 8. The appearance of spherical Al 

foams depending on the amount of added 

reinforcing element.  
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ABSTRACT: Rare-earth borides of lanthanum hexaboride (LaB6), cerium hexaboride (CeB6) and 

samarium hexaboride (SmB6) have high melting point, high strength, high rigidity, high chemical 

and thermal stability, low electronic work function, low resistivity, low expansion coefficient (in 

some temperature ranges), high current and voltage capability and high neutron absorbability. 

Owing to these superior properties, these borides are candidates for high-energy optical systems, 

sensors for high resolution detectors, and thermionic materials. LaB6 and CeB6 are the most widely 

used thermionic emitters (electron guns) which have higher brightness, lower energy spread and 

longer service life than the tungsten cathodes. SmB6 is a classical fluctuating-valence 

semiconductor and a Kondo insulator, having a relatively low work function which enables it for 

use as a potential thermionic emission material.  Similar to these hexaborides, refractory tungsten 

borides have high melting point, high hardness values (> 9 Mohs), high abrasion resistance, 

chemical inertness, magnetic properties, and metal-like electronic conductivity which enable them 

to be utilized at extreme environmental conditions as abrasive, corrosion-resistant, and electrode 

materials. Tungsten borides are resistant to thermal shock and are also good thermal conductors.  

Among various tungsten borides, ditungsten pentaboride (W2B5) has the highest hardness (2700 

kg/mm
2
) and modulus of elasticity (755 GPa) values with relatively low electrical resistivity (19 

lX9cm) and density (13.1 g/cm
3
). W2B5 is used to improve the electrical conductivity, wear and 

oxidation resistance, flexural strength, and fracture toughness of carbon composites. Recently, 

W2B5 has been used to increase the wear resistance of carbon composites against steel bearings. 

 

Traditionally, metal borides are 

synthesized and fabricated by using high 

temperature processes. Recently, nano-

scale or submicron structures (nano-cubes, 

nano-rods, etc.) of boride powders have 

been obtained in an autoclave and self-

propagating high-temperature synthesis 

(SHS) methods under atmospheric 

conditions. In general, spark plasma 

sintering (SPS) method is used to obtain 

highly dense rare-earth hexaboride sintered 

bodies. Needless to mention that these 

processes are generally carried out at 

elevated temperatures and require 

technically complex and expensive 

experimental setup. An alternative method 

has been utilized and developed in our 

investigations for the production of pure 

fine-grained tungsten boride and rare-earth 

hexaboride powders at room temperature. 

This method involves solid-state reactions 

performed by high-energy ball milling and 

named as mechanochemical synthesis. The 

mechanism of this novel process is based 

on repeated welding, fracturing and 

rewelding of the raw materials. It has been 

controlled by several factors such as type 

of mill, material of milling media, size and 

size distribution of milling media, milling 

speed, milling time, ball-to-powder weight 

ratio (BPR), extent of filling the milling 

chamber, milling atmosphere, process 

control agent and temperature of milling.  

 

In this investigation, room temperature 

mechanochemical synthesis processing 

routes and characterization investigations 

of W2B5 and those of rare-earth 

hexaborides of LaB6, SmB6 and CeB6 will 

be presented and explained. The 

mechanochemical synthesis processes were 

carried out in a high energy ball mill using 
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stoichiometric and/or nonstoichiometric 

amounts of metal oxides, boron sources 

either as pure boron (B) or boric oxide 

(B2O3) and reducing elements (Ca or Mg).   

Milled powders were leached by different 

acid concentrations under the effect of 

ultrasonic stirring.  Phase and 

microstructural characterization 

investigations of the milled and leached 

powders were carried out by X-ray 

Diffractometry (XRD), Differential 

Scanning Calorimetry (DSC), Scanning 

Electron Microscopy (SEM), Transmission 

Electron Microscopy (TEM) and Energy 

Dispersive Spectroscopy (EDS) and atomic 

absorption spectroscopy (AAS) techniques.  

Following mechanochemical synthesis and 

leaching treatments, pure LaB6, CeB6 and 

SmB6 powders were fabricated with 

average particle sizes ranging between 50-

90 nm with a minimum purity value of 

99.99 %.  The final W2B5 powders had an 

average particle size of ~200 nm with a 

purity of about 99. 9 % and were obtained 

with high yields (89 %).  

 

 
XRD patterns taken from the W2B5 loose 

powders MA’d for 30 h with 50 % excess 

of B2O3 after leaching: (a) with 5 M HCl 

and (b) with 7 M HCl.  (taken from S. 

Coşkun, M. L. Öveçoğlu, Metallurgical 

and Materials Transactions A, 44, 2013, 

1805 – 1813). 

 
 

XRD patterns of the (a) laboratory-

synthesized LaB6 powders obtained after 

mechanochemical synthesis of the 0.5 

wt.% stearic acid added  La2O3-B2O3-Mg 

powder blends using a 10:1 BPR  in a 

Spex
TM

 8000D Mixer/Mill for 12 h and 

leaching with 4 M HCl and (b) commercial 

LaB6 powders  (taken from D. Ağaoğulları, 

“Synthesis, Development and 

Characterization of some Rare-earth Metal 

Hexaboride Powders and Their Sintered 

Products”, Ph. D. Thesis, 2014, Istanbul 

Technical University). 
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XRD patterns of the laboratory-

synthesized SmB6 powders obtained after 

mechanochemical synthesis of the 

Sm2O3-B2O3-Mg powder blends using a 

10:1 BPR in a Spex
TM

 8000D Mixer/Mill 

(a) for 3 h and leaching with 2 M HCl, 

(b) for 3 h and leaching with 4 M HCl, 

(c) for 5 h and leaching with 4 M HCl 

and (d) XRD pattern of the commercial 

SmB6 powders (taken from D. 

Ağaoğulları, “Synthesis, Development 

and Characterization of some Rare-earth 

Metal Hexaboride Powders and Their 

Sintered Products”, Ph. D. Thesis, 2014, 

Istanbul Technical University). 

 

 

 

SEM/EDS images and particle size 

analysis results of the laboratory-

synthesized SmB6 powders obtained via 

mechanochemical synthesis of the Sm2O3 - 

B2O3 - Mg powder blends using a 10:1 

BPR in a Spex
TM

 8000D Mixer/Mill for 5 

h and leaching with 4 M HCl (taken from 

D. Ağaoğulları, “Synthesis, Development 

and Characterization of some rare-earth 

Metal Hexaboride Powders and Their 

Sintered Products”, Ph. D. Thesis, 2014, 

Istanbul Technical University). 

 

 

.   
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SECTION A 

Development and Characterization 
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ABSTRACT: The flake powder process of Al-Cu-Mg alloy powders during mechanical 

milling is investigated as a function of milling time. Al-Cu-Mg alloy powders are milled 

for different milling times and the flake morphology and flake size has been investigated. 

To produce the flake Al-Cu-Mg alloy powders, a milling process was performed at room 

temperature using tungsten carbide balls in a planetary ball mill. Mechanical milling is 

performed on elemental metal powders at different milling times of 0.5, 1, 1.5, 2 and 2.5h.  

The flake morphology and the flake particle size were investigated using scanning electron 

microscopy (SEM) and a laser particle size analyzer, respectively. The irregular  

morphology of initial Al-Cu-Mg alloy powders changes to flake morphology as a result of 

ball milling process. The size of coarse Al-Cu-Mg alloy powders is approximately 124 μm 

after 0.5h of milling, which decreased to 62 μm at the end of 2.5h of milling. However, the 

size of fine Al-Cu-Mg alloy powders is 26 μm after 0.5h of milling, which decreased to 8 

μm at the end of 2.5h of milling. 

 

1. INTRODUCTION 

Mechanical milling induces high energy 

impacts on the charged powder by 

collision between balls and particles 

causing severe plastic deformation, 

repeated fracturing and cold welding of 

the particles leading to nanocrystalline 

materials [Suryanarayana, 2001; Mhadhbi 

et al., 2008]. 

The powder metallurgy method has been 

used widely used for the production of 

MMCs because it introduces some 

advantages compared to other methods. 

One of the main advantages of the 

powder metallurgy method is the low 

temperatures unlike the case of casting 

route and consequent absence of 

chemical reaction between the matrix and 

reinforcement phases while retaining the 

parent metal morphology. Also, there is 

the possibility of incorporating many 

types of reinforcement phases in the same 

composite system. In addition, a higher 

fraction of reinforcement particles may 

be included in the composite when 

compared against the rheological 

limitations of casting processes. 

Recently, a new and simple method 

called “flake powder metallurgy” (FPM) 

for fabricating MMCs has been 

developed. In this method, utilizing flake 

morphology of milled powders without 

the long milling times has obtained the 

homogeneous distribution of the 

reinforcement particles in the matrix 

[Umasankar et al., 2014; Varol and 

Canakci 2013; Jiang et al., 1993]. The 

morphology and size of flake matrix 
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powder is very important for the 

properties of metal matrix composites 

fabricated flake powder metallurgy 

method. However, there has not been a 

comprehensive study on the flake 

morphology and flake size of matrix 

powders fabricated by flake powder 

metallurgy. Therefore, the present 

investigation focused on the effect of 

milling time on the morphology and size 

of Al-Cu-Mg alloy.  

 

2. EXPERIMENTAL 

Al-Cu-Mg alloy powders (supplied by 

Gundogdu Exoterm Company, Turkey) 

with the average sizes (d50) of 162 

(Coarse Matrix: CM), 60 (Medium 

Matrix: MM) and 28 µm (Fine Matrix: 

FM) were used as reinforcement particles 

and matrix powders, respectively (Fig. 1). 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. Initial morphology of Al-Cu-Mg 

alloy powders, (a) FM (d50: 28µm), (b) 

MM(d50: 60µm), (c) CM group (d50: 

162µm). 

Al-Cu-Mg alloy matrix powders were 

ball milled with 1 wt.% methanol using a 

planetary ball mill ( Retsch PM 200) at 

300rpm for 0.5h, 1h, 1.5h, 2h and 2.5h of 

milling and flake matrix powders were 

obtained. The ball diameter was selected 

as 10 mm, and the weight ratio of ball to 

powder (BPR) was maintained at 10:1. 

Methanol as process control agent (PCA) 

(1 wt.%) was also added to prevent 

excessive cold welding and 

agglomeration of the powder mixture 

during the ball milling process. The size 

distributions (d50) of the flake matrix 

powders were quantified using a laser 

particle size analyzer (Malvern, model 

‘Mastersizer Hydro 2000e’). Morphology 

of the flake Al-Cu-Mg alloy powders 

were carried out using a scanning 

electron microscope (SEM) (Zeiss Evo 

LS10).  

 

3. RESULT AND DISCUSSION  

 

3.1. Flake Process 

The main purpose of flake powder 

metallurgy process is to form the region 

in which reinforcing particles can be 

dispersed uniformly. The region can be 

defined as grain boundary areas. It can be 

said that long grain boundaries provide 

more homogenous distribution of 

reinforcement materials than short grain 

boundaries.  The irregular morphology of 

initial Al-Cu-Mg alloy matrix powders 

with changes to flake morphology at the 

initial stage of flake powder metallurgy 

process. Undeformed or unflake powders 

should not be in the powder mass at this 

stage.  If this condition is not met, this 

application is not different from 

conventional powder metallurgy. It 

should be noted that optimal flake time is 

the time which provides the best 

properties of flake morphology. The most 



23 
 

important property of flake powders is 

the homogenous flake morphology. The 

homogenous flake morphology can be 

defined as equivalent powder size and 

shape. To determine the optimal flake 

time should be used different ball milling 

time and should be selected optimal time.  

It should be noted that long-term ball 

milling effects structure of flake powders 

and fracture-cold welding can be 

occurred between powder particles and so 

the condition of flake powder metallurgy 

may deteriorate.  

 

3.2. Flake Morphology 

To understand the effect of ball milling 

time on the flake particle morphology of 

the Al-Cu-Mg alloy powders during the 

milling process, it is necessary to know 

the change in the morphology of the 

powders as a function of milling time. 

Ball milling technique is a solid-state 

powder processing method that involves 

repeated cold welding and fracturing of 

powders as a result of high energy ball 

powder collisions. During the mechanical 

milling process, the powders are 

subjected to ball-powder-ball collision 

caused severe plastic deformation, cold 

welding and fracturing of the powders. 

Plastic deformation and cold welding 

were predominant during initial stage of 

milling, in which the deformation led to a 

change in particle shape and the cold 

welding led to an increase in particle size 

[Varol and Canakci, 2013; Shukla et al., 

2013]. The basic difference between the 

conventional mechanical milling and 

flake process is the degree of 

deformation.  Milling process must be 

finished before the end of plastic 

deformation or the start of the cold 

welding process.  However, flake time 

contains a time period rather than a 

specific time. Therefore, the 

morphological analysis is very important 

to flake powder metallurgy process. Fig. 

2 shows flake morphologies for MM 

(medium matrix) at the different flake 

times (0.5h, 1h, 1.5h, 2h and 2.5h). When 

flake morphology of 0.5h examined that 

it was observed that undeformed (not 

flake) powders in the total powder mass 

(Fig 2a). It was understood from these 

observations that the powder morphology 

obtained after 0.5h of milling was not 

suitable for flake powder metallurgy due 

to non homogeneous powder 

morphology. Initial particle morphology 

(irregular morphology) completely 

changed to flake powder morphology 

after 1h of milling. In other words, the 

observed morphology revealed the 

considerable difference in both size and 

shapes between the two different milling 

times. Particle deformation was dominant 

mechanism at this stage. Flake 

morphology was a general characteristic 

of the powder milled for 1h of milling as 

can be seen in Fig. 2b. However, the 

powder milled for 1h has not 

homogenous flake particle size at this 

stage.  Particle deformation continued 

during 1.5h and 2h of milling and 

homogeneous flake particle size was 

obtained as can be seen in Fig. 2c-d. It 

should be noted that some milled 

powders may be fractured during the 

particle deformation including the 

collisions between the ball-powder-ball, 

ball-powder-vial. From SEM images 

(Fig. 2e), it can be observed that 

homogenous flake particle morphology 

changed to non homogenous flake 

particle morphology the end of 2.5h of 

milling. It can be said that the fracturing 

process is more dominant than 

deformation process after 2h of milling 

which was observed by other researchers 

[Shukla et al., 2013; Madavali et al., 

2014]. As a result of morphological 

examinations, it should be noted that 

flake powders produced with 1h, 1.5h and 

2h of milling complied with the 

requirements of the basic flake powder 

metallurgy. Moreover, the effect of the 

initial particle size of Al-Cu-Mg alloy 

powders on the flake morphology can be 
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explained by Fig. 2. It should be noted 

that homogeneous flake morphology 

decreased with decreasing initial particle 

size. This can be attributed to the ductility 

of as-received powders. Ductility of as-

received powders decreases with 

decreasing initial particle size due to 

rapid solidification process. Fine metal 

powders are harder than coarse metal 

powders because fine metal powders are 

solidified faster harder than coarse metal 

powders during the atomization process. 

Some particles were easily fractured and 

non homogeneous morphology occurred 

in terms of flake morphology. However, 

it should be mentioned that flake 

morphology was the dominant 

mechanism for all powder groups at the 

1h, 1.5h and 2h of milling. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 2. SEM images of MM matrix 

powders at the different milling times; (a) 

0.5h, (b) 1h, (c) 1.5h, (d) 2h and (e) 2.5h 

 

3.3. Flake Size  

Figs. 3a-c shows the particle size 

distribution for different milling times of 

Al-Cu-Mg alloy powders. Average 

particle size (d50) decreased with 

increasing ball milling time although 

flake morphology obtained during these 

stages as can be seen in Figs. 3a-c. 

Average particle size increases with flake 

morphology as a general acceptance in 

the ball milling process. However, 

powders with irregular morphology 

revealed a different property. This may 

be attributed to the initially used matrix 

powders having irregular or ligament 

shape. These powders can be easily 

deformed by ball collisions and they can 

be easily fractured in weak regions. It 

should be noted that initial powder 

morphology is an important factor 

affecting the change of the particle size. 

In the conventional milling process, all 

particles are forced to break by direct 

collisions between the ball-powder-ball, 

ball-powder-vial wall. However, some 

particles cold welded with the other 

particles or on the vial and ball surface 



25 
 

and so particle size can be shown 

irregular distribution. On the other hand, 

the morphology of the as-received 

particles changes to flake morphology 

without fracture and cold welding or with 

very little fracture and cold welding in 

the flake powder metallurgy process. One 

thing to note is that, the ratio of fractured 

particles in the flake powder metallurgy 

process is lower than that conventional 

milling process. With increasing milling 

time, a reduction of average particle size 

for all matrix groups was observed (Fig. 

3). This is probably due to some fracture 

particles in the milling vial because of the 

ball-powder-ball collisions during the 

milling process. In particular, it was 

found that a reduction of particle size for 

the MM and FM matrix groups were 

more clearly seen compared to that of the 

CM group. In view of the fact that FM 

matrix powders are both more brittle than 

coarse initial powders and more irregular 

morphology which has a weak neck 

region. As shown in the Fig. 3, the CM 

matrix powders had a broad particle size 

distribution (1-1000μm) for all ball 

milling times. However, in cases of the 

FM matrix powders, the particle size 

distribution (1-100μm) was narrow for all 

ball milling times. 

 
 

4. CONCLUSIONS 

► Non-flake powders were observed in 

the mixture the end of 0.5h of milling. On 

the other hand, it was seen that flake 

powders synthesized the end of 2.5h of 

milling have a higher fracture rate. The 

matrix powders fabricated with 0.5h and 

2.5h of milling should not be used in the 

consolidation process as a result of 

morphological optimization. 

► The CM powders showed a broad 

particle size distribution for all ball 

milling times. However, in cases of the 

FM powders, the particle size distribution 

was narrow for all ball milling times.  
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ABSTRACT: In this study, AlCuMg-B4C nanocomposites reinforced with %15 B4C 

particles were produced using mechanical milling and hot pressing method. The AlCuMg 

alloy and B4C reinforced nanocomposite powders were milled with a ball mill up to 25 h 

and then hot pressed in vacuum at 560
○
C/500 MPa. Microstructure, density, hardness and 

tensile strength of the AlCuMg-B4C nanocomposites were studied as a function of milling 

time. The uniform distribution and dispersion of B4C particles in the AlCuMg matrix was 

examined by scanning electron microscopy. Increasing milling time and B4C content 

resulted as a decrease in the density due to the change in hardness of the powders. The 

unreinforced AlCuMg alloy showed high relative density of 99,2 %, which is much more 

higher than that of 86,25 %  AlCuMg-15wt.% B4C nanocomposites produced with 25h of 

milling. The hardness of the hot pressed nanocomposites fabricated by using the 

mechanically milled nanocomposite powder was significantly higher than that of the hot 

pressed nanocomposites produced by using the conventional powder metallurgy due to the 

higher deformation hardening and the finer microstructure. 

 

1. INTRODUCTION 

Particle-reinforced metal matrix 

composites (MMCs) which provide 

advanced mechanical and physical 

properties combine the advantages of 

both the matrix and the reinforcing 

materials. Although, several metals have 

been used as matrix materials to develop 

new composites, aluminum alloys are the 

most common used materials for aircraft, 

automotive and military industries. High 

strength to weight ratio, high ductility, 

high stiffness and good wear resistance of 

Al alloy are superior properties which 

increases their usability in the fabrication 

of metal matrix composites or metal 

matrix nanocomposites [Gallardo et al., 

2014; Sharifi et al., 2011]. Aluminum and 

its alloys have been reinforced with 

ceramics, such as B4C, SiC, Al2O3, TiC, 

in order to improve properties like wear 

behavior or mechanical strength [Kaczmar 

ET AL., 2000]. B4C is one of the most 

promising ceramic materials due to its 

appealing properties such as high 

strength, low density, exceptionally high 

hardness. Nanocomposites have advanced 

mechanical properties which can be 

adapted to obtain the requirements of a 

specific application. As a consequence of 

previous studies, mechanical milling 

technique is a advanced fabrication 

technique(MM) [Miracle 2005]. In this 

technique, powder particles are being 

milled using ball collisions which obtain 

very fine particle size and homogenous 

distribution. MM is known as a useful 

method for developing the reinforcement 

particle distribution not only in 

composites but also in nanocomposites 

[Sharifi 2009; Castro 2005]. The present 

research work is primarily aimed to study 

and investigate the synthesis, 

characterization and mechanical 
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properties  of B4C particle reinforced 

Al-Cu-Mg matrix nanocomposites via 

MM followed by the hot pressing 

technique. The effects of various B4C 

content (wt.%) and the milling time on 

the particle size, morphology, physical 

and mechanical properties of Al-Cu-

Mg/B4C nanocomposite have also been 

investigated. 

 

2. EXPERIMENTAL PROCEDURE 

AlCuMg  aluminum alloy powders 

(d0.5:25 μm) with a chemical composition 

of (in wt.%) 4.85 Cu, 1.78 Mg, 0.312 Mn, 

0.005 Ti and 0.138 Zn, 92.114 Al 

(Gundogdu Exhoterm Company) , and 

B4C(d0.5:5μm)(Alfa-Aesar) powders were 

used  as the starting materials to fabricate 

AlCuMg-15wt %B4C nanocomposites. 

The particle sizes of as-received and 

milled powders were examined using a  

particle size analyzer (Malvern, 

model‘Mastersizer Hydro 2000e’). To 

product the Al-Cu-Mg/B4C 

nanocomposites, Al-Cu-Mg alloy 

powders  with 15 wt.% of B4C particles 

were milled with tungsten carbide balls 

(5mm) in tungsten carbide vial using a 

Retsch PM 200 mill. The milling speed 

of 400 rpm and ball-to-powder weight 

ratio of 10:1 were used. Mechanical 

alloying was carried out at the durations 

of 0.5, 1, 3, 6, 10, 15, 20 and 25h, 

respectively. The hardness of powders 

was determined by a Vickers 

microhardness tester. Then milling 

products were hot pressed at 560
0
C and 

600 MPa pressure under argon gas 

atmosphere to produce bulk tensile test 

samples. The Brinell hardness of the hot 

pressed samples was determined using a 

32.5 kgf load for 10 s. A tensile test was 

conducted using an MTS model 45 

electromechanical test instrument at room 

temperature on plate specimens with a 

cross-head speed of 0.5 mm min−1. 

 

 

 

3.RESULT AND DISCUSSIONS 

3.1 Particle Size and Particle Hardness 

Figure 1 shows the change in the particle 

size of the AlCuMg alloy and 

nanocomposite powders with increasing 

milling time. The particle size decreases 

for AlCuMg matrix powders and 

composite mixtures in the initial stage of 

mechanical milling (0.5h). The average 

particle size is approximately 17 μm for 

AlCuMg-15 wt.% B4C nanocomposites at 

the end of 0.5h of milling. As shown in 

Fig. 1, the average particle size increases 

after 1h of milling. This increase can be 

explained by the cold welding process 

which is the main mechanism during 0.5-

1h of milling periods. The cold welding 

degree decreases with addition of B4C. 

The powder size decreases with 

increasing milling time for alloy and 

nanocomposite because of the decrease in 

the ductility values after 1h of milling. As 

a result of mechanical milling, powder 

particles gradually get work hardened due 

to the increased hardness and reduced 

plasticity of the powder in this stage of 

milling. The 3h and 10h milled AlCuMg 

matrix powders has an average particle 

size of approximately 22 μm and 13 μm, 

respectively. The average particle size of 

nanocomposite powder is smaller than 

the average particle size of AlCuMg alloy 

powders. This can be attributed to act as 

milling agent of ceramic particles during 

the mechanical milling [Toptan 2010; 

Varol and Canakci 2013]. The particle 

size reduction with increasing milling 

time is related to the predominance of the 

fragmentation for prolonged milling 

times supported by the ball-powder-ball 

collisions. The average particle size 

continues to decrease due to continued 

ball-powder-ball collisions. Compared to 

the AlCuMg alloy powders, AlCuMg-

B4C composite powders may lead to a 

lower particle size during mechanical 

milling process. After 25h of milling 

time, while the alloy powders reach at 

sub-micrometric size, the nanocomposite 
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powders reach to the nanometric sizes. 

The average particle size is 

approximately 89 nm for AlCuMg-15 

wt.% B4C nanocomposites at the end of 

25h of milling . 

 

 
 

Figure 1. Effect of the milling time on the 

average particle size 

 

Figure 2 shows the average readings of 

five microhardness tests (HV0.025) of 

milled alloy and nanocomposite powders 

as a function of milling time. It can be 

found that the work hardening and 

deformation of milled powders increase 

with increasing the milling time. As it 

seen, the microhardness values increase 

with increase in milling time and addition 

of B4C. This increase can be attributed to 

both B4C particles and work hardening of 

ductile aluminum powders. At the initial 

stages of milling, the distribution of 

particles was not uniform and the B4C 

particles were not close to each other. 

When the composite powder mixture was 

milled, some B4C particles were 

embedded into AlCuMg matrix powders 

during the early stage of mechanical 

milling. With increasing milling time, the 

brittle B4C particles fractured and 

indented into aluminum powders. 

Moreover, the distance between B4C 

particles decreases with increasing 

milling time. The 10h milled powders 

show a sudden increase in particle 

hardness and seems to be a critical point 

for powder properties. The 10h of milling 

time is can be accepted as 

“transformation time” from ductile to 

brittle of milling system. The 10h milled 

powders are brittle because of work 

hardening affect which also affects the 

mechanical properties of bulk samples. 

The highest mircrohardness  values of 

milled powders were obtained for 25h 

milled AlCuMg-15 wt.% B4C 

nanocomposite powders which is 

approximately six time higher than it’s 

unmilled state. This can be attributed to 

deformation hardening of milled 

AlCuMg matrix powders and dispersion 

of B4C particle within the AlCuMg 

matrix powders. 

 

 
Figure 2. Microhardness measurements 

as a function of milling time 

 

3.2. Density and Porosity  

Figure 3 illustrates experimental relative 

density and porosity measurements of 

nanocomposite samples with different  

milling times. Results showed that, 

increasing the milling time and addition 

of B4C results as a raise in porosities of 

composites. The reason for increasing in 

porosity as a function of increasing 

milling time can be explain by the  work 

hardening affect of milling procces. 

Moreover, the increasing in porosity as a 

result of B4C addition should be 

attributed to the hindering affect of hard 

particles during the densification 

proccess.  
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Figure 3. Relative density (a) and 

porosity (b) of hot pressed samples 

 

During milling procces, the mixed 

powders are subjected to the high energy 

collisions between powder particles and 

milling balls which results increasing in 

powders hardness which was explained in 

particle hardness measurements. While 

the hardness of powders increase the 

compressibility of powder decreases as a 

result of incerased compressibility 

ressistance of particles. When compared 

the densities of alloy to the 

nanocomposites it is clear that the 

addition of B4C to the alloy causes an 

increase in porosities also a decrease in 

density. However, the difference between 

the density of AlCuMg alloy and B4C 

particles is low and the decrease of the 

density of composite due to this factor is 

low. So, the main reason for the 

increasing in porosity and decreasing in 

density as a result of increased B4C 

fraciton can be attributed to the high 

hardness value of B4C particles which 

affect the compressibility of powders. 

The highest porosity was seen in 

AlCuMg-%15 B4C nanocomposites after 

25h milling which is about %200 higher 

than alloy for the same milling time.  

 

3.3. Hardness of Bulk Sample 

Severe plastic deformation, which occurs 

during the milling process, leads to the 

increase in the hardness of milled ductile 

powders. Figure 4 shows the hardness 

results of matrix alloy and 

nanocomposite. As the milling time 

increases from 0.5 to 25 h, the hardness 

changes and increases substantially. 

Addition of B4C particles to alloy provide 

a significant increase in hardness of 

nanocomposite for the same milling 

times. As seen in Fig.4, the hardness of 

the nanocomposites is greater than the 

hardness of the AlCuMg matrix. This can 

be attributed to the addition of 

reinforcement particles within the 

AlCuMg matrix. The highest hardness 

values were obtained for AlCuMg-%15 

B4C nanocomposites for all milling 

times. It is clear that the hardness values 

of 25h milled AlCuMg-%15 B4C 

nanocomposites became approximately 

five times higher than AlCuMg matrix. 

This can be attributed to the presence of 

relatively harder B4C particulates in the 

AlCuMg matrix, their perfect resistance 

on the soft aluminum matrix to 

indentation, and finally a reduced particle 

size. In addition, the presence of the B4C 

particles in the AlCuMg matrix increases 

the strain hardening which led to an 

increase in the hardness of the 

nanocomposites.  

 

 
Figure 4. Brinell hardness values of bulk 

samples 
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3.4. Tensile Strength 

In the attempt to better evaluate 

mechanical properties of nanocomposites, 

tensile tests were conducted at room 

temperature and the results of tests are 

shown in Figure 5. It is seen that for the 

initial stages of milling up to 6h milling 

time, the increasing in milling time 

provided an increase in tensile strength of 

AlCuMg alloy and 15wt%-AlCuMg 

nanocomposite. This increase can be 

explained with the increasing in powder 

hardness and decrease in powder size. 

After 6h milling the tensile strengths 

were rapidly decreased because 

increasing the ball-milling led to more 

work hardening effect which makes the 

nanocomposites brittle. Comparing the 

alloy and nanocomposite samples showed 

that, the tensile strength of 

nanocomposite is lower than alloy. The 

addition of brittle B4C particles to the 

alloy  made the nanocomposite brittle, so 

the tensile strength decreased. The other 

reason for decrasing in tensile strength of 

nanocomposite is that, 15wt% is 

extremley high amount to be distributed 

homogenously. So, the B4C particles 

agglomerates in matirx and these 

agglomerated areas decrease the 

mechanical properties of nanocomposite 

one of which is tensile strength. 

 
Figure 5. Tensile strength of alloy and 

nanocomposite 

 

 4. CONCLUSIONS 

 Increasing milling time decreased the 

particle size and increased the 

particle hardness.  

 The addition of B4C particles 

provides the particle size decreasing 

to nanometric sizes while the alloy 

powders have submicrometric sizes. 

 Porosity and density measurments 

showed that the addition of B4C 

particles caused a decrease in density 

and increase in porosity. 

 The AlCuMg alloy have higher 

tensile strength because of 

agglomerations of B4C particles. 

 Increase in milling time resulted in 

increase in tensile strength of alloy 

and nanocomposite up to 6h of 

milling, on the other hand after 10h 

milling they suddenly decrease. 
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ABSTRACT:Functionally graded Al2024/SiC composites (FGMs) with varying percentage 

of SiC (30-60%) were produced by hot pressing and consolidation method. The effects of 

SiC content and number of layers of Al2024/SiC FGMs on the microstructure properties 

were investigated. The microstructures of these composites were characterized by a 

scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS). A 

mercury intrusion porosimetry (MIP) was employed to study the pore structure of the 

composite. 

 The results show that Al and SiC were dominant components as well as others such as 

Al4C3, CuAl2, and CuMgAl. The porosity content of Al2024/SiC composites increased with 

the increase of SiC content. For 60 wt.% SiC content, the porosity value of the Al2024/SiC 

composites increased to about 2 (%). When functionally graded Al2024/SiC composites of 

various the numbers of graded layers are produced under the same conditions, the addition 

of layer has an important effect on porosity content.  
 

Keywords: Functionally graded; SEM ; mercury intrusion porosimetry.  

 

1. INTRODUCTION  
There is a great deal of interest in 

developing components with special 

functions for various high-tech 

applications. However, components made 

of homogeneous single materials such as 

metallic alloys or ceramics may not meet 

all of the special requirements. 

Sometimes, it is necessary to use 

components that contain an optimized 

combination of different materials; for 

example, composites, functionally graded 

materials (FGMs) and materials with 

periodic microstructures. Therefore, there 

has been much attention paid to the 

design and fabrication of a variety of 

heterogeneous, graded materials with a 

continuous or discrete gradient of 

structure and properties [Tomasz et al 

2011; Zhang et al 2008].  

Functionally graded materials (FGMs), a 

relatively new class of materials, have 

found a wide usage in different fields 

such as automobile, aerospace, electronic, 

defense industries, gas turbine engines 

and engineering applications [Recep et al 

;2011]. The idea of functionally graded 

materials (FGMs) was advanced 

substantially in the early 1980’s in Japan, 

where this new material concept has been 

proposed to increase adhesion and to 

minimize the thermal stresses in metallic-

ceramic composites developed for 

reusable rocket engines [Jerzy et al 

;2013]. A functionally graded material 

(FGM) is a class of composite materials 

consisting of two or more phases, which 

varies in some spatial direction its 

composition and/or microstructure 

[Vieira et al ;2009]. Aluminum metal 

matrix composites (AMCs) are found to 

be potential materials because of their 

excellent physical, mechanical and 

tribological properties [Mondal et al 

;2005]. In recent years, attentions were 

also being paid for using AMCs as 

mailto:*aykut@ktu.edu.tr
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armour material [Zhou et al ;2014] where 

higher specific strength, stiffness and 

greater work hardening rate are important 

considerations. The mechanical 

properties of AMCs, such as toughness, 

strain rate deformation and dynamic 

loading strength, become very important 

when they are used as armor components. 

AMCs are usually more brittle than 

matrix materials and have lower fracture 

toughness. The dynamic fracture 

toughness of the aluminum matrix, which 

is reinforced with SiC and Al2O3 

particulates, is higher than its static 

fracture toughness, but decreases as the 

volume fraction of the reinforcement 

increases [Marchand et al; 1988- Surappa 

et al;1993]. The yield strength of SiC 

reinforced AMCs increases faster than 

that of un-reinforced aluminum [Pageau 

et al; 1991]. Silicon carbide (SiC) 

continuous network structure ceramics 

are a very promising material for use in 

semiconductor processing, nuclear fusion 

reactors, heat-sink plates, and high 

temperature thermo mechanical 

applications because of their excellent 

chemical and thermal stability, high 

thermal conductivity, and good 

mechanical properties [Kwang-Young et 

al; 2014].  

Powder metallurgy is considered as a 

good technique in producing metal-

matrix composites. An important 

advantage of this method is its low 

processing temperature compared to 

melting techniques. On the other hand, 

good distribution of the reinforcing 

particles can be achieved [Torralba et 

al;2012]. Another advantage of powder 

metallurgy technique is in its ability to 

manufacture near net shape product with 

low cost [Min et al; 2005]. 

The beneficial effect of powder 

metallurgy on the production and 

properties of functionally graded 

composites has been investigated by 

some researchers. As shown in previous 

studies [Kumar et al ; 2012 – Nai et 

al;2013], powder metallurgy method has 

been used for production of functionally 

graded composites. However, to our 

knowledge, effect of the number of 

graded layers and SiC content on the 

microstructure of functionally graded 

Al2024/SiC composites has not been 

investigated. Therefore, the purpose of 

this work is to produce the functionally 

graded Al2024/SiC composites by 

powder metallurgy and hot pressing and 

to investigate effect of number of graded 

layers and SiC content on the 

microstructure, density, hardness and 

bending strength of the functionally 

graded Al2024/SiC composites.  

 

 

2.EXPERIMENTAL PROCEDURE 

Al2024( d50: 54 µm ) alloy powders and 

SiC particles (d50: 10 m) used as raw 

materials to fabricate the FGMs. The as-

atomized Al2024 powders were supplied 

commercially with the chemical 

composition (in wt.%) of 4.85 Cu, 1.78 

Mg, 0.385 Si, 0.374 Fe, 0.312 Mn, 0.138 

Zn, 0.042 Cr, 0.005 Ti and Al (balance). 

Al2024 alloy powders, with different 

weight percentages of SiC powders (30, 

40, 50, and 60 wt. %) were blended in a 

planetary ball-mill (Fritsch Gmbh, model 

“Pulverisette 7 Premium line”) at room 

temperature. 

The powder metallurgy method 

containing cold pressing followed by hot 

sintering was used for preparation of the 

Al2024/SiC composites and Al2024/SiC 

functionally graded composites.The green 

compacts of Al2024-SiC FGMs samples 

in the die were hot pressed at 560 
o
C and 

500MPa in an argon atmosphere. Two, 

three and four-layered FGM samples 

were prepared for Al2024-SiC FGMs 

samples with 30, 40, 50 and 60 wt. % 

SiC. The sample designation and 

composition of the FGMs samples is 

given in Table 1. 
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The microstructure and elemental 

distribution of cross-section of FGMs 

were observed by means of a Zeiss Evo 

LS10 scanning electron microscope, 

respectively. Mercury Intrusion 

Porosimetry (MIP) tests were performed 

on the FGMs samples after sintering. The 

equipment used for the MIP was an 

Autopore IV 9500 from Micromeritics 

which generates a maximum pressure of 

414MPa (60.000psi).  

 

3. MICROSTRUCTURE 

The typical microstructures of the 

Al2024/SiC composites and Al2024/SiC 

FGMs are presented in Fig.1. In the 

microstructures, green represents the SiC 

ceramic particle and light gray represents 

the Al2024 matrix. The SiC particles are 

randomly dispersed in the Al2024 matrix 

for A3 sample as can be seen in Fig.1a.   

Any clear evidence of heterogeneities in 

the distribution of SiC reinforcement 

particles is not observed at the cross 

sections of these samples. Moreover, it is 

also observed that agglomeration of SiC 

particles within the Al2024 matrix cannot 

be avoided completely. It should be noted 

that a great number of SiC cluster may 

adversely resulted in non-homogeneity of 

the SiCp distribution, as well as 

decreased physical and mechanical 

properties of the Al2024/SiC composites. 

The number of SiC cluster increased with 

increasing SiC content from 30wt. % to 

60wt.% (Fig 1d). It can be seen that 

porosity content of A6 sample is higher 

than A3 sample. By comparison, obvious 

clusters increased in the A6 sample, 

which indicates that SiC content could 

increase the porosity content. Fig. 1g 

shows the microstructures of a cross-

section of Al2024/SiC FGMs (AS4) with 

different interface details. The 

microstructure of interlayer changes from 

the Al2024 side to the Al2024/SiC side 

with the variation of composition. In 

other words, the microstructure of the 

system includes a compositional gradient 

change along the thickness direction, 

from pure Al2024 alloy to Al2024/SiC 

composites as can be observed from Fig. 

1g. It can be seen that both the Al2024 

alloy and the composites are continuous 

in the microstructures. There are no 

indications of cracking within individual 

layers or of decohesion at interfaces in 

any of the specimens as can be seen from 

the details of the microstructures for the 

different interfaces of the FGM (Fig. 1g). 

Moreover, there are no macroscopic 

interfaces in the FGMs. This good 

continuity of microstructure can eliminate 

the disadvantage of traditional 

macroscopic interfaces in 

metal/composite joints and reflects the 

design ideal of FGMs. No cracking 

between the layers can be found in the 

FGMs in this study (Fig. 1 and Fig. 2), 

indicating that the FGMs have good 

strength, good thermal stability and good 

thermal shock due to the better metal-

ceramic bond, continuous in the 

microstructure at the interfaces of the 

FGMs, as reported in previous studies 

[Kumar et al ; 2012 – Nai et al ; 2003].  

In relation to EDX maps (Fig. 1), grey 

colour represents Al, blue is Cu, green is 

Si and turquoise blue is Mg. EDX maps 

are obtained from AS4 FGM sample (Fig. 

1g, h and i). As shown in Figure 1g, two 

layered FGMs from Al 2024 with grey 

region to Al 2024/ SiC with green regions 

are obviously distinguished. It can be 

http://tureng.com/search/distinguish
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observed that a significant increase in 

green region from bottom layer to top 

layer was occurred with a change in the 

number of layer. It should be noted that 

SiC and Al are unsoluble in each other in 

solid state. So, SiC- rich regions can be 

shown in the Al 2024 grain boundary. 

From EDX maps, Cu containing phase of 

A3 composites such as Al2Cu seem to 

have homogenous distribution and larger 

size than A6 composites. However, the 

distribution of the Al2Cu phases is more 

homogenous in the AS4 samples.  The 

decrease in size of Al2Cu phases could be 

expected due to low cooling rates. So, the 

hot pressing process induces the 

dissolution of the Al2Cu phase followed 

by its precipitation. 

 

 
Fig.1. SEM EDX maps of: (a), (b) and (c) 

A3; (d), (e) and (f) A6; (g), (h) and (i) 

AS4, respectively. In EDX maps blue 

colour represents Cu, green is S, 

turquoise blue is Mg and grey is Al. 

 

 
Fig.2. SEM micrographs of AS345 

composite sample. 

 

Fig. 3 shows pore size distribution 

determined by means of MIP for the 

composite and FGM samples. A 

significant increase of the pore content of 

the composites sample from 0.5674 % to 

2.0272 % with increasing SiC content 

from 30% to 60% was obtained. 

However, a significant reduction in the 

pore size from micrometer level to 

nanometer level is observed in MIP 

experiments as shown in Fig. 4a. In other 

words, 60 wt.% SiC reinforced 

composites (A6) has the lowest density, 

which is mainly attributed to a higher 

content of SiC selected as reinforcement 

material. Between the composite samples, 

A3 sample has higher density than the 

other composite sample, because the SiC 

content within the Al2024 alloy matrix is 

lower. The higher density of A3 is mainly 

due to its higher densification ability and 

the less agglomeration regions. The 

porosity content of FGM samples is 

considerably lower compared to the 

composite samples. This can be attributed 

to the effect of multiple pressing during 

the densification process. Depending on 

the number of layers, the number of the 

pressing is also increasing with 

increasing the number of layers. As it can 

be seen in Fig. 3a and Fig. 3b, the pore 

content of A6 sample is 2.0272. The pore 
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content is 0.2015 for AS6 sample. 

However, the porosity values trends to 

increase three and four layered 

Al2024/SiC composites (Table 2). This 

can be attributed to the increase in the 

numbers of agglomeration regions which 

generated by hard SiC particles 

 
Fig.3. Pore size distribution determined 

by means of MIP for the samples, a) A3, 

A4, A5 and A6 composites, b) AS345 

and AS456. 

 

4. CONCLUSIONS 

The porosity content of Al2024/SiC 

composites increased with the increase of 

SiC content. For 60 wt.% SiC content, 

the porosity value of the Al2024/SiC 

composites increased to about 2 (%). 

When Al2024/SiC FGMs of various the 

numbers of graded layers are produced 

under the same conditions, the addition of 

layer has an important effect on porosity 

content. 
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ABSTRACT: Functionally graded Al2024/SiC-B4C hybrid composites (FGMs) with 

combined % reinforcement of 30%, 40%, 50% and 60% with equal weight % of SiC and 

B4C were fabricated by hot pressing and consolidation method. The effects of B4C content 

and number of layers of Al2024/SiC-B4C FGMs on the microstructure properties were 

investigated. The microstructures of these composites were characterized by a scanning 

electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS).It has been 

shown that functionally graded Al2024/SiC-B4C hybrid composite has produced 

successfully by hot pressing process.  

Keywords: Functionally graded; hybrid composites; hot pressing.   

 

1. INTRODUCTION  
Functionally graded materials (FGMs) 

are class of composite materials 

consisting of two or more phases, which 

varies in some spatial direction its 

composition and microstructure. FGMs 

are provided with the opportunity of 

controlling the gradation of the physical 

and chemical properties. [Velhinho et al 

,2004]. FGMs, a relatively new class of 

materials, have found a wide usage in 

different fields such as automobile, 

aerospace, electronics, defense industries, 

gas turbine engines and engineering 

applications [Recep et al, 2011].  

Aluminum based metal matrix 

composites (AMMCs) are possible to 

achieve the attractive property 

combinations. AMMCs are competitive 

candidate materials for engineering 

applications. AMMCs have significant 

technological importance due to low 

thermal coefficient of expansion, high 

specific strength and stiffness, good wear 

and corrosion resistance, and good high 

temperature mechanical properties 

[Azimi et al, 2011].  

Hybrid composites are obtained by a 

combination of two or more 

reinforcements. AMMCs with both SiC 

and B4C particles are known as hybrid 

composites, Al2024/SiC-B4C. As 

compared to AMMCs with SiC 

reinforcement, improved mechanical 

properties and tribological behavior are 

exhibited by hybrid AMMCs.  Boron 

carbide (B4C) ceramics has been used in 

abrasive materials, absorbent nuclear 

materials, blasting nozzles, and high-

temperature thermoelectric conversion 

materials due to their excellent physical 

and mechanical properties, such as the 

high hardness (>30 GPa), low density 

(2.52 g/cm
3
), high melting point (2450 

°C), high neutron capacity cross-sectional 

area, and good chemical stability. 

[Thevenot, 1990].  Silicon carbide (SiC) 

is a hard (>28 GPa) and light material 

(3.1 g/cm
3
) with relatively high 

toughness (4.6 KIC). B4C–SiC systems 

have the potential to offer the 

mailto:*aykut@ktu.edu.tr
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combination of high hardness, relatively 

high fracture toughness, and light weight 

property. [Zhixiao et al, 2014 ]  
The aim of this research is to study the 

effect of powder metallurgy and hot 

pressing methods on the properties of 

functionally graded Al2024/SiC-B4C 

composites. Moreover, the effects of 

number of graded layers and 

reinforcement content on the 

microstructure of the composites are 

investigated. 

 

2. EXPERIMENTAL PROCEDURE 

Al2024 (d50: 54 µm ) alloy powders, B4C 

particles (d50: 10 m)  and SiC particles 

(d50: 10 m) used as raw materials to 

fabricate the FGMs. The as-atomized 

Al2024 powders were supplied 

commercially with the chemical 

composition (in wt.%) of 4.85 Cu, 1.78 

Mg, 0.385 Si, 0.374 Fe, 0.312 Mn, 0.138 

Zn, 0.042 Cr, 0.005 Ti and Al (balance). 

Al2024 alloy powders, with different 

weight percentages of SiC and B4C 

powders (30, 40, 50, and 60 wt. %) were 

blended in a planetary ball-mill (Fritsch 

Gmbh, model “Pulverisette 7 Premium 

line”) at room temperature. 

The powder metallurgy method 

containing cold pressing followed by hot 

sintering was used for preparation of the 

Al2024/SiC-B4C composites and 

Al2024/SiC-B4C functionally graded 

composites.The green compacts of 

Al2024/SiC- B4C FGMs samples in the die 

were hot pressed at 560 
o
C and 500MPa 

in an argon atmosphere. Two, three and 

four-layered FGM samples were prepared 

for Al2024/SiC- B4C FGMs samples with 

30, 40, 50 and 60 wt. % SiC and B4C. 

The sample designation and composition 

of the FGMs samples is given in Table 1. 

 

 
 

The microstructure and elemental 

distribution of cross-section of FGMs 

were observed by means of a Zeiss Evo 

LS10 scanning electron microscope, 

respectively.  

 

3. MICROSTRUCTURE 

Fig. 1 shows the morphology of B4C and 

SiC particles on the Al2024 matrix. In the 

milling process, the ductile Al2024 matrix 

suffer deformation, while brittle B4C and 

SiC particles undergo fragmentation. 

However, very few fragmentation of 

these particles was taken pleced. İn this 

stage, Al2024 matrix powders were 

flattened due to deformation. And these 

powders trapped between the B4C and 

SiC particles. As can be seen in Fig. 1, 

hard B4C and SiC particles embedded on 

flattened ductile Al2024 matrix particles.  
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Fig.1. SEM images of the hard B4C and 

SiC reinforced composite powders coded 

as BS3. 

 

The typical microstructures of the 

Al2024/SiC - B4C FGMs are presented in 

Fig.2. In the microstructures, light gray 

represents the SiC ceramic particle, black 

represents the B4C ceramic particle and 

gray represents the Al2024 matrix. The 

ceramic particles are randomly dispersed 

in the Al2024 matrix for ABS3 sample as 

can be seen in Fig.2.   Any clear evidence 

of heterogeneities in the distribution of 

reinforcement particles is not observed at 

the cross sections of these samples. The 

microstructure of interlayer changes from 

the Al2024 side to the Al2024/SiC-B4C side 

with the variation of composition. In 

other words, the microstructure of the 

system includes a compositional gradient 

change along the thickness direction, 

from pure Al2024 alloy to Al2024/SiC-B4C 

hybrid composites as can be observed 

from Fig. 2. It can be seen that both the 

Al202 4alloy and the composites are 

continuous in the microstructures. There 

are no indications of cracking within 

individual layers or of decohesion at 

interfaces in any of the specimens as can 

be seen from the details of the 

microstructures for the different 

interfaces of the FGM (Fig. 2). Moreover, 

there are no macroscopic interfaces in the 

FGMs. This good continuity of 

microstructure can eliminate the 

disadvantage of traditional macroscopic 

interfaces in metal/composite joints and 

reflects the design ideal of FGMs. No 

cracking between the layers can be found 

in the FGMs in this study, indicating that 

the FGMs have good strength, good 

thermal stability and good thermal shock 

due to the better metal-ceramic bond, 

continuous in the microstructure at the 

interfaces of the FGMs.  

 
 

Fig.2. SEM images of two layered FGM 

samples; (a) ABS3, (b) ABS5.  
 

 Fig. 3 shows SEM images and X-ray line 

scans of BS3 composite. It is believed 

that peaks of Si, B C, and Al detected in 

X-ray line scans are probably coming 

from reinforced particles and phases that 

were formed during hot pressing. 
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Fig. 3. SEM images and EDS line scan 

results of BS3 composite, showing the 

peaks of Si, C, Al and B blue line in SEM 

image 

 

 

 

 

4. CONCLUSIONS 

There is a gradual variation of the 

microstructure in the Al2024/SiC-B4C 

FGMs, in which the matrix phase varies 

from the metal to the ceramic and the 

inclusion phase varies from the ceramic 

to the metal. With the increase of the 

ceramic particle content, the particle 

distribution changes monotonously and 

agglomeration content increases 

gradually. The microstructures of the 

Al2024/SiC-B4C are affected by the 

varying ceramic particle content in which 

the matrix phase varies from the metal to 

the ceramic. The ceramic particles can 

provide the rigid skeleton and constrain 

the plastic flow of the metal. 

 

REFERENCES 
Velhinho, A., Botas, J.D., Ariza, E., Gomes, J.R., 

and Rocha, L.A., 2004. Materials Science 

Forum 871, 455–456. 

Recep, E, Kemal, A.M., and Yildirim, M., 2011. 

Compos. Part B-Eng. 42, 1507. 

Azimi, A., Shokuhfar, A., and Zolriasatein, A., 

2011. Mater. and Des. 66. 

Thevenot, F., 1990. J. Eur. Ceram. Soc. 6, 205-

225. 

Zhixiao, Z., Xianwu, D., Zili, L., Weimin, W., 

Jinyong, Z., and Zhengyi, F., 2014. J. Eur. 

Ceram. Soc. 34 ,2153–2161.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

PRODUCTION AND STRUCTURAL CHARACTERIZATION OF 

Y2O3 NANOPARTICLES BY ULTRASONIC SPRAY  

PYROLYSIS TECHNIQUE (USP) 
 

Elif Emil, Tolga Çakmak,Şerzat Safaltın, Sebahattin Gürmen
a
 

 

ITU, Department of Metallurgical and Materials Engineering, 34469 Maslak, Istanbul, Turkey 

a. Corresponding author (gurmen@itu.edu.tr) 

 

 

ABSTRACT:Y2O3 micrometer-sized is transparent materials that has been widely used in 

projection tube, lasers, fiber-optic communication, lamps, biological labelling, ultrafast 

sensor, fluorescent for transmission electron microscopy and coating for high temperature 

application due to its unique properties. The present study focuses on the production and 

structural characterization of Y2O3 nanoparticles. Y2O3 nanoparticles were produced by 

ultrasonic spray pyrolysis method in single step from an 0.1M yttrium nitrate 

solution(Y(NO3)3·6H2O, >99%) at 800
o
C in an air atmosphere. Y2O3 nanoparticles 

obtained by thermal decomposition ultrasonically formed aerosol droplets from nitrate 

solution at 800°C. The structural and morphological characteristics of Y2O3 nanoparticles 

were studied scanning electron microscopy, energy dispersive spectrometryand X-ray 

diffraction analysis. The particle characterization studies show that Y2O3 nanoparticles 

have a great morphology in terms of spherical shape, narrow size distribution, sub-micron 

size and non-aggregation characteristic.  

 

1. INTRODUCTION 

Nanomaterials research has recently 

become a very importantfield in materials 

science.Their unique features depend on 

their size, shape,surface composition, and 

surface atomic 

arrangement[1,2].Nanomaterials generaly 

is less than one micrometer. These small 

particle sizes impart different physical 

and chemical properties [3].Hence, the 

production of nanomaterials is also 

currently a major focus for development 

of nanoscience and 

nanotechnology[1].Nanomaterials have 

an active role in different areas as 

electronic, automotive, construction, 

biomaterials, aeronautical and many 

others[4,5]. Yttrium oxide (Y2O3) 

nanoparticles have been intensively 

studied because of their some important 

features such as, high melting 

point(2430
o
C), broad range of 

transparency(0.2-8μm), high corrosion 

resistance, well chemical stability, high 

mechanical strength, high thermal 

conductivity (0.13Wcm
−1

 K
−1

), large 

optical band gap (~5.5 eV)[6]. Y2O3most 

important host materials, also can be 

doped with various rare earths.Thus there 

are many attempts to produce yttrium 

oxide(Y2O3) nanoparticles, such as 

homogeneous precipitation,sol-

gel,combustion,electrodispersion,evapora

tion condensation and spray pyrolysis[3]. 

Among them, ultrasonic spray pyrolysis 

(USP), is an aerosol process commonly 

used to form a wide variety of materials 

(metals, metal oxides, ceramics) in 

powder formmethod is a suitable process 

to fabricate spherical and non-

aggregation Y2O3 nanopowders.[7,8].In 

general,USP including four main steps:(i) 

the liquid precursors are sprayed (ii) 

spray transport by an air flow into 

furnace (iii) at furnace, obtained 

micro/nano-porous particles due to short 

residence time, (iv)nanoparticles 

transport by an air flow into collection 

chamber. USPhas some advantages, such 

as high purity powders, well uniformity 
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in chemical composition, a narrow size 

distribution, a well regularity in shape 

and the synthesis of multicomponent and 

non-aggregation materials [9]. 

 

In this study, Y2O3particles were 

produced by USP technique. The effects 

of the processing parameters on their size 

and crystalline structure were 

characterized by X-ray diffraction 

(XRD),energy dispersive spectrometry 

andscanning electron microscope(SEM-

EDS). 

 

2. EXPERIMENTAL 

 

2.1. Materials 

All the reagent (Y(NO3)3·6H2O) was in 

analyticalgrade and used without further 

purification. A water leach solution of 

(Y(NO3)3·6H2O)(salt powders were 

dissolved in deionized water) was used as 

starting material forthis research. The 

deionized water was used for all 

solutions. The concentration of the 

precursor solution is 0.1M All solutions 

were stirred for 30 min by using 

amagnetic stirrer. 

 

2.2. Experimental Procedure 

The spherical Y2O3nanoparticles were 

synthesized using theultrasonic spray 

pyrolysis method. Fig. 1 shows the 

schematics of the apparatus. 

Theexperiments were done at 800 
◦
C 

starting from yttrium sulfate solution 

withconcentrations of 0.1 M. Very fine 

droplets of the aerosol were obtainedin an 

ultrasonic atomizer with 1.7MHz 

frequency, the aerosol was transported by 

air gas viaa quartz tube (0.7m length and 

0.02m diameter) to an electrical heated 

furnace(Nabertherm R 50/250/12 mode 

1200 °C, 250 mm zone) with a 

temperature control of ±1 ◦C because of 

the safety reasons, place in the quartz 

tube reactor (heated zone 280 mm).X-ray 

diffraction (XRD, Phillips PW 1700) 

using Cu Kα radiation was used to 

examine the crystalline phase of the 

prepared particles. The chemical 

compositions of particles were analyzed 

by the energy dispersive spectroscopy 

(EDS) instrument. Particle size and 

morphology of the samples were 

investigated by field emission scanning 

electron microscopy (FE-SEM, JEOL 

JSM 700F). For XRD analysis, the Y2O3 

dispersedparticles were placed on a glass 

substrate and allowed to dry in air at 

room temperature. Particle size and size 

distribution were determined from SEM 

images by Leica Image Manager. All the 

clearly observed particles on the SEM 

images were taken into account in these 

analyses.The powders were first 

dispersed in distilled water and inserted 

in ultrasonic bath for 10 min and then the 

suspension was dropwised onto a brass 

sheetto make a thick film, which later 

coated by platinum for SEM 

characterization. 

 

 

 
 
 

Fig.1.Schematic drawing of experimental 

apparatus for the production of Y2O3 

nanoparticles [10]. 

 

3. RESULT AND DISCUSSION 

3.1. Thermodynamic Analysis 

The reaction for the formation of Y2O3 

nanopowder from yttrium nitratecan be 

described as in Eq. (1). 

 
4Y(NO3)3(ia) + O2(g) = 2Y2O3 + 12NO2(g) + 4O2(g) (1) 
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The thermodynamic analysis is done 

using HSC Softwareand in the 

temperature range of0 - 1000 ◦C(Fig. 2). 

 

 

 

Fig. 2. Dependence of the Gibb’s energy on the 

temperature 
 

The values of Gibb’s free energy (G◦) 

for the reaction (1) in the temperature 

range up to 1000
0
C confirm 

theprobability for formation of Y2O3 

from Y(NO3)3. This probability for 

formation of Y2O3 increasesat elevated 

temperatures. 

 

3.2. X-Ray Analysis of Y2O3 

Nanopowder 

Fig. 3 shows X-ray diffraction (XRD) 

patterns of the Y2O3nanopowders. The X-

ray analysis of the powders, produced 

at 800 
0
C from Y(NO3)3solution in air 

atmosphere by ultrasonic spray pyrolysis, 

indicated the presence of pure Y2O3 

nanopowders. 

 

The cubic crystalline Y2O3phasehas four 

main peaks at the diffraction angles of 

30.57
o
, 34.63

o
, 49.7

o
 and 58.9

o
. In Fig. 

3,The X-ray analysis of the powders 

indicated the presenceof cubic crystalline 

structured Y2O3 (JPDS card no:41- 1105) 

nanoparticles. 

 

 
 
Fig. 3.X-ray analysis of the USP Y2O3 

nanoparticles  
 

The XRD pattern shows that the 

intensities of three peaks of the (2 2 2), (4 

0 0), (4 4 0) and (6 2 2) planes are more 

than of others peaks. 

 

Crystallite size calculated from XRD 

patterns by using ScherrerEquation[10], 

 

𝐷 =  
𝐾 𝑥 𝜆

𝐵 𝑥 𝑐𝑜𝑠𝜃 
 

 

a simple relationship between crystallite 

size and peakwidth. In this equation K is 

constant which value is between 0.85and 

0.9, λ the wavelength of the X-ray (Cu 

K_1 = 1.541874 A), B thewidth (in 

radians) of the peak due to size effect,θ  

the Bragg angle,and t is the particle size.  

 

The calculated sizes of 

Y2O3crystallitesfor Table 1. and Bwere 

approximately 2.83nm, 4.15nm, 2.75nm 

and 3.2nm, respectively. 

 
Table 1. Crystallite size of Y2O3 nanoparticles 

 

2θ B Crystallitesize (nm) 

30.57 0.507 2.83 

34.63 0.35 4.15 

49.7 0.555 2.75 

58.9 0.497 3.2 
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3.3. The Morphological and EDS 

Analysis of Y2O3 Nanopowder 

SEM micrographs of the Y2O3 

nanopowders produced from 0.1M 

Y(NO3)3 precursorconcentrations at 

800°C are given in Fig. 4. These images 

show that the primary particles, which 

were occured in the furnace, have 

sphericalmorphology with nearly smooth 

surface. 

 

 
 

Fig. 4.SEM micrograph of the Y2O3 nanoparticles 

 

 

EDS analysis of the Y2O3 sub-micron 

particles states that any inclusion 

obtained in the structure. TheY2O3 

nanoparticles are composed of only 

yttrium and oxygen (Fig. 5). 

 

 
 

Fig 5. EDS pattern of Y2O3 nanoparticles which 

are occured at 800°C 

 

4.CONCLUSION 

Ultrasonic spray pyrolysis (USP) is used 

for the synthesis of fine, spherical, 

yttriumoxide nanoparticles fromyttrium 

nitrate solution at 800
0
C.The X-ray 

analysis of the powders indicated the 

presence of cubic crystalline structured 

Y2O3nanoparticles. FromXRD analysis, it 

is found that the crystallite sizeof the 

Y2O3nanoparticles are 2.83nm,  4.15nm, 

2.75nm, 3.2nm for 0.1M precursors, 

respectively. Y2O3nanoparticlesshow 

almost spherical morphology, 

homogeneoussize distribution and 

smooth surface. Nanopowder morp-

hology of yttrium oxide obtained in static 

and dynamic conditions emphasizes that 

the ultrasonic spray pyrolysis is an 

aerosol process commonly used to form a 

wide variety of materials (metals, metal 

oxides, ceramics) in powder form 

method. USP is a good choice forthe 

production of the particles with 

controlled morphology. 
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ABSTRACT: In this study, the production and characterization of silica based photonic 

crystal is aimed for several applications. Initially polymethylmethacrylate (PMMA) 

spheres were synthesized for the formation of template. Then, via centrifugation to the 

obtained suspension, PMMA colloidal crystal which is an ordered array of colloid particles 

is obtained. Silica inverse opal powders are obtained by sol-gel infiltration processes using 

PMMA template. Characterization processes were carried out by secondary electron 

microscopy (SEM). It was determined that PMMA spheres between 200 nm and 270 nm in 

size with an ordered array were achieved. The results showed that the presence of the 

porous structure of silica-based photonic crystal powders was determined. 

 

Keywords: Photonic crystal, inverse opal, sol-gel infiltration 

 

1. INTRODUCTION  

Photonic crystals (PCs), which are also 

known as optical semiconductor, are new 

materials with a periodically modulated 

dielectric constant. The idea was first 

presented by Yablonovitch [Yablonovitch, 

1987] and John [John, 1987]. Photonic 

crystals are on a large scale ordered 

materials that have a periodically 

modulated dielectric constant, with 

periods on the scale of visible light 

wavelengths (380–750 nm). Propagation 

of electromagnetic waves in the material 

is affected by the periodicity due to Bragg 

reflections on lattice planes. When a range 

of wavelengths is restricted for every state 

of polarization and propagation direction a 

complete photonic band gap occurs 

[Joannopoulos et al., 1995]. The ‘photonic 

band gap (PBG) is a range of frequencies 

where light is forbidden to exist within the 

bulk of the photonic crystals. PBG is 

determined by the crystal lattice and 

period [Joannopoulos, 2001]. When the 

photonic band gap falls into the visible 

light range (380 nm and 780 nm), the 

visible light of specific wavelengths are 

not allowed to propagate in the photonic 

crystal structure, consequently being 

selectively reflected. In this way on the 

surface of periodic photonic crystals, the 

structural colors would be produced [Liu 

et al., 2014]. 

 

It is possible to control and manipulate the 

flow of light with such attractive optical 

PBG materials. These materials have 

important applications as reflective 

coatings on lenses, color pigments in 

paints and inks, waveguides for directing 

the propagation of light along a specific 

path, particularly reflective mirrors in 

laser cavities, and many other optical 

components [Krauss, 2003]. For instance, 

if significant improvements towards the 

quality of colloidal crystals and their 

response time are realized, tunable 

photonic crystals may be used in the 

future as optical switches for the full 

automation of optical circuits. Military 
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vehicles covered with such materials may 

be able to dynamically change their colors 

and patterns for adapting to the 

environment. Such materials might also be 

put in bank notes or other security 

documents for anti-fraud aims [Ge and 

Yin., 2011]. 

 

Structural color is especially vivid in 

three-dimensionally ordered macro porous 

(3DOM) oxides which have relatively 

high refractive index (e.g., 3DOM ZrO2 

and 3DOM TiO2), rely on incomplete 

PBGs for the color effect [Schroden et al., 

2002]. The color of these materials can be 

modified by infiltration solvents with 

different refractive indices, creates 

opportunities for new kinds of pigments. 

Likewise, photonic supraparticles consist 

of colloidal sphere arrays can display 

striking opalescent colors [Moraz et al., 

2002; Munro et al., 2005]. Several patents 

are known about the use of opals as 

pigments infiltrated with different 

materials. For sufficiently wide ordered 

domains of colloidal photonic crystals, 

depending on the viewing angle with 

respect to given photonic crystal planes, 

multiple colors can typically be observed 

[Aguirre et al., 2010].  

 

The fabrication of photonic crystals 

methods can be roughly classified into 

two groups: top-down and bottom-up 

approaches. Like photolithography and 

etching techniques, the top-down 

approaches often used traditional 

microfabrication methods to produce 

microstructures with desired shape, size, 

and order from bulk materials. Recently 

some unusual microfabrication 

approaches such as holographic 

lithography and glancing-angle “spiral” 

deposition have also been developed. 

Because of their high cost and low 

efficiency in production micro-fabricated 

crystals are not typically used in the 

fabrication of responsive photonic 

structures. Bottom-up approaches usually 

include the self-assembly of preformed 

building blocks into periodic photonic 

structures. As building blocks, molecular 

species such as block copolymers or 

nanoscale objects such as SiO2 or PS 

beads are used. Depending on the 

composition and construction of block 

copolymer macromolecules well-defined 

block copolymers can self-assemble into 

equilibrium phases consisting of one-, 

two-, and three-dimensional periodic 

photonic structures [Urbas et al., 1999; Ge 

and Yin., 2011].   

 

The self-assembly process can yield 

crystalline samples of a few to several 

hundred structural layers thickness owing 

to it’s simpler and inexpensive, the self-

assembly of colloidal crystals (the so-

called ‘‘bottom-up’’ approach) is the more 

preferred process. This approach causes 

the crystallization of a colloidal 

distribution of monodisperse spheres of 

silica, polystyrene or 

polymethylmethacrylate (PMMA) to 

compose a material with a three-

dimensional periodic structure in which 

24% of the volume is air (a colloidal 

crystal or opal) [Waterhouse and 

Waterland, 2006]. Inverse opal structures 

can already be produced from colloidal 

crystal (opal) templates, by filling the 

voids in the opal with a dielectric material, 

and then removing the original opal 

template by wet chemical etching in the 

case of SiO2 or calcination in the case of 

polymer spheres [Schroden et al. 2002]. 

 

2. MATERIALS AND METHODS 

Commercially available methyl 

methacrylate (MMA, 99%), potassium 

persulfate, ethanol, tetraethylorthosilicate 

(TEOS, 98%), hydrochloric acid (HCl) 

and distilled water are used for synthesis. 
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Table 1: Sample codes for PMMA PC. 

Sample 

Code 

Reaction 

time (h) 
Centrifuge time 

(h) 

A 1 1 

B 2 24 

 

Syntheses of polymethyl methacrylate 

spheres were carried out in a 3-necked 

round-bottomed flask, fitted with a 

mechanical stirrer (Teflon stirrer blade) 

with electronic thermometer, water-cooled 

reflux condenser and a glass quick fit 

stopper. Distilled water and methyl 

methacrylate were added to system. The 

mixture was then heated and right after 

potassium persulfate was added as an 

initiator and started polymerization of the 

MMA commenced. The reaction was 

continued for 1 and 2 hours. PMMA 

colloidal suspensions were loaded into 50 

mL plastic falcon tubes, then centrifuged 

at room temperature for 1 and 24 h (Table 

1). The supernatant was then carefully 

removed by decantation, and the colloidal 

crystals left to dry in air. 

 

 
Figure 1: General steps of inverse opal 

preparation [Gokmen and Prez, 2011] 

 

As shown in Figure 1, inverse opals of 

were prepared by filling the voids in   

templates with SiO2 sol-gel precursor. 

PMMA colloidal crystals deposited in a 

thin layer on filter paper in a Büchner 

funnel. With a strong vacuum applied to 

the Büchner funnel, a solution of either 

silica precursor was applied dropwise over 

the surface of the PMMA layer. Infiltrated 

samples were then left to dry in air at 

25
o
C. Then carefully calcination was 

performed, the resulting composite 

structure to remove the PMMA template 

(see Figure 1). Filling of the voids in the 

colloidal crystal template was achieved 

using vacuum assisted infiltration of a sol-

gel precursor. 

 

 

3. RESULTS AND DISCUSSION 

The optical quality of colloidal crystals 

(opals) and their inverted structures is 

highly dependent on the size uniformity of 

the spheres used to fabricate the colloidal 

crystal [Waterhouse and Waterland, 

2006]. Figure 2 shows the SEM images of 

PMMA colloidal crystal samples. 

 

 

 
Figure 2: SEM images of PMMA 

colloidal crystal of (a) A and (b) B 

samples. 

 

Figure 1 was taken from the regular array 

regions of the samples at 10000x 

magnification. According to the Figure 2, 

close-packed arrays of PMMA spheres are 

obtained. Even though the images of 

Figure 1 confirm a regular close-packed 

sphere arrangement, there is a little 

difference between sample A and B. 

Although there is little difference at lower 

magnification observations, it is clear that 

Figure 1.a more orderly than Figure 2.b. 
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Whilst it is considered the more centrifuge 

time causes the more regular structure, 

centrifugation time of 24 hour could be 

overload for this system. 

 

 

 
Figure 3: SEM images of PMMA 

colloidal crystal of (a) A and (b) B 

samples with size measurements. 

 

Sphere diameters were directly measured 

from the SEM images. As can be seen 

from Figure 3, there are clear differences 

between A and B sample diameters.  A 

sample has roughly 200 nm while B 

sample has 270 nm diameters. This 

difference is attributed the variation of 

reaction time. As the reaction continues 

PMMA spheres which are fabricated by 

the free radical induced polymerization of 

MMA, nuclei grow by adding monomers 

and oligomers from the medium [Gokmen 

and Prez, 2011]. Therefore, if we restrict 

the reaction, we keep the growth of the 

PMMA spheres. 

 

 

 

 
Figure 3: (a) SEM image and (b), (c) 

macro photographs of invers opal silica 

PC powders at different angles. 

 

Silica inverse opals which are produced 

via sol-gel infiltration method are could be 

seen Figure 3. In SEM image of the silica 

inverse opal (Figure 3.a), we can see 

clearly see the porosities which are 

obtained from calcination of the PMMA 

spheres after sol-gel infiltration process. 

Because of the fact that these porosities 

are obtained by the removal of the ordered 

arrays of PMMA spheres, obtained 
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structure has regular porosity. Owing to 

differences between dielectric constant of 

silica and hair this components acts as a 

photonic crystal. Most of the 

technological applications foresight for 

photonic crystals calls for materials that 

possess a complete photonic band gap. 

Theoretical requirements to obtain a 

complete band gap in opaline structures 

have a refractive index contrast higher 

than 2.9 and long range three-dimensional 

crystalline order. Because of the fact that 

the refractive index ratios for colloidal 

crystals of silica (nsilica/nair=1.45) and 

PMMA (nPMMA/nair=1.492) are all well 

below the value of 2.9 needed for the 

realization of a full gap, they exhibit only 

pseudo photonic band gaps [Waterhouse 

and Waterland, 2006]. One of the 

characteristics of the photonic crystals 

reflects different colors at different 

viewpoints. This phenomenon is seen in 

Figure 3.a and 3.b. The powders in figures 

are the same powders, but they were taken 

from different angles. It could be seen that 

inverse silica powders in Figure 3.a looks 

green while Figure 3.a looks purple. 

 

4. CONCLUSIONS 

In summary, PMMA spheres between 200 

nm and 270 nm in size with an ordered 

array is obtained. Diameter of the PMMA 

spheres is connected with reaction time. 

The more reaction time leads the more 

diameter size. Silica inverse opals with 

regular porosity structure are produced via 

sol-gel infiltration method. It was 

determined that inverse silica powders 

seen from different perspectives in 

different colors. 
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ABSTRACT:The physical properties of composites consisting of ZA27 alloy reinforced 

with nano-sized B4C particles were investigated with the primary objective of 

understanding the influence of the nano particulate reinforcement. These properties were 

determined by measuring the density and scanning electron microscope (SEM) studies. 

The results indicated that nano-sized B4C added ZA27 nanocomposites can be produced 

with low porosity by hot press. We obtained lowest partial porosity (0,5%)  at 0,5 % ( in 

weight)  B4C added  ZA27 nanocomposite. After a pick point, increasing B4C ratio gives 

rise to agglomeration in grain boundaries accordingly density value declined. 

 

Keywords: Metal matrix nanocomposite; ZA27 alloy; hot sintering 

 

1. INTRODUCTION  

Nowadays, metal matrix nanocomposites 

(MMNCs) reinforced by a distribution of 

nano-sized ceramic particles (diameter of 

100nm) have been attracted 

attention[Zhang et al., 2011]. Stronger 

strengthening effects through the Orowan 

mechanism due to much smaller inter 

particle distances[Srivatsana, et al., 1999]  

and prevention of particle cracking during 

deformation are the advantages of using 

nano-sized ceramic particles to reinforce 

the metal matrix by the side of metal 

matrix composites (MMCs) micro-sized 

ceramic particles which have been widely 

studied for a long time[Zhou  et al., 2013]. 

 

It is reported that zinc-aluminum alloys, 

which are receiving wide acceptance in 

bearing applications, has the ability to 

replace traditional bronze bearings at a 

lower cost. Investigations on ZA-alloy 

matrix composites reinforced with varied 

ceramic particles and short fibers 

demonstrated that the composites  put 

forward excellent wear resistance, 

superior hardness and modulus and 

greatly reduced creep rate compared with 

the parent matrix alloy[Sharma  et al., 

1999]. 

 

Owing to having a very high melting 

temperature, high mechanical properties, 

low density, chemical resistance as well as 

high ability for absorbing neutron, B4C is 

widely used in many applications 

[Torralba et al., 2003]. After diamond and 

cubic boron nitride, B4C is the third 

hardest material moreover the most 

produced and used hard material 

[Afizadeh  et al., 2013]. 

There are varied studies concentrate on 

metal matrix nanocomposites especially 

on aluminum and magnesium based 

nanocomposites[Tjong, 2007]. But there is 

few investigation on Zn based 

nanocomposites for this reason present 

study focused on the effect of nano-sized 
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B4C additive on physical properties of hot 

pressed ZA27-B4C nanocomposites. 

That’s why present study focused on the 

effect of nano-sized B4C additive on 

physical of hot pressed ZA27-B4C 

nanocomposites 

 

2. MATERIALS AND METHODS 

The ZA27 alloy that has a chemical 

composition given in the Table 1 has been 

produced via casting and then pulverized 

by gas atomization method.  

Nanocomposites were produced by adding 

nano-sized boron carbide (55 nm) 

powders to ZA27 alloy (40µm) powders. 

The weight percentages of the B4C 

particles in the composites were 0.5%, 

1%, 1.5% and 2%. These mixtures were 

milled 2 hour in a planetary type ball mill 

(Fritsch ‘’Pulverisette 7, Premium Line’’) 

to have a good mixture. The ball to 

powder weight was chosen 5:1 and the 

rotational speed was controlled at 400 

rpm. 

 

Table 1. Composition of ZA27 alloy in 

weight percent (ASTM B669-82) 
Component Aluminium Magnesium  Copper Zinc 

Percentage 
Composition 

 
25-28 

 
0,01-0,02 

 
2,0-2,5 

 
Balance 

  

Nanocomposite samples were produced 

by hot pressing at 435 
0
C and pressure of 

700 MPa from the milled powder mixture. 

The graphite was applied on the inner wall 

of the mold and surface of the samples as 

a lubricant. The samples were prepared by 

grinding paper from 250 to 1500 grit and 

metallographically polished with 0.1 µm 

alumina for the microstructural 

characterization. Afterward the samples 

were ultrasonically cleaned and etched 

using a reagent consisting of ethanol- 

HNO3 (3%) solution. The microstructures 

of the composite samples were 

characterized by means of scanning 

electron microcopy. 

 

The density of the sintered nanocomposite 

samples were determined by the 

Archimedes method. The theoretical 

densities of the samples were calculated 

from the simple rule of mixtures taking 

the fully dense values for ZA27 (5 g/cm
3
) 

and B4C (2.52 g/cm
3
). 0.5%,1%,1.5%, 2% 

B4C added (in weight) nanocomposite 

(BAN)  samples were coded according to 

the B4C contribution rates as ZA27-

0.5BAN,  ZA27-1BAN, ZA27-1.5BAN, 

ZA27-2BAN respectively. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Morphology of the Powders 

The morphology of ZA27 alloy powders 

is shown in Figure 1. The original 

morphology of the B4C particles was 

angular or polygonal in shape while the 

ZA27 powders were ligament and 

irregular shapes. It was observed that 

brittle B4C particles embedded into the 

ZA27 powders after 2 h of milling. It 

could be said from the occurring black 

holls after milling which refers B4C. The 

fracturing or cutting effect of brittle B4C 

powders on the ductile ZA27 powders 

decreased due to embedding effect in this 

stage. Because of being enough embed 

B4C particles into ZA27 matrix, this 

milling time is seem sufficient to figure 

out how B4C addition effect of the 

nanocomposites.  
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Figure 1. SEM images of the.) Unmilled 

initial ZA27 powders and b.) 1%, 

c.)1,5%,d.)2% B4C added, milled ZA27 

nanocomposite powders at different 

magnitudes 

 

3.2. Microstructural Analysis 

Figure 2 indicates SEM images of the 

boron carbide added nanocomosites after 

hot sintering process.  The gray images 

correspond to the ZA27 matrix whereas 

black regions to porosity where most of 

the B4C particles could be placed. Both 

being very small size and embedding to 

matrix, B4C particles aren't seen clearly. 

However according to the mapping image, 

B4C particles are mostly distributed in the 

boundary region (Figure 2.e). It could be 

easily come out from SEM images and 

density graph (Figure 3) that hot pressing 

has advantages over the widespread 

powder metallurgy (PM) technology 

achieving the material production with 

high density. 
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Figure 2. SEM images of the a.) 0%, b.) 

0,5%, c.) 1%, d.)1,5%, e.)2% B4C added 

and maping images of ZA27 

nanocomposites. 

 

As shown illustrations and also supported 

by the experimental density values (see 

Figure 3), B4C Added ZA27 

nanocomposite has the minimum porosity. 

This phenomenon is proved in the Figure 

3 and Figure 2 (a). As we can see, almost 

there isn't any black region referring 

porosity.  Yet, increasing in the B4C 

partial ratios, local clusters of B4C have 

been formed because of high surface area 

activity. Agglomeration behavior of the 

B4C particles was seen more clearly in 

Figure 2 (e). Additionally, B4C particles 

placed in the boundary regions that have 

high energy. ZA27 matrix powders are not 

rearrange between agglomeration regions 

(Figure 2(e)) due to the resistance of 

agglomerated hard particles while 

pressing process [Varol and Canakci, 

2013]. Therefore, boundary of grains 

expanded with increasing partial B4C 

ratios.  

 
Figure 3: The effect of the nano-sized B4C 

ratio on the density (theoretical and 

experimental) and relative porosity of 

nanocomposites 

 

Because of the fact that the matrix 

material ZA27 has 5g/cm
3
 density value 

while reinforcement material B4C has 

2,51g/cm
3
, density of the nanocomposite 

decrease with increasing B4C ratio. Also 

B4C settlement to grain boundaries 

contributes to increasing porosity ratio. 

The experimental density is compared to 

the calculated density (theoretical density) 

based on the rule of mixture as follows: 

 

δcom = δfVf + δmVm  [Varol and Canakci, 

2013][10] 

 

where δcom, δf, and δm are densities of the 

composite, B4C particles, and the ZA27 

matrix powders, respectively. 

Furthermore, Vf and Vm are the volume 

fraction of the B4C particles and ZA27 

matrix powders. 

 

Porosity is a widespread and out of favor 

feature of metal matrix composites 

produced by the powder metallurgy 

method and it extremely affects their 

properties. The existence of porosities 

causes a decrease in physical (density) and 

mechanical properties such as hardness 

and tensile strength. Porosity is firmly 

associated to the compaction mechanism 

of reinforced and reinforced powders 
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[Varol and Canakci, 2013]. The presence 

of minimal porosity in composite 

materials, also supported by the 

experimental density values (see Figure 

3), can be attributed to the hot sintering 

process. The ZA27-BAN specimen has 

the minimum porosity with 0,4 % which is 

a very good value for production via 

powder metallurgy. The more B4C ratio 

increases, the more grains started to 

separate from each ones. Therefore ZA27-

2BAN specimen has the highest porosity 

ratio with 6,06%. 

 

4. CONCLUSIONS 

Conclusions are drawn as follows: 

 

1. Nano-sized B4C added, ZA27 

matrix nanocomposites were 

produced by hot-pressing method. 

2. Nano-sized B4C reinforcements 

are mostly located in the grain 

boundaries and embedded in the 

ductile Za27 matrix material. 

3. B4C can be used to improve the 

mechanical properties of the 

composites. We got highest 

mechanical properties at 0,5% B4C 

added ZA27 nanocomposite  

samples have tensile strength and 

hardness  values such as 247 MPa 

and 141,18 BH respectively. 

4. When topic is mechanical 

properties, after a pick point, 

increasing nano-sized B4C ratio 

gives rise to agglomeration in 

grain boundaries so density, tensile 

strength and hardness values are 

declined. 

5. Very low partial porosity ratios 

such as 0,5 % is obtained at ZA27-

0,5B4C composite via hot sintering 

process. 
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ABSTRACT: Steel industry provides raw material for various industry sectors. This factor 

leads the steel industry  to the high strategic place for the developing countries. Recycling 

is the most important part of the steel industry and magnetite has a significant place among 

the recycling products. Sub-micron magnetite particles have high surface area, super 

paramagnetic properties and biocompatibility. These particles are widely used in magnetic 

data storage applications, chemical and biological sensors as a pigment, biomedical 

applications, catalyst and waste water treatment. In this study, sub-micron  magnetite 

particles were produced with ultrasonic spray pyrolysis (USP) method from industrial 

surface cleaning solutions (FeCl3, Borçelik Çelik Sanayii Ticaret A.Ş.). The experiment is 

carried out at 700°C, 800°C and 900°C tempratures and 0,7 L/min N₂ and 0,1 L/min H₂ 

gas flow rate condition. The ultrasonic atomizer’s frequency is 1,7 MHz. XRD analysis 

showed that magnetite particles had cubic crystal structure. SEM analysis pointed out a 

sub-micron scale spherical morphology. For the ferrofluidic material design, the magnetite 

nanoparticles were ultrasonically treated in oleic acid solution for one hour in order to 

obtain low solid structural ferrofluids. 

 

1. INTRODUCTION 

Magnetic particles are composed of 

different type of materials such as iron 

group metals, oxide forms and alloys of 

those metals. These particles are used in 

many technological applications like 

optic, magnetic, electrical and magnetic 

liquids (with magnetic field strength), 

magnetic data storage devices, drug 

transportation, magnetic resonance 

monitoring [1-4]. Among the magnetic 

particles, Fe and Co based ones are 

highly used in designing magnetic 

devices.  

 

Magnetic particles are the keystones of 

the ferrofluids [5-7]. Ferrofluids are 

colloidal suspensions of single-domain 

magnetic particles with typical size of 

about 10 nm, dispersed in a liquid carrier. 

Their colloidal form is highly stable even 

after removal of magnetic field. These 

colloidal suspensions are used in bio and 

mechanical applications because of their 

high magnetic properties and high 

viscosity properties [8,9].  

 

Magnetic particles are produced via 

different methods, such as hydrothermal 

production, chemical vapor depositon, 

mechanical aggresion, microwave, sol-

gel production and ultrasonic spray 

pyrolysis methods [10]. The distinctive 

side of the ultrasonic spray pyrolysis 

method is to produce sub-micron particles 

in one step. In this study, we used steel-

iron industry surface cleaning solutions 

as a source material. The particle 

morphology can be controlled easily by 

the USP method which is more techno-

economic and environmental friendly 

than others. The aim of this study is to 

recycle the iron ions (2+ and 3+)  from 

iron chloride solution in the perspective 

of “Waste Materials  Engineering 

Materials” by “Ultrasonic “Spray 

Pyrolysis-Hydrogen Reduction” to 
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produce magnetite (Fe3O4) particles at 

sub-micron scale, and investigate the 

potential of utilization as a ferrofluid 

material. The USP technique is used to 

produce sub-micron powders, which are 

spherical and non-agglomerated, and 

have wide variety of chemical 

composition, size and morphology. To 

produce powders from solutions with the 

USP technique, highly pure metal salts or 

cleaned leach salts of secondary raw 

materials are used. USP involves four 

major steps: (1) generation of drops from 

a precursor solution, (2) drop size 

shrinkage due to evaporation, (3) 

reduction/thermal decomposition, and (4) 

solid particle formation [11,12]. USP 

method is relatively easy method that 

doesn’t need detailed experimental setup 

preparations (Fig. 1) [13,14]. 

  

2. EXPERIMENTAL 

 
2.1. Materials 

Industrial pickling (surface cleaning) 

solutions were used to produce sub-

micron iron oxide particles by Ultrasonic 

Spray Pyrolysis (USP). This solution 

contains Fe
3+

, Fe
2+

 ions and in low 

amount of other metal ions (Table 1). 

Oleic acid and deionized water were used 

to collect the powders (magnetite sub-

micron particles) in a collection chamber. 

 

Table 1. Chemical analysis of FeCl3 

cleaning solution (mg/L), pH:1.5 
 

Fe
3+

 Fe
2+

 Cu Ni Zn Cr Cd Mn Bi 

53776 3780 66,4 30,04 321 81,14 0,08 325 Low 

  

2.2. Experimental Procedure 

The pickling solution  was atomized 

using an ultrasonic nebulizer with a 

resonant frequency of 1.7 MHz  The iron 

III chlorides solution was introduced into 

a horizontal quartz reactor, which was 

placed in a tube furnace (Nabertherm, R 

50/250/12), in aeresol form by using N2 

and H2 carrier gases. The flow rates of 

the carrier gases were 700 mL/min for N2 

and  ~100 mL/min for H2. The sub-

micron magnetite particles were collected 

in the gas washing bottles containing two 

different liquids, which were distilled 

water and oleic acid. 

 

Experimental setup of USP is shown in 

Fig. 1. The experiments were carried out 

at 700°C, 800°C and 900°C temparatures 

for 2 hours. X-ray diffraction (XRD, 

Phillips PW 1700) using Cu Kα radiation 

was used to examine the crystal structure 

of the samples. The chemical 

compositions of the powders were 

analyzed by an energy dispersive 

spectroscopy (EDS) instrument. Particle 

size and morphology of the samples were 

investigated by field emission scanning 

electron microscopy (FE-SEM, JEOL 

JSM 700F). Vibrating Sample 

Magnetometer was used to observe the 

magnetic properties of samples. 

 

 
Fig. 1. Experimental setup of  USP. 

 

3. RESULTS AND 

DISCUSSIONS 

 
3.1. X-Ray Analysis of Fe3O4 

Nanopowder 

The XRD patterns of produced Fe3O4 

sub-micron particles for three diffrent 

temperatures are shown in Fig 2. 

According to the XRD patterns, the 

diffraction peaks of the samples were 

identified as cubic spinel structure of 

Fe3O4 particles (JCPDS Card no: 086-

1337). XRD analysis shows that the 
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peaks belong to (220), (311), (400), 

(422), (511), (440) crystal planes of 

Fe3O4 phase. 

 
 

Fig. 2. XRD pattern of sub-micron Fe3O4 

particles which are produced at different 

temperatures (700°C, 800°C and 900°C). 

 

3.2. The Morphological and EDS 

Analysis of  Fe3O4 Nanopowder 

SEM images of sub-micron Fe3O4 

particles produced at 700°C, 800°C and 

900°C are shown in Fig. 3. These images 

showed that the primary particles were 

agglomerated and composed of regular 

spheral particles. In the USP method, the 

particle size becomes coarser as 

temperature increasing. When we 

increase the temperature, aerosol droplets 

are bonded each other thereby bigger 

particles are consisted. The particle size 

becomes bigger as temperature increasing 

shown in Fig 3. (a), (b) and (c). The 

particles obtained at 900°C  were the 

largest particles. EDS analysis of the 

Fe3O4 sub-micron particles revealed that 

there was not any inclusion in the 

structure. The magnetite particles were 

composed of  only iron and oxygen 

(Fig.4). 

 

 
(a)  

 
(b) 

 

 
(c) 

Fig 3. SEM images of sub-micron Fe3O4 

particles (a) 700°C, (b) 800°C, (c) 900°C. 
 

 
(a) 

 

: 
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(b) 

 

  

(c) 
 

Fig 4. EDS pattern of sub-micron Fe3O4 

particles 

(a) 700°C, (b) 800°C, (c) 900°C. 

 

3.3. The Magnetic Analysis of  Fe3o4 

Nanopowder 

The magnetic analysis of the samples 

showed that Oleic acid-based samples 

(Fig. 5) had lower saturation 

magnetization value than water-based 

samples. However,, the coersivity values 

of the both samples were very close (Fig. 

6) and the samples possessed 

ferromagnetic properties. 

 

 
Fig. 5. Oleic acid-based samples. 
 

 
 

(a) 

 

 
(b) 

 
Fig 6. Magnetic analysis measurements 

(a) oleic acid-based samples, (b) water-

based samples. 

 

4. CONCLUSION 
In the perspective of “Waste Materials 

Engineering Materials”, sub-micron 

Fe3O4 particles were produced from the 

industrial iron chloride solution by 

Ultrasonic Spray Pyrolysis – Hydrogen 

Reduction Method. The results indicates 

that the USP method can be an alternative 

method of handling these solutions. After 

mixing the sub-micron magnetite 

particles with oleic-acid in an ultrasonic 

bath, the  mixture with low amount sub-

micron particles exhibited ferrofluidic 

properties. 
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ABSTRACT: The magnetic CoxC60 hybrid film (x>>1) fabricated on Si(100) by simultaneous 

deposition was exposed to air that yielded the average film composition as Co19O21C60. Upon the 

“oxidation”, the detected superparamagnetism of the hybrid film was improved by new magnetic 

anisotropy displaying through an assymetric shift of the hysteresis loops. The latter effect 

reveals the exchange bias anisotropy, which evidences a formation of the Co/CoO core-shell 

clusters in the hybrid film. Size of the clusters was evaluated from the Langevin description of 

the magnetization curves. Phase composition of the C60-based matrix was studied by Raman 

spectrometry. The Raman spectra show formation of cobalt fulleride and the amorphous carbon 

in matrix of the nanocomposite. Destruction of C60 occurred at the CoO surface is followed by 

the formation of the CO-based shell around the Co/CoO clusters. The obtained results suggest 

easy penetration of the O2 molecules into the C60-based matrix and their splitting at the Co 

cluster surface. Detection of the exchange bias magnetism in the CoxC60 composite upon it 

exposure to air implies new potential of the material in fundamental and application.  

 

1. INTRODUCTION 

Crystalline fullerene (fullerite) is an 

attractive representative of nanoporous 

materials, which structure and properties 

can be turned by the properly-executed 

doping. Bright example of the fcc-C60 

successful doping by metal is a discovery of 

the alkali fullerides AnC60 (A is alkali metal; 

n=1, 2, 3, 4, 6) [Dresselhaus et al., 1996]. 

This discovery generates numerous 

researches aiming to combine other metals 

(d- or f-metals) with C60 under condition of 

thin film deposited on some substrate. 

Among variety of the Me-C60 composites 

fabricated up to date, the Co-C60 hybrid 

films are of the enhanced attention  due to 

their remarkable structural, magnetic and 

magnetotransport properties [Sakai et al., 

2007; Miwa et al., 2007]. In the previous 

studies the surface of the Co-C60 films was 

covered by a protective layer (such as SiO2) 

in order to exclude structure degradation 

caused by possible air exposure during post-

deposition experiments. However, creation 

of the protective layer on the film surface 

can modify the CoxC60 nanostructure due to 

the stress induced by the layer-film 

interface. Moreover, existence of the 

protective layer impedes spectroscopic 

experiments requiring to probe a film 

nanostructure through some transparent 

substrate [Sakai et al., 2007]. Such setup 

complications could introduce additional 

artefacts. In contrast to the previous reports, 

here we aimed to study the magnetic 

properties of the CoxC60 composite films 

(where x>>1) after the controlled sample 

exposure to air under ambient conditions. 

Such an aim allowed us to avoid the 

mentioned setup complications and to 

recognize the effect of air on nanostructure 

and magnetism of the CoxC60 composite.  

 

2. EXPERIMENTAL DETAILS 

The CoxC60 mixture films were fabricated 

by simultaneous deposition of Co and C60 

from different sources on Si(100) at room 

temperature (RT) in vacuum of 10
-4

 Pa. The 

Co/C60 ratio in the deposited mixture films 

was adjusted by variation of the Co and C60 

deposition rates estimated with quartz 

thickness monitor. The film thickness was 

set to be about 80 nm. In the present 

experiments the deposition parameters were 

roughly set so to produce the CoxC60 

composites (x>>1) where the Co clustering 

is certainly occurred [Lavrentiev et al., 

2015; Sakai et al., 2007]. The precise 
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composition of the deposited films was 

obtained from the Rutherford backscattering 

spectroscopy (RBS) experiments. The RBS 

spectra were taken with the 2 MeV He
+
 ion 

beam and then were converted into depth 

profiles using SIMNRA computer code. The 

Raman spectra were obtained with InVia 

Renishaw spectrometer (514.5 nm laser 

wavelength). The reduced laser beam power 

(about 2 W cm
-2

) preserved the film 

nanostructure during the probing. Magnetic 

properties of the mixture samples were 

studied using the standard SQUID 

magnetometer with a sensitivity of ~5×10
-8

 

emu. The dc magnetization curves M(H) 

were measured after sample cooling in the 5 

T field (field cooling, FC). The temperature 

dependences M(T) were measured in zero 

field cooling (ZFC) and FC regimes in the 

temperature range from 5 to 300 K under 

100 Oe field. The M(T) measurements were 

performed under the in-plane magnetic field 

H. The M(H) dependences were measured 

after FC (H = 5 T) to detect possible 

magnetic interactions in the hybrid 

nanostructure. Before being studied by the 

analytical techniques, the CoxC60 samples 

have been identically exposed to air for 

about 30 minutes. 

 

 

 

3. RESULTS AND DISSCUSSION 

Figure 1 represents the RBS spectra of the 

undoped C60- and the CoxC60 hybrid films, 

which were exposed to air during the same 

time just after the deposition on Si(100).   

Both spectra display the C-related peak in 

vicinity of the 120-th channel reflecting the 

C60-basis of the films. The 400-th channel 

peak in the spectrum of the hybrid film 

reflects existence of Co in the film 

nanostructure. The shoulder at the 280-th 

channel in the spectra is related to the Si 

substrate. 

 
Figure 1: The experimental (blue circles) 

and simulated (red curves) RBS spectra 

taken from the pure C60 and the hybrid 

CoxC60 films after the air exposure.   

 

In contrast to the C60 film the spectrum of 

the hybrid film includes the well-resolved 

peak at 178-th channel, which is related to 

oxygen. So, the air exposure causes easy 

penetration of oxygen into the C60-based 

films, which however is retained only in the 

hybrid CoxC60 film upon evacuation.   The 

simulation performed with SIMNRA code 

shows uniform distribution of cobalt and 

oxygen along the depth of the hybrid film. 

Detection of oxygen in the CoxC60 film 

reflects the important role of cobalt, which 

able to retain O in the hybrid film. 

Evidently, oxygen is stored in the hybrid 

film as the CoO oxide arisen on the surface 

of the Co clusters formed in the deposited 

CoxC60 mixture film with x>>1 [Lavrentiev 

et al., 2015]. The SIMNRA analysis of the 

RBS spectrum presented in Fig. 1 yields the 

average composition of the deposited hybrid 

film as Co19O21C60. 

Formation of the Co/CoO core-shell clusters 

in the hybrid film was confirmed by study 

of the film magnetization M. Figure 2 shows 

the M(H) magnetization curves of the 

C19O21C60 hybrid film measured after the 

field cooling (FC) from 300 K (the external 

field µ0H = 5 T). 
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Figure 2: The magnetization spectra M(H) 

taken from the Co19O21C60 hybrid film after 

cooling in a 5 T field. 

 

There are two magnetic effects, which can 

be distinguished from the M(H) curves. 

Firstly, we found shrinking the hysteresis 

loop upon the temperature increase, which 

displays superparamagnetic origin of the 

hybrid film. The latter effect reflects the 

composite nanostructure of the hybrid film, 

which magnetism is designated mainly by 

the small Co clusters precipitated in the 

depositing film [Miwa et al., 2007]. Second 

effect is related with the well-seen shift of 

the of the hysteresis loops along the field 

axis (exchange bias magnetic anisotropy, 

EB [Meiklejohn and Bean, 1956]), which 

reflects the magnetic coupling of 

ferromagnetic (FM) and antiferromagnetic 

(AFM) phases at the Co/CoO interface in 

the metallic clusters. The latter effect is a 

nice confirmation of the Co cluster 

oxidation in the hybrid film during it 

exposure to air that results in the Co/CoO 

core-shell structure of the clusters. It is also 

seen that the exchange bias effect is also 

accompanied by the vertical shift of the 

hysteresis loops, which is ascribed to 

uncompensated spins in the recent report 

[Khurshid et al., 2012]. 

Figure 3 shows a FC-ZFC set of the M(T) 

dependences (FC in a field of 5 T). The 

magnetization measurements were carried 

out under the field of 100 Oe.  

 

 
Figure 3: The temperature dependences of 

magnetization of the Co19O21C60 film 

measured in ZFC and FC (5 T) protocol.   

 

The ZFC magnetization curve shows a 

maximum at the blocking temperature Tb, 

above that the ferromagnetic Co clusters 

transform into superparamagnetic ones.  It 

seems, a size of the Co cluster can be 

estimated from found Tb value using the 

equation of 25kBTb=KV [Das et al., 2011], 

where V is a cluster volume, K is a magnetic 

anisotropy, and kB is Boltzmann’s constant. 

However, this approach is not well 

appropriate in case of very small Co 

particles because K is rather sensitive to the 

nanoparticle size [Luis et al., 2002].   

More precise estimation of the Co cluster 

size can be made from analysis of the film 

magnetization in a paramagnetic state using 

Langevin equation [Yakushiji et al., 2000]. 

Thus, Figure 4 represents the experimental 

and simulated M(H) curves of the hybrid 

film realized at 100 K and 300 K. The 

simulated curves (solid lines) were prepared 

with the Langevin function at the magnetic 

moment of the Co atoms taken as µCo = 

2.1µB (µB is a Bohr magneton) [Gambardella 

et al., 2003]. 

A most appropriate fit for the 300 K 

magnetization corresponds to the Co/CoO 

clusters with radius of rc300 = 2.2 nm. 

Similar fitting procedure performed for the 

100 K magnetization curve reveals the Co 

cluster size as rc100 = 1.8 nm. Since the CoO 

Neel temperature TN for the similar clusters 

was defined as TN = 235 K [Inderhees et al., 

2008] the difference in the cluster radius is 

related with the CoO shell. Applying the 

ratio of the Co and CoO densities the shell 

thickness was found as tsh ≈ 0.6 nm. 
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Figure 4: Magnetization of the Co19O21C60 

hybrid film at 100 K and 300 K and the 

appropriate Langevin fit (see text).  

 

The magnetic evaluation of the “oxidized” 

Co19O21C60 film proves the composite 

nanostructure, which includes the Co/CoO 

core-shell clusters with Co core radius of 

1.8 nm and the CoO shell thickness of 0.6 

nm. However, the attempt to construct the 

film nanostructure using the found cluster 

parameters and the composition formula 

obtained from RBS revealed the unusual 

excess of the oxygen, which should be 

somehow distributed in the C-based matrix 

to satisfy the experimental results. To clarify 

this problem we have applied the Raman 

scattering analysis of the films. Figure 5 

shows a part of the Raman spectrum of the 

hybrid film corresponding to the interval of 

1200 cm
-1

 to 1700 cm
-1

. 

The Lorentz function fit of the Raman 

spectrum performed in vicinity of the most 

intense Ag(2) vibration mode [Dresselhaus 

et al., 1996] revealed several Lorentzian 

peaks centered at 1375 cm
-1

, 1425 cm
-1

, 

1455 cm
-1

, and 1558 cm
-1

. Last three peaks 

from this row are evidently the vibration 

effects of the modified C60 molecules, which 

correspond to the Hg(7), Ag(2) and Hg(8) 

modes, respectively. 

 

  
Figure 5: The Raman spectrum of the 

Co19O21C60 mixture film exposed to air.  

Star in the mode labels indicates the 

modified C60 vibration modes.  

 

The peak arisen at 1375 cm
-1

 is a D-peak 

from the D-G doublet of the amorphous 

carbon (a-C), which shows decomposition 

of some C60 molecules in the hybrid film 

[Lavrentiev et al., 2010]. The G-peak from 

this doublet is overlapped with the Hg(8) 

peak that causes significant enlargement of 

the respective peak (see Fig. 5). The C60 

decomposition most likely occurs at the 

CoO/C60 interface because of strong 

catalytic effect of the CoO oxide [Liao et 

al., 2014]. Just the a-C layer surrounding the 

Co/CoO clusters can retain the excess of 

oxygen reported above that could be 

arranged within the C-O nanostructures 

[Zhu et al., 2010]. The Raman spectrum 

also reveals formation of some CoaC60 

compound in the C-based matrix. Thus, 

position of the Ag(2) peak (at 1455 cm
-1

) 

implies a charge transfer in the Co-C60 

system, which results in 2.1 extra electrons 

in each C60. Taking into account the charge 

transfer efficiency in this system (found as 

0.65 electrons/Co atom in [Lavrentiev et al., 

2015]) the average composition of the 

organometallic compound formed in the 

matrix can be described by the formula of 

Co3C60. Comparison of the evaluated 

fulleride with our recent results obtained for 

the hybrid film with higher Co content 

[Lavrentiev et al., 2015] implies strong 

effect of the metal concentration in the Co-

C60 mixture on phase composition formed 

finally in the CoxOyC60 composite film.     
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4. CONCLUSIONS 

So, air exposure on the hybrid CoxC60 film 

(x>>1) formed by simultaneous deposition 

results in capture of oxygen by the film 

nanostructure. A significant amount of 

oxygen is retained in the produced 

Co19O21C60 composite as the CoO oxides on 

the Co cluster surface and as some C-O 

nanostructures surrounding the Co/CoO 

clusters. The formation of the O-based 

layers around the metal clusters suggests 

easy penetration of the O2 molecules 

through the C60-based phases where the 

interaction between O2 and C60 is rather 

weak. The  O2 splitting occurs at the Co 

cluster surface that results in formation of 

the Co/CoO core-shell clusters with 

remarkable magnetic anisotropy at the 

FM/AFM interface (exchange bias) detected 

through the asymmetric shift of the FC 

hysteresis loops. The self-assembling origin 

of the Co-O-C60 nanostructures presented 

here implies their good potential in 

spintronic and sensor-related technologies.        
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ABSTRACT: The metal organic frameworks (MOFs), a new class of hybrid materials, 

consist of metal ions connected by organic linkers and have a high porosity. They have all 

of the advantages of both organic and inorganic porous materials. They draw attention 

because of their low densities, high surface areas, tunable pore size, and high porosities. 

These materials, known as the new member of the porous materials, have been widely 

investigated in various application areas such as separation, gas adsorption and storage, 

catalyst, adsorption of organic molecules, and drug delivery.  

In this study, highly porous metal organic framework (MIL-53 (Fe)) was synthesized; this 

MOF was sulfated and used as catalyst in esterification reactions. Structural, morphological 

characteristics, surface area and thermal analysis of synthesized MOFs were carried out by 

TGA, BET, powder XRD methods. 

 

Keywords: esterification, acetic acid, MOF,MIL-53 (Fe) 

 

1. INTRODUCTION 

In today’s world esters are among the 

most important chemical products. They 

have a wide application area as solvents, 

plasticizers, surfactants and also as a raw 

material in the production of the 

polymers and the pesticides 

(Bhagiyalakshmi et al., 2008; Sert et al., 

2013). Acetic acid esters have the most 

important place among the other esters. 

Homogeneous catalysts which used 

because of the need of acidic catalyst are 

replaced, due to corrosion, waste 

generation and separation problems, by 

the heterogeneous catalysts (Ju et al., 

2011). However studies on the 

heterogeneous catalysts with high 

conversions without the need of any 

additional processes are still carried on. 

The usage of ion exchange resins, which 

are the most often used heterogeneous 

catalysts, is limited by their low thermal 

stability to lower temperatures and low 

conversions are obtained in long reaction 

durations. Same situation is valid for 

heteropolyacids, moreover the hardness 

of preparation, costs and low surface area 

constituted the disadvantages for 

esterification reactions.  This study plans 

to use MOFs which do not have the said 

disadvantages and have advantages such 

as ability to be designed for usage area, 

ease of preparation, their environmentally 

friendly nature, high surface area and 

high pore volume. All of this advantages 

increases usability of MOF’s.  

MOFs are organic coordination 

structures, consist of metal ions 

connected by organic linkers and have 

high porosity.  Metal organic frameworks 

are composed by the organic connectors 

which bridged between the metal ions. 

They draw attention because of their low 

densities, high surface areas and high 

porosities (Hasan et al., 2012; Ferey et 

al., 2005). In literature, it has been 

reported that while surface area of zeolite 

is 500 m
2
 /g, mesoporous material is 

1000 m
2 

/g, porous carbon is 1500 m
2
 /g, 

the surface area of MOF-5 is 3800 m
2
 / g 

and MOF-177 is 5500 m
2
 / g. Due to the 

mailto:emine.sert@ege.edu.tr
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high surface area, MOFs are generally 

used in gas adsorption, and also these 

materials are suitable as catalyst usage. 

Using metal organic frameworks as 

catalysts, high conversions can be 

obtained in the production of esters which 

are among the most important chemical 

products and this study aims to synthesis 

of MOF’s and their application on the 

esterification reactions of the acetic acid.  

MOFs have been used as catalysts in the 

Knoevenagel reaction (Hasegawa et al., 

2007), Friedel-Crafts reaction (Horcajada 

et al., 2007), oxidation (Xamena et al., 

2008), transesterification (Zhou et al., 

2008). Zhou et al. have used MOFs as 

catalyst in the production of ethyl methyl 

carbonate and 50% of conversion, have 

been achieved. Goesten et al. (Goesten et 

al., 2011) have synthesized MOFs by 

using Cr metal salts and increased the 

acidity of the MOF by exposing sulfation 

then they have used the MOF in the 

liquid phase esterification reaction. 

2. MATERIALS AND METHOD 

 

2.1 Materials 

The iron (III) chloride hexahydrate (Fe 

(CI)3·6H2O, 99%),  terephthalic acid 

(TPA, 99%), triflic anhydride (Tf2O), 

nitromethane (CH3NO2) and acetic acid 

were purchased from ABCR and the 

dimethyl formamide (DMF), hydrofluoric 

acid (HF, 48%), sulphuric acid and n-

Butanol were purchased from MERCK. 

All the chemicals in this study were used 

without further purification.  

 

2.2 Synthesis of MIL-53 (Fe) 

MIL-53(Fe) was prepared according to 

the report by Ferey and co-workers 

(Millange et al., 2010). Iron chloride 

(FeCl3.6H2O). and terephthalic acid 

(TPA) and HF were mixed in a solvent of 

N,N-dimethylformamide (DMF) with a 

molar ratio of 1:1:1:280. The precursor 

solution was transferred to a telfon lined 

stainless steel autoclave and heated at 

150
o
C for 3 days. The synthesized yellow 

MIL-53(Fe) solid was washed with 

methanol to remove the DMF solvent 

from the pores of material. And then 

methanol is substituted with water (1 g of 

MIL-53 in 0.5 l of water) and this yellow 

powder was dried naturally in air.  

2.3 Characterization of Synthesized 

MOFs  

X-ray powder diffraction pattern was 

obtained with a Philips X’Pert Pro 

diffractometer (Bruker, with CuKa 

radiation). 

Measurement of the surface area and 

adsorption isotherm of nitrogen on the 

MOF were obtained at 77 K using a 

Micromeritics Gemini - 2380 apparatus. 

Before the nitrogen adsorption was 

accomplished, the humidity content in the 

MIL-53 pores was evacuated for 4h at 

150
o 

C to remove the water molecules 

from the pores of the MOFs. The specific 

surface area values of the MOFs were 

calculated with the Brunauer–Emmett–

Teller (BET) method and the Langmuir 

method using the adsorption data of the 

nitrogen adsorption isotherm.  

The thermal stability of MIL-53 (Fe) was 

investigated by thermal gravimetric 

analysis (TGA), using a TGA/DSC 111-

Model simultaneous thermal analyzer 

with a range between 30
o 

C and 500
o 

C 

with a heating rate of 5
o 

C/min. The 

sample weight of the MOF was between 

10 and 15 mg. 

2.4 Sulfonation of MIL-53 (Fe)  

Sulfonation of MOF was achieved with 

sulphuric acid in the presence of 

trifluoromethanesulfonic anhydride 

(triflic anhydride, Tf2O), using 

nitromethane (CH3NO2) as solvent. The 

used molar ratio was MOF - incorporated 

terephthalate/H2SO4/Tf2O = 1:1:1.5. The 

mixture was continuously stirred in a 

water bath at room temperature. After 60 
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min, the solid product was filtered off, 

washed with ultrapure water and acetone, 

soaked in ethanol for 24 h at 343 K, and 

stored at 433 K [10]. Sulfated sample is 

represented as “s” subscript such as MIL-

53 (Fe)s. 

 

 

2.5 Experimental Procedure 

Experiments were performed at a reactor 

which placed upon a magnetic heater 

stirrer and consisted of a 500 ml flash 

fitted with condenser to prevent loss of 

material during experiment. Also to 

prevent concentration gradients across the 

reaction mixture vigorous stirring was 

employed at 500 rpm. In experiments, 

reactants were quickly heated to the 

reaction temperature and catalyst is added 

at that point. The temperature is 

controlled by a temperature controller. 

The samples were taken at the end of 

experiment (approximately 7 hours) for 

gas chromatographic analysis. 

Analyses of the samples were performed 

on Agilent 7890A chromatograph. The 

gas chromatograph column was HP-

FFAP connected with flame ionization 

detector to detect the compounds in the 

same run. Hydrogen was used as carrier 

gas. The temperature program of gas 

chromatographic analysis was given as 

follows: waiting 3 min at 60
o
C; heating 

from 60 to 180
o
C at a rate of 5

o
C/min; 

waiting for 3 min at 180
o
C. From gas 

chromatographic analysis, the conversion 

of limiting reactant (acetic acid) was 

calculated. 

3. RESULTS AND DISCUSSION 

 

3.1 Characterization of MOFs  

MIL-53 (Fe) 

Figure 1 shows the crystal structure of the 

MIL-53(Fe). In the pattern of the sample, 

the main diffraction peaks appearing at 

2Ѳ of 9.24, 12.7, 17.66, 18.24, 18.58, 

25.52, 27.32, 29.8, 30.28, 36.18 are 

identical to those reported for the MIL-

53(Fe) phase (Millange et al., 2010). The 

pattern of MIL-53(Fe) showed a flat 

background and high intensities, 

indicating high crystallinity of the 

samples. 

 

Figure 1. XRD pattern of MIL-53 (Fe) 

Figure 2 shows the N2 adsorption 

isotherms of MIL-53 at 77 K and the 

specific surface areas were evaluated 

with the Brunauer−Emmett−Teller (BET) 

and Langmuir methods. The BET and 

Langmuir surface area pore volume and 

adsorption average pore width of MIL-53 

are found as 23.15 m
2
/g, 33.05 m

2
/g, 

0.056 cm
3
/g and 98.13 Å.Due to the 

closed pores for N2 at 77 K, flexible 

MIL-53(Fe) exhibit no accessible 

porosity (Xie et al., 2014). 

 

Figure 2. N2 adsorption of MIL-53 
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The TGA profile shows that MIL-53 (Fe) 

is stable up to 270
o 

C (Figure 3) and a 7% 

weight loss between 50 and 100
°
C results 

from water evaporation for MOFs. The 

weight loss of MOFs, occurred between, 

270 and 400
°
C for MIL-53 (Fe) 

respectively which may result from the 

framework decomposition (Millange et 

al., 2010). 

 

Figure 3. TGA profile of MIL-53 (Fe) 

MIL-53 (Fe)s 

Figure 4 shows the crystal structure of the 

MIL-53s.  

 

Figure 4. XRD patterns of MIL-53 (Fe)s 

Figure 5 shows the N2 adsorption 

isotherms of MIL-101s at 77 K and the 

specific surface areas were evaluated 

with the Brunauer−Emmett−Teller (BET) 

and Langmuir methods. The BET and 

Langmuir surface area, pore volume and 

adsorption average pore width of MIL-

53s are found as 4.98 m
2
/g, 7.79 m

2
/g, 

0.012 cm
3
/g and 98.03Å, respectively.  

 

Figure 5. N2 adsorption of MIL-53 (Fe)s 

The TGA profile shows that MIL-53(Fe)s 

is stable up to 300
o 

C (Figure 6) The 

weight loss of MOFs, occurred between, 

300 and 400
o 

C for MIL-53(Fe)s which 

may result from the framework 

decomposition. 

 

 

Figure 6. TGA profile of MIL-53 (Fe)s 

MIL-53 (Fe) was sulfonated to increase 

the acidity. As shown from the analysis; 

 the crystal structures of MIL-53 

(Fe) doesn’t show any difference 

after sulfonation.  

 N2 adsorption at 77 K is depicted 
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a decrease in the specific surface 

area significantly, while the shape 

of the isotherm remains 

unchanged after sulfation. A 

decrease in the pore size of MIL-

53 (Fe) caused by the volume of 

the sulfoxy acid groups after 

sulfation. 

 Generally, all MOFs show high 

thermal stability but for sulfated 

sample, degradation of MIL-53 

(Fe)s begins at lower 

temperatures. 

 

3.2 Esterification of Acetic Acid 

Catalyzed by MIL-53 (Fe)s 

Firstly, the esterification of acetic acid 

with methanol, butanol and hexanol was 

carried out catalyzed by MIL-53(Fe)s. 

Then by using the same catalyst effect of 

temperature, sulfation and reusability 

studies were performed for the 

esterification of acetic acid with butanol. 

Effect of Alcohol 

Steric effect influences the rate of 

esterification. Therefore, the chain length 

and branching of acid and alcohol is 

important for esterification. The yield of 

ester is increasing with decreasing the 

length of alcohols and acids.  

In this study hexanol and butanol were 

compared at 363 K, catalyst loading of 6 

wt %, alcohol to acid initial molar ratio of 

1 and stirrer speed of 500 rpm. As 

expected, the higher acetic acid 

conversions were achieved for the 

esterification of acetic acid with butanol. 

As the length of chain increases, the 

conversion values decreases because of 

the difficulty of performing esterification 

reaction.  

Metanol experiments were conducted at 

333 K because of its low boiling point. 

Figure 7 shows the effect of alcohols on 

acetic acid conversion. Normally, the 

highest conversion is expected in the use 

of methanol but it is difficult to compare 

conversion values of these three alcohols. 

As shown from Figure 7, the conversion 

of acetic acid in methyl acetate synthesis 

is closer to that of butyl acetate synthesis, 

although the reaction temperature of 

methyl acetate production is lower than 

the temperature of butyl acetate synthesis 

by 30°C.   

 

Figure 7. Effect of alcohol type on 

conversion of acetic acid by using MIL-

53 (Fe)s. 

Effect of Temperature 

The effect of temperature on the 

conversion of acetic acid was 

investigated by changing temperature as 

353, 358 and 363 K, other conditions 

were kept constant at catalyst loading of 

6 wt %, butanol to acid initial molar ratio 

of 1 and stirrer speed of 500 rpm.  
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Figure 8. Effect of temperature on acetic 

acid conversion by using MIL-53 (Fe)s. 

Figure 8 shows the effect of temperature 

on acetic acid conversion. After 7 hours 

conversion values of acetic acid for butyl 

acetate synthesis catalyzed by MIL-53 

(Fe)s  were found as 75.72 %, 79.1% and 

86.8 % at 353, 358 and 363 K, 

respectively. Temperature increases the 

number of collisions between the 

molecules, so conversion increases as 

expected (Sert et al., 2010). Similar 

results were obtained in other works (Teo 

et al., 2004; Delgado et al., 2007; 

Altıokka et al., 2009). 

Effect of Sulfation of MIL-53 (Fe)s 

As explained before, the rate of 

esterification reaction depends on the 

acidity of the catalyst. To increase the 

acidity of synthesized MOFs, sulfation of 

MOFs was conducted. To observe the 

effect of sulfation, experiments were 

investigated before and after sulfation. 

Figure 9 shows the effect of sulfation of 

catalyst. The experiments were carried 

out at 363 K, 6wt % of catalyst loading, 

1:1 acid alcohol molar ratio and 500rpm. 

As shown from Figure 9, sulfation 

increases the catalytic acitivity of catalyst 

for the esterification of acetic acid with 

butanol. The conversion of acetic acid 

increases from 45.7% to 82.8% after 

sulfation. 

 

Figure 9. Effect of sulfation on 

conversion of acetic acid by using MIL-

53 (Fe)s at 363 K, 6 wt% catalysts 

loading, 1:1 alcohol acid ratio. 

Reusability of MIL-53 (Fe)s 

Using heterogeneous catalysts would 

offer several advantages. Reusability is 

one of them. The catalyst could be 

separated from the reaction mixture by 

simple filtration, and could be reused 

without a significant degradation in 

catalytic activity.  

 

Figure 10. Reusability on conversion of 

acetic acid by using MIL-53 (Fe)s at 363 

K, 6 wt% catalysts loading, 1:1 alcohol 

acid ratio. 

The reusability experiments were carried 

out at 363 K, 6wt % of catalyst loading, 

1:1 acid alcohol molar ratio and 500rpm. 

Figure 10 shows the effect of reusability 

of catalyst 

Another important concept in 

heterogenous catalyst is catalyst leaching. 

The reaction mixture was analysed by 

Atomic Absorption Spectroscopy, there is 

no any Fe observed. 

 

4. CONCLUSION 

In this study, highly porous metal organic 

framework, MIL-53 (Fe), was 

synthesized; this MOF was sulfonated 

and used as catalyst in esterification of 

acetic acid. Effects of different 
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parameters such as temperature, alcohol, 

sulfonation were investigated. 

Reusability of the MIL-53 (Fe)s was also 

achieved. With using this material as 

catalysts, high conversions were obtained 

in the production of esters. Structural, 

morphological characteristics, surface 

area and thermal analysis of synthesized 

MOFs were carried out by TGA, BET, 

powder XRD methods. 
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ABSTRACT: Chain compounds of copper(II) pivalate, [Cu2(O2CC(CH3)3)4(L)]n (where L 

= pyrazine (pyz), 4,4’-bipyridine (4,4’-bpy), 1,4-diazabicyclo[2.2.2]octane (dabco), 1,2-

bis(4-pyridyl)ethane (bpe), and 4,4’-dipyridyl sulphide (dps)) were prepared and 

characterized by elemental analysis, infrared and UV-vis spectra and tempertuere 

dependence of magnetic susceptinbilities (4.5—300 K).  Crystal structure of 

[Cu2(O2CC(CH3)3)4(dps)]n was determined by the single-crystal X-ray diffraction method. 

It crystallizes in the orthorhombic space group Fddd with a = 9.545(2) Å, b = 34.896(7) Å, 

c = 41.217(9) Å, V = 13729(5) Å
3
, Dx = 1.393 g/cm

3
, and Z = 16.  The R1 [I > 2(I)] and 

wR2 (all data) values are 0.0394 and 0.1017, respectively, for all 4109 independent 

reflections.  The crystal contains zigzag chain molecules with an alternating arrangement 

of Cu2(piv)4 [Cu···Cu 2.6200(5) Å] and dps.  Magnetic susceptibility data show a 

considerable antiferromagnetic interaction between the two copper(II) ions (2J = –320— 
–378 cm

–1
).  Gas-adsorption behavior was investigated for N2.  

 

1. INTRODUCTION 

Dinuclear metal(II) acetates 

[M2(O2CCH3)4]
 

with a lantern-like 

structure have attracted much attention 

because of their unique structure and 

properties [Mori et al., 1999; Mikuriya et 

al., 2003; Mikuriya et al., 2011a; 

Mikuriya et al., 2011b; Mikuriya et al., 

2013a; Mikuriya et al., 2013b; Mikuriya 

et al., 2013c; Mikuriya et al., 2013d; 

Mikuriya et al., 2013e; Mikuriya et al., 

2013f; Mikuriya et al., 2013g; Mikuriya 

et al., 2014a; Mikuriya et al., 2014b; 

Mikuriya et al., 2014c].  These molecules 

can be employed as building units to 

construct one-dimensional chain 

compounds by the use of linking ligands 

such as pyrazine (pyz).  We reported that 

a chain compound of copper(II) benzoate 

with pyz has a gas-occlusion property for 

N2 [Nukada et al., 1999]. Copper(II) 

pivalate [Cu2(O2CC(CH3)3)4] 

(abbreviated as [Cu2(piv)4]) can be 

considered to be robust compared with 

those of copper(II) benzoate because of 

the strong donating property of pivalate 

group.  In order to understand the 

adsorption properties of these 

compounds, systematic investigations are 

needed for the chain compounds.  In this 

study, we synthesized chain compounds 

of copper(II) pivalate with N,N’-bidentate 

ligands in order to elucidate the 

adsorption properties in relationship with 

their crystal structures. The chain 

compounds [Cu2(piv)4(L)]n (where L = 

pyrazine (pyz), 4,4’-bipyridine (4,4’-

bpy), 1,4-diazabicyclo[2.2.2]octane 

(dabco), 1,2-bis(4-pyridyl)ethane (bpe), 

and 4,4’-dipyridyl sulphide (dps)) were 

prepared and characterized using 

elemental analysis and infrared and UV-

vis spectra.  Crystal structure of 

[Cu2(piv)4(dps)]n was determined by 
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single-crystal X-ray diffraction method.  

Magnetic properties and gas-adsorption 

behavior was investigated for these 

complexes.   

 

2. EXPERIMENTAL 

Copper(II) pivalate and chain complexes  

[Cu2(piv)4L]n (L = pyz, 4,4’-bpy, dabco, 

and bpe) were prepared by a method 

described in the literature [Mikuriya et 

al., 1995; Mikuriya et al., 2015].  

[Cu2(piv)4(dps)]n: A 37 mg (0.2 mmol) 

portion of dps was added to a solution of 

copper(II) pivalate (106 mg, 0.2 mmol) in 

6 cm
3
 of ethanol, and the solution was 

left overnight.  The precipitate was 

collected and dried under vacuum.  Yield, 

110 mg (76.4%).  Anal. Found: C, 49.90; 

H, 6.08; N, 4.04%.  Calcd for 

C30H44Cu2N2O8S: C, 50.06; H, 6.16; N, 

3.89%.  IR (KBr, cm
–1

): 1581 (asCOO), 

1417 (sCOO).  Diffuse reflectance 

spectra: max 257, 388, 707 nm.  X-ray 

quality crystals were grown by the slow 

diffusion of linking ligand X with 

copper(II) pivalate in ethanol. 

X-ray diffraction data were collected on a 

Bruker CCD X-ray diffractometer 

(SMART APEX) using graphite-

monochromated Mo-K radiation.  

Crystal data of [Cu2(piv)4(dps)]n: 

C30H44Cu2N2O8S, Mr = 719.81, T = 90 K, 

orthorhombic, space group Fddd, a = 

9.545(2), b = 34.896(7), c = 41.217(9) Å, 

V = 13729(5) Å
3
, Dcalcd = 1.393 g/cm

3
, Z 

= 16. The R1 [I > 2(I)] and wR2 (all 

data) values are 0.0394 and 0.1017, 
respectively, for all 4109 independent 

reflections. 

The structures were solved by direct 

methods, and refined by full-matrix least-

squares methods.  The hydrogen atoms 

were inserted at their calculated positions 

and fixed there.  All of the calculations 

were carried out on a Pentium IV 

Windows 2000 computer utilizing the 

SHELXTL software package.  

Crystallographic data have been 

deposited with Cambridge 

Crystallographic Data Centre: Deposit 

number CCDC-1412614.  Copies of the 

data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrievi

ng.html (or from the Cambridge 

Crystallographic Data Centre, 12, Union 

Road, Cambridge, CB2 1EZ, UK; Fax: 

+44 1223 336033; e-mail: 

deposit@ccdc.cam.ac.uk).  

 

 

Figure 1: Chemical structure of 

[Cu2(piv)4(L)]n. 

3. RESULTS AND DISCUSSION 

Elemental analysis of the isolated 

compounds showed the formulation 

[Cu2(piv)4(L)]n. IR data showed two 

COO stretching bands at 1571—1606 and 

1417—1428 cm
–1

 with the difference in 

energy characteristic of bridging 

carboxylate [Nakamoto, 2009].  As 

shown in Figure 2, the diffuse reflectance 

spectra of [Cu2(piv)4(L)]n show a strong 

band at 384—388 nm in the near-UV 

region and a broad band at 678—714 nm 

with shoulder at lower energy side in the 

visible region.  The former band can be 

assigned to an LMCT band from the 

carboxylato-oxygen to the Cu
II
 d orbital.  

The visible region bands of 

[Cu2(piv)4(L)]n are almost identical and 

can be associated with d-d transitions, 

confirming a square-pyramidal 

coordination environment of the 

copper(II) atoms.  

  

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
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Figure 2: Diffused reflectance spectra of 

[Cu2(piv)4(L)]n. 

The molecular structure drawn as an 

ORTEP diagram is shown in Figure 3 for 

[Cu2(piv)4(dps)]n.   The asymmetric unit 

contains one-half of dinuclear Cu2(piv)4 

unit with a crystallographic inversion 

center at the midpoint of the Cu1 and 

Cu1
ii
 atoms and one-half of the dps 

moiety with a C2 axis at the sulfide atom, 

respectively.  The dinuclear Cu2(piv)4 

unit has a lantern-type dinuclear core 

bridged by four pivalate groups in a syn-

syn fashion.  The Cu1···Cu1
ii 

distance is 

2.6200(5) Å, which is in the range found 

in dinuclear copper(II) carboxylates 

[Mikuriya, 2008; Mikuriya et al., 1995; 

Mikuriya et al., 2015; Nukada et al., 

1999].  The coordination geometry 

around each copper atom is an elongated 

square-pyramid.  The bond distances of 

the Cu1 and basal O atoms are 

1.9618(14)—1.9799(15) Å, which are 

comparable to those found in copper(II) 

carboxylates and their chain compounds 

[Mikuriya, 2008; Mikuriya et al., 1995; 

Mikuriya et al., 2015; Nukada et al., 

1999].  The apical Cu1-N1 distance is 

2.1790(16) Å, which is also in the normal 

range as apical bonding for the copper(II) 

carboxylate adducts [Mikuriya, 2008; 

Mikuriya et al., 1995; Mikuriya et al., 

2015; Nukada et al., 1999].  It is to be 

noted that the dps molecules link 

dinuclear  Cu2(piv)4 units to form a zig-

zag chain molecule with the Cu1
ii
-Cu1-

N1 angle of 172.99(4)°.    In the crystal, 

the chain molecules are interlinked 

through the CH··· interactions to form 

small cavities (Figure 4).  The crystal 

structure is in contrast with those of the 

chain complexes of copper(II) acetate,  

rhodium(II) acetate, molybdenum(II) 

acetate, molybdenum(II) benzoate, and 

copper(II) pivalate with bpe [Hu et al., 

2005; Mikuriya et al., 2013c; Mikuriya et 

al., 2013d; Mikuriya et al., 2014b; 

Mikuriya et al., 2015].   

 

 

Figure 3: Molecular structure of 

[Cu2(piv)4(dps)]n.  Hydrogen atoms are 

omitted for clarity.  Symmetry codes: (i) 

1/4–x, y, 1/4–z.  (ii) 1–x, 1–y, –z. 

 

Figure 4: Packing diagram of 

[Cu2(piv)4(dps)]n.   

The magnetic data of [Cu2(piv)4(bpe)]n 

are shown in Figure 5 as a representative 

example in the form of A and µeff vs T 

plots.  The magnetic moments of 

[Cu2(piv)4(L)]n (where L = pyz, 4,4’-

bpy), dabco, bpe, and dps) at 300 K are in 

the range of 1.27—1.37 µB (per Cu
II
 unit), 
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which is significantly lower than the 

spin-only value (1.73 µB) of Cu
II 

(S = 1/2) 

ion.   The magnetic moments decrease 

with lowering of the temperature [the 

magnetic moments at 4.5 K are 0.04—

0.15 µB (per Cu
II
 unit)], showing a 

considerable antiferromagnetic 

interaction between the copper(II) ions.  

Taking account of the dinuclear 

structures for these complexes, the 

magnetic data were analyzed with the 

Bleaney-Bowers equation based on the 

Heisenberg model  

(H = –2JS1·S2 (S1 = S2 =1/2)): 

A=[Ng
2
µB

2
/kT][3 + exp(–2J/kT)]

–1
+N,                    

(1) 

where J is an exchange integral for the 

two copper(II) ions and the other symbols 

are have their usual meanings.  The best-

fitting parameters were obtained by 

fixing N at 60 x 10
-6

 cm
3
mol

–1
: g = 

2.25, 2J = –378 cm
–1

 for 

[Cu2(piv)4(pyz)]n; g = 2.24, 2J = –378 

cm
–1

 for [Cu2(piv)4(4,4’-bpy)]n; g = 2.17, 

2J = –364 cm
–1

 for [Cu2(piv)4(dabco)]n; g 

= 2.05, 2J = –328 cm
–1

 for 

[Cu2(piv)4(bpe)]n; g = 2.10, 2J = –320 

cm
–1

 for [Cu2(piv)4(dps)]n.  The obtained 

2J values are normal as copper(II) 

carboxylates, showing that the magnetic 

interaction (J) between the two copper 

ions within the dinuclear core is main and 

magnetic interaction (J’) through the 

linking N,N’-bidentate ligands between 

the dinuclear units should be negligibly 

weak.  In fact, the magnetic analysis 

based on the alternating 

antiferromagnetic interactions with J and 

J’ did not give any better fitting.  We 

expected the adsorption property for 

these compounds and measured the 

adsorption isotherm of N2 (77 K).  

However, the compounds did not adsorb 

N2, as shown in Figure 6, possibly 

because of the smallness of the cavities. 
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Figure 5: Temperature dependence of 

magnetic susceptibility and moment of 

[Cu2(piv)4(bpe)]n.  The solid lines 

represent the best fit of the data. 

 

Figure 6: Adsorption isotherm of 

[Cu2(piv)4(dps)]n for N2.  
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ABSTRACT: A chain compound of copper(II) benzoate with pyrazine (pyz), 

[Cu2(O2CC6H5)4(pyz)]n, was prepared and the gas-adsorption behavior was investigated for 

N2, CCl4, H2O, CO2, and CH3CN in order to elucidate the hydrophobic nature of the 

micropore.  The adsorption isotherm of N2 belongs the type I.  In the case of CCl4, the 

molecule was not adsorbed into the chain compound.  On the other hand, the type III 

adsorption pattern was observed for H2O molecules.  Stepped adsorption curves were 

obtained for the cases of CO2 and acetonitrile.  The adsorption properties were discussed 

based on the crystal structure.  

 

1. INTRODUCTION 

Coordination polymers based on 

dinuclear metal(II) carboxylates have 

attracted great interest
 
due to the fact that 

they have a unique lantern-like core and 

can be useful as building units to 

construct polymeric chain compounds by 

the use of linking ligands such as 

pyrazine (pyz) [Mikuriya et al., 2003; 

Mikuriya et al., 2006; Mikuriya, 2008; 

Mikuriya et al., 2013a; Mikuriya et al., 

2013b; Nukada et al., 1999; Takamizawa 

et al., 2003; Takamizawa et al., 2010].  

We reported that a chain compound of 

copper(II) benzoate with pyrazine 

[Cu2(bz)4(pyz)]n (1) has a gas-occlusion 

property for N2 [Nukada et al., 1999].  In 

order to understand the gas-occlusion 

property of this compound, systematic 

investigations are needed for other gas 

molecules as well as dinitrogen gas.  In 

this study, we prepared the chain 

compound and examined adsorption 

property for N2, CCl4, H2O, CO2, and 

CH3CN in order to study the microporous 

structure in more detail.    

 

 

 

2. EXPERIMENTAL 

Chain compound 1 was prepared by a 

method described in the literature 

[Nukada et al., 1999].  TG-DTA analysis 

was conducted using SEIKO 

TG/DTA200U with Al2O3 as a reference 

with a heating rate of 5 K min
–1

.  The 

adsorption isotherms of N2 and CO2 were 

measured by a BELSORP 28SA 

Autosorb.  Prior to the adsorption, the 

sample was evacuated at 298K for 2 h.  

The adsorption isotherms of CCl4, H2O, 

and CH3CN were measured by an 

Autosorb made by Naono Laboratory 

[Naono and Hakuman, 1991]. 

Figure 1: Chemical structure of 1. 
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3. RESULTS AND DISCUSSION 

X-ray crystal struture analysis of 1 

showed that a chain molecule is formed 

by alternating arrangement of dinuclear 

copper(II) benzoate and pyrazine 

molecules.  In the crystal, there are 

micropores housing acetonitrile 

molecules (Figure 2).  The result of 

thermal analysis for the dried sample is 

shown in Figure 3.  Weight loss of the 

sample was not observed until about 

450K, showing that the compound 1 is 

thermally stable.  The sharp diffraction 

pattern was obtained in the powder X-ray 

diffraction data for the dried sample of 1 

(Figure 4).  In the case of the crystalline 

sample, the peaks appear at different 

positions, suggesting something different 

feature in these samples.  The adsorption 

isotherms of nitrogen gas and carbon 

tetrachloride are shown in Figure 5.  The 

adsorption isotherm of the nitrogen at 

77K does not show hysteresis and this 

pattern belongs to the type I in the 

IUPAC classification.  At the low 

pressure area, the amount of adsorption 

increases rapidly and become full at 

Figure 3: DTA and TG curves for 1. 

Figure 5: Adsorption-desorption  isotherms of 

N2 gas at 77 K and CCl4 vapor at 298 K for 1.  

Curve A: N2 isotherm (P
o
 = 101.3 kPa at 77 K), 

curve B: CCl4 isotherm (P
o
 = 15.2 kPa at 298 

K). 

Figure 6:  t plot of nitrogen isotherm for 1.  

Figure 2: Crystal structure of 1. 

Figure 4: Powder X-ray diffraction patterns 

of dried (upper) and crystalline (lower) 

samples for 1.  
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higher relative pressure than 10
–2

.  This 

suggests that 1 is a microporous material 

with a uniform, and nitrogen molecules 

are filled up into the micropores at 

relative pressure of 10
–2

.   In accordance 

with the crystal structure, the micropores 

may be one-dimensional fine pores.  The 

adsorption isotherm of carbon 

tetrachloride at 298 K shows that carbon 

tetrachloride molecule cannot enter into 

micropores of 1.  The adsorption 

molecule diameter of dinitrogen and 

carbon tetrachloride are estimated to be 

0.43 and 0.60 nm, respectively.  From the 

crystal structure, the micropore size of 

this material can be estimated to be about 

0.45 nm  (Figure 2), which is in the range 

of 0.43—0.60 nm.  The adsorbed amount 

of nitrogen and external surface area (Sex) 

estimated from the t-plot (Figure 6) are 

90.0 cm
3 

(STP)/g and 3.9 m
2
/g.  When 

this micropore is assumed to be cylinder-

like fine pore with radius of 0.4 nm, 

micropore volume (Vp) and micropore 

surface area (Sp) are estimated to be 0.16 

cm
2
/g and 1400 m

2
/g, respectively.  From 

this, it turns out that external surface area 

(Sex = 3.9 m
2
/g) is considerably small 

compared with micropore surface area 

(Sp = 1400 m
2
/g).  Moreover, the 

adsorbed amount is estimated to be 2.7 

mol per Cu2(bz)4(pyz) unit.  The depth 

with Cu2(bz)4(pyz) unit is estimated to be 

about 1.11 nm from the crystal structure, 

and this is mostly in agreement with the 

length of 1.16 nm corresponding the 

linear arrangement of 2.7 moles of 

dinitrogen molecules.  This suggests that 

the nitrogen molecules are located in a 

line within a micropore.  The adsorption 

isotherms of water vapor are shown in 

Figure 7.  The adsorption isotherms 

belong to the type III.  Since little amount 

of water (about 4 cm
3 

(STP)/g at 308K) 

was adsorbed compared with nitrogen 

(90.0 cm
3
 (STP)/g at 77K), the 

interaction with water molecule of this 

micropore should be weak, showing that 

the surface within a micropore is 

hydrophobic.  The activated carbon 

pretreated at high temperature is known 

as a hydrophobic porous material.  The 

adsorption isotherms of the activated 

carbon with 0.5-nm-wide slit-like 

micropores for nitrogen, carbon 

tetrachloride, and water vapor are shown 

in Figure 8.  The adsorption isotherm for 

water vapor shows capillary condensation 

Figure 8:  Adsorption isotherms of nitrogen 

gas at 77 K, of water vapor at 298 K, and 

CCl4 vapor at 298 K for the hydrophobic 

active carbon pretreated in vacuo at 1273 K.  

Curve A: N2 isotherm (P
o
 = 101.3 kPa at 77 

K), curve B: water isotherm (P
o
 = 3.17 kPa at 

298 K), curve C: CCl4 isotherm (P
o
 = 15.2  

kPa at 298 K). 

Figure 7:  Adsorption isotherms of water 

vapor for 1.  Curve A: 283 K (P
o
 = 1.23 kPa 

at 283 K), curve B: 298 K (P
o
 = 3.17 kPa at 

298 K), curve C: 308 K (P
o
 = 5.63 kPa at 308 

K). 
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takes place at lower relative pressure than 

1 and the adsorbed amount increases 

rapidly, while the adsorbed amount does 

not increase in this material so much to 

the saturated vapor pressure.  Such 

hydrophobic behavior like this material is 

not known so far.  The differential 

adsorption enthalpy (Ha) and 

differential adsorption entropy (Sa) of 

water vapor were calculated by using the 

Clausius-Clapeyron equation and formula 

(1).   

Sa = Sa – Sliq(298 K) = (Ha/T) – Rln(P/P
o
) 

– Hcond/T   (1) 

where Sa and Sliq(298 K) are the absolute 

adsorption entropy of water and the 

absolute enthalpy of the liquid water at 

298K, respectively.  Hcond is the 

condensation enthalpy of water at 298K 

and is –43.98 kJ/mol.  In Figure 9, the 

differential adsorption enthalpy of water 

(Ha) and differential adsorption entropy 

of water (S) were plotted against the 

adsorbed amount.  The adsorption 

isotherm of carbon dioxide is shown in 

Figure 10. The adsorption isotherms at 

196 and 223 K showed the unique step.  

Moreover, the adsorption isotherm of 

nitrogen at 77K was measured at the low 

relative pressure, the unique step was 

observed as shown in Figure 11.  These 

results suggest that the adsorption 

potential in a micropore is not uniform 

over the whole inside but changes 

slightly with parts.  Although adsorption 

molecules are adsorbed to large 

adsorption-potential part first, and 

entered into open space at higher 

pressure.  The adsorption isotherm of 

acetonitrile vapor is shown in Figure 12. 

The adsorption isotherm similar to the 

Figure 9:  Differential enthalpy and 

differential entropy of adsorbed waters for 

1 Hcond.(298 K) = –43.98 kJmol
–1

  

Sliq.(298 K) = 66.56 JK
–1

mol
–1

. 

Figure 10:  Adsorption isotherms of CO2 at 

196 K, 223 K, 278 K, and 298 K for 1.  

Curve A: 196 K (P
o
 = 113 kPa at 196 K), 

curve B: 223 K (P
o
 = 0.65 MPa at 223 K), 

curve C: 278 K (P
o
 = 3.96 MPa at 278 K), 

curve D: 298 K (P
o
 = 6.44 MPa at 298 K). 

 

Figure 11:  Adsorption isotherm of N2 at 77 

K for 1. 
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type VI characteristic of mesopore.  

However, this material was shown to 

have not mesopore but micropore from 

the nitrogen adsorption measurement.  

The powder X-rays diffraction were 

measured at X and Y points of Figure 12.  

The diffraction pattern at X point is same 

as that of the dried sample, suggesting the 

crystal structure did not change during 

the small amount of adsorption.  On the 

other hand, the diffraction pattern at Y 

point was different from these, showing 

the crystal structure changed with 

considerable adsorption of acetonitrile.  It 

could be concluded that large amount of 

adsorbed acetonitrile molecules enlarge 

the micropore, inducing macropore 

adsorption. 

 

4. CONCLUSION 

The present complex has a hydrophobic 

micropore and adsorb N2,  CO2, and 

acetonitrile molecules, whereas water 

molecules are not incorporated into the 

micropore in contrast with the activated 

carbon. 
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ABSTRACT:    This work describes the synthesis, spectroscopic and structural 

characterization of new compounds nitrogen heterocyclic saturated of type 1, 3, 5-

triazacyclohexane. The unsymmetrical  triazacyclohexanes can be obtained in good yields 

from a one-step condensation reaction with mixture to two primary amines and 

formaldehyde. The condensation reactions were characterized by investigations and 

spectroscopic analysis. The identification of products was made by C.C.M, IR, RMN 
1
H, 

RMN 
13

C. 

 

Keywords: triazacyclohexane, synthesis, condensation, primary amines, formaldehyde 

 

1. INTRODUCTION 

The formation of 1, 3, 5-triazacyclohexane 

from primary amines and formaldehyde 

has been known for more than one hundred 

years [1]. The different triazines were 

synthesized in the laboratory according to 

the procedure described elsewhere [2]. 

However, interest in 1, 3, 5-

triazacyclohexane as ligand seems to be 

growing rapidly [3].  

 

2. EXPERIMENTAL 

 

2.1. Instrumentation 

Purity of the compounds were checked by 

thin layer chromatography (TLC) using 

CH2Cl2:n‐hexane (9:1). IR spectra were 

prepared on the Mattson Galaxy series FT‐
IR 5000 spectrophotometer using KBr 

discs. NMR spectra were recorded on 

Bruker spectrophotometer ARX 500 (500 

MHz for proton and 125.76 MHz for 

carbon). 

 

The chemical shifts (δ) are expressed in 

parts per million (ppm). Tetramethylsilane 

(TMS) is used as internal reference. The 

spectra are recorded in deuterated 

chloroform CDCl3 is used as solvent 

(CHCl3: δ 7.26, CDCl3: δ 77). 

 

 2.2. SYNTHESIS 

H2N

+   3    H2CO

N

N

N

CH

C
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H2

CH2

H2C

CH2

H3C

CH3

H3C

H2
C

C
H2

H2
C

CH3
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N N

N

CH
CH2

I

CH2

H3C

H2C

CH2

H2C

CH3

CH

H2C

CH2

H2C

CH2

H3C

H2C

CH3

Figure 1. 

 

A stirred solution of (10 mmol,) 4-

Iodophenylamine and (10 mmol,) Ethyl-1-

hexylamine with potassium  hydroxide (25 

mmol,) in water 10 ml was added 

formaline  (37%,  26 mmol) was added 

dropwise. [5]. the reaction mixture was 

mailto:aleil_2011@yahoo.fr
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C
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R
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3 x -H+

 

stirred hang 1-3 H at room 

temperature. The solution is condensed to 

6 mL and left another night. After 

evaporating the solvent, 

 

 

 IR (KBr, ν, cm‐1): 2925.8(C-H),  1583.4 

-1498.4 (C=C), 1276.8(C-N), 758.0 (C-H, 

Ar).  

1H NMR (500MHz, CDCl3): 0.91-2,27 

(m, 17H, CH2, , CH3), , 4.2 and 4,09 (s, 4H, 

C2H5-N-CH2-N-Ar),3,5 and 4.7 (s, 2H, Ar-

N-CH2-N-Ar) 6.7-7. 5 (m, 8H or 4H, Ar) 

[6].
  

 

13
C- NMR (125,76 MHz, CDCl3) \ 

14.11(CH3‐CH2), 23.410 (CH3‐CH2), 

29.79-37,2 (C2H5‐CH2), 67.74 (C3H7‐CH2‐
N), 71.3 (C3H7‐N‐CH2‐N‐Ar), 74.9 (Ar‐N‐
CH2‐N‐Ar), 82.66 (C-I), 119.61 (CH=C‐), 
138 (CH=C‐), 149. (N‐C=) 

 

3. RESULTS AND DISCUSSION 

The Unsymmetrically Substituted 

triazcyclohexane Such as 1, 3-bis (4-

iodophenyl)-5- (Ethyl-1-hexyl)- 1, 3, 5- 

triazacyclohexane or 1, 3-bis (Ethyl-1-

hexyl)-5- (iodophenyl)- 1, 3, 5- 

triazacyclohexane, It was prepared from 

the condensation reaction of  

Iodophenylamine and Ethyl-1-hexylamine 

with formaldehyde [4]. (Fig. 1), This 

compound is stable at room temperature 

and high yield (75%) with a transparent 

color. 

 

The mechanism of interaction is the 

production of Schiff base, which 

polymerize to give 1, 3-bis (4-iodophenyl)-

5- (Ethyl-1-hexyl)- 1, 3, 5- 

triazacyclohexane or 1, 3-bis (Ethyl-1-

hexyl)-5- (iodophenyl)- 1, 3, 5- 

triazacyclohexane (Fig. 2) 

 

 

 

 

 

 

 

Scheme 2 

 

 

 

 

 

 

 

 

 

 

Figure 2 

 

4. CONCLUSION 

We have Synthesis and characterization of 

new unsymmetrical 1, 3, 5- 

triazacyclohexane. The synthesis was 

starting from condensation of 

Iodophenylamine and Ethyl-1-hexylamine 

with formalineand The new 1, 3-bis (4-

iodophenyl)-5- (Ethyl-1-hexyl)- 1, 3, 5- 

triazacyclohexane by 50% and 1, 3-bis 

(Ethyl-1-hexyl)-5- (iodophenyl)- 1, 3, 5- 

triazacyclohexane by 50%  described in 

this paper are very stable compounds, a 

property which may render them especially 

useful substances ligands for the 

preparation of new complexes that can be 

served as catalyst in the polymerization 

and trimerization. 
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ABSTRACT:In this work, porous IN-718 superalloys were produced by use of a water soluble pore 

agent prior to sintering. Carbamide particles were used as the space-holder materials. After mixing and 

compaction, the space-holder particles were extracted using warm water leaching over a range of 

temperatures. The porous green parts were subsequently thermally debinding to remove the paraffin 

wax under a pure Argon atmosphere and subsequently sintered at high vacuum. The effects of volume 

fraction of space-holder particles on density, porosity and elastic modules were investigated. Sintered, 

solution treated and aged samples were separately subjected to microstructural and mechanical 

characterization. Microstructures were captured using optical microscope and scanning electron 

microscope. In addition, compression tests were conducted on the sintered samples.  

 

Keywords : Metal foam, Superalloys, Sintering  

 

1. INTRODUCTION 

Metallic materials with controlled porosity are 

widely used in filtration, wicks, heat pipes, 

sound attenuation abradable seals, and flow 

control devices. Even lower densities are being 

promoted for energy absorption and 

applications requiring tailored mechanical, 

thermal, acoustic, and conduction properties 

[Ashby et al., 2000, Banhart, 2001]. Foamed 

materials are still expensive so their use is 

restricted, to aerospace applications [Ashby et 

al., 2000, Dunand,  2004]. IN-718 superalloy 

with proper development the strength to weight 

ratio of these higher superalloys foams could be 

an alternative to other superalloy parts and 

foam materials [Choe, Dunand, 2004, Gulsoy, 

German, 2008].  Nickel-based superalloys are 

an unusual group of metallic materials, showing 

an extraordinary combination  of  high temper-

ature strength, toughness, and surface stability 

in corrosive or oxidative environments 

[Pollock, Tin, 2006].  

In view of such superior characteristics, 

they are very important materials for high 

temperature applications such as aerospace and 

power generation industries [Semiatin et al., 

2012]. One  of the Ni-based  superalloys, which 

have been most successfully applied in the 

engineering  applications, is  IN-718 alloy  

[Cieslak, 1991]. IN-718 is designed to initially 

gain high temperature strength by solid 

solution hardening brought about by Mo and Nb 

elements in Ni-Cr matrix. However, designed to 

initially gain strength by means of solid solution, 

it is seen that the intermetallic phases and 

carbides precipitate in this alloy through aging 

treatments performed in the temperature max. 

720 °C [Conder et al., 1997].  

Pore former and powder metallurgy (PM) 

with space-holder techniques have previously 

been demonstrated in the fabrication of other 

metallic and ceramic parts as well as stainless 

steel and low strength steel [Zhao, Sun, 2001, 

Bakan, 2006]. With proper selection of the 

sintering cycle, the small particles will bond 

but the large intentional pores will remain. 

Thus, the process is composed of four 

sequential steps; (1) mixing of the powder, 

polymeric molding binder, and space-holder 

particles, (2) compacting or shaping the 

mixture, for example by axial compression, 

(3) removing the binder phase and dissolving 

the space-holder particles without damaging 

the particle structure usually by a thermal step, 

and (4) sintering the structure to induce strong 

mailto:gokhantimac@gmail.com
mailto:gokhan.timac@tirsan.com.tr
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particle bonding without densification of the 

pores remaining from the space-holder 

particles. In the approach, the initial size and 

content of the space-holder particles provides 

the key control over the porosity, pore size, 

and pore connectivity [Queheillalt et al., 2012, 

Sypeck et al., 2012] 

Several pore forming agents have been used 

in the past, including ice, salt, polymers, and 

volatile compounds such as camphor and 

ammonium bicarbonate ((NH4)HCO3) [Zhao, 

Sun, 2001, Bram et al., 2000]. These have been 

combined with several metallic powders 

including aluminum, titanium, stainless steel, 

and nickel superalloys. Both carbamide 

[(NH2)2CO also known as urea] and ammonium 

bicarbonate have been used with thermal 

extraction by heating below 200 °C; however, 

there are negative factors from the vapor 

release from these pore forming species 

[Gulsoy, German, 2008, Zhao, Sun, 2001, 

Bakan, 2006]. There are some reports exist on 

superalloy foams because of the difficulty of 

processing these high-melting alloys into 

foams. After thermal decomposition of the 

template, the foams, with relative densities of 

<3%, were pressureless sintered or transient 

liquid-phase sintered. No mechanical 

properties were presented. Sypeck et al. 

[Sypeck et al., 2012] used hollow IN-718 

spheres created as a by produced of gas 

atomization. These spheres, with size between 

0.36 and 2 mm, were sintered for 24 h at 1265 

°C into foams with a relative density of 30-

34%. Compressive mechanical properties were 

reported at ambient temperature, but not at 

elevated temperature. The creep behavior of the 

superalloy foams were measured between 650 

and 825°C in the stress range of 0.1-0.3MPa. 

In this work, porous IN-718 superalloy was 

produced by the use of a water-soluble space-

holder material to sintering. Carbamide 

particles were used as the space-holder 

material. After compaction, the space-holder 

particles were extracted by warm water 

leaching over a range of temperatures. The 

porous green parts were subsequently 

thermally debinding to remove the paraffin 

wax, and subsequently sintered under vacuum. 

The effects of volume fraction of space-holder 

particles on density, porosity and elastic 

modulus were investigated. Microstructures 

were captured using optical microscopy (OM) 

and scanning electron microscopy (SEM). 

Pore size was quantified using image analysis 

software integral to the SEM. In addition, 

compression tests were conducted on the 

sintered samples. 

 

2. EXPERIMENTAL PROCEDURE 

A schematic illustration of the production 

process is given in Figure 1. The powder was 

gas atomized IN-718 superalloy. It was 

obtained from Sandvik Osprey Metals Ltd. with 

a reported chemistry in (Table-1). The 

cumulative size distribution at the D10, D50, and 

D90 percent points corresponds to particle 

sizes of D10=4.5 µm, D50=11.9 µm, and 

D90 =26.2 µm based on laser light scattering. 

Carbamide had a density of 1.34 g/cm
3
, 

melting temperature of 133°C, and solubility in 

water at 20°C of more than 1000 g/L. It was 

prepared as an irregular particle in a size range 

from 1400 to 1800 µm. Figure 2 shows a 

SEM image image of the IN-718 superalloy 

powder, carbamide particles, and coated 

carbamide particles with IN-718 superalloy 

powder. The binder ingredient for green 

strength was paraffin wax with a melting range 

from 123 to 125°C. It was used at 2 wt.% based 

on the IN-718 superalloy mass. Initially, the 

IN-718 powder and paraffin wax were mixed 

for 30 min. using a double-cone mixer heated 

to 100°C to melt the wax. The IN-718 and 

carbamide particle ratios were adjusted to give 

60 and 80 vol.% carbamide particles and 

paraffin wax in the samples. Mixing of the 

waxed IN-718 and carbamide powders was 

performed in a Turbula mixer for 1 h. The 

mixtures were compacted at 100 MPa into 

cylinders with a diameter of 19 mm and height 

of 20 mm. The green samples were held at 30 

and 40°C for times ranging from 1 to 6 h. in 

distilled water. The paraffin wax was thermally 

removed as a part of the sintering cycle, which 

consisted of heating step-by-step at 1 K/ min to 

600°C with a 6 h hold, followed by heating at 5 

°C/min to 700°C for 1 h to pre-sinter the 

compacts. This was performed in high purity 

argon. Subsequent final sintering relied on a 

heating rate of 10 °C/min to 1265°C for 1 h 

under vacuum (10~2 Pa). The density was 
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calculated by dividing the mass of the compact 

by its volume, which was calculated from 

physical dimensions. Microstructures were 

obtained via OM and SEM. Compression tests 

were performed at a crosshead speed of 1 

mm/min (Zwick, Roell-Z250 materials testing 

system).  

 
 
 

 

Figure 1. Processing steps of production of porous IN-718 superalloy containing intentionally large 

pores 

Table 1. IN-718 superalloy powder chemistry from Sandvik Osprey Metals Ltd.  

 
 

 

 
Figure 2. SEM of (a) IN-718 superalloy powder, (b) Carbamide particles and (c) coated carbamide 

particles with IN-718 powder  
 

 

3. RESULTS AND DISCUSSION 

    Figure 3 shows the effect of leaching time 

and temperature on carbamide (~80  

 

vol.%) removal from the compacts. [Gulsoy, 

German, 2008, Zhao, Sun, 2001, Bakan, 2006]. 

 

Figure 3. Percentage of carbamide removed 

during water leaching at temperatures ranging 

from 30 to 40 °C for sample contain 80 vol. % 

carbamide 

IN-718 superalloy samples with porosities 

ranging between 60 and 80% were 

successfully produced. As the carbamide 

particle content increased, the sintered density 

decreased and the porosity increased in all 

samples. As expected from the 1265°C 

sintering temperature (slightly low for this 

material and particle size), the sintered density 

was 8.2 g/cm
3
 (roughly 97% dense). Sintered 

densities of 4 and 2.5 g/cm
3
 were obtained 

with 60 and 80 vol.% carbamide particles 

additions, respectively. Figure 4 shows the 

sintered and aged samples having 60 and 80 

vol.% porosity. Optical and micrographs of the 

cell-wall of foam are also shown. The foams 

were observed to contain mainly two types of 

 
Ni Cr Fe Nb Mo Al Ti Co C Si Mn 

IN 718 Bal. 17-20 14-16 4.7-5.5 2.8-3.3 0.2-0.8 0.6-1.1 - 0.03-0.06 0.22 - 

Superalloy  

Mixing 

Carbamide Wax 

Mol

Samples 

Water 

Leaching 
Sintering 
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pores: macropores obtained as a result of 

carbamide space-holder, and micropores on 

cell-walls, presumably resulting from the 

compaction and sintering process during the 

production of the IN-718 superalloy foam. By 

adjusting the amount of space-holder particles, 

the porosity of the resulting IN-718 foam can 

be altered. Macropores become directly 

connected above a porosity of 60%, which 

may vary with the size of the space-holder 

particles and the powders constituting the 

cell-walls [Michailidis et al., 2011, Bansiddhi, 

Dunand, 2011]. Some micropores are found 

inside the macropores, which suggest that the 

macropores are connected by small channels 

for the escape of gas during sintering [Mutlu, 

Oktay, 2013]. 

SEM images of the sintered samples, 

provided in Figure 5 show a relatively 

uniform distribution of pores. Figure 5a-b 

images correspond to 60-80 vol.% added 

carbamide, respectively. As shown in Figure 5, 

there are two types of pores in IN718 foams: 

the interconnected spheroidal macropores with 

the size in the range of 800-1000 µm and the 

micropores with an average size in the range 

of 10-50 µm. High level of surface roughness 

and the sintered neck regions can be seen in 

the present porous IN-718 foam [Li et al., 

2012]. 

 

 

Figure 4. Macroscopic morphology of sintered 

IN-718 superalloy samples from surface (a)60 

%, (b)70%, (c)80% / and aged (a1)60 %, 

(b1)70%, (c1)80% 

        Figure 5 shows macro photographs of IN-

718 superalloy samples, after sintering and 

aged, with porosity of 60-80% and their 

related pore size distributions. All samples 

differ with regard to shape and size distribution 

of the space-holder carbamide. The 

appearance of the pores is directly related to 

the space-holder particles, considering 

insignificantly decreased pore sizes due to the 

sintering shrinkage [Bekoz, Oktay,2012]. 

Suggests that pore structures can be designed 

using proper size, shape, and content of 

carbamide particles [Mutlu, Oktay, 2013]. 

 

 

Figure 5. SEM images of the surface of porous  

IN-718 superalloy samples  (a)60 %, (b)80% 

   Figure 6 shows the compressive stress-

strain curves of baseline and porous IN-718 

samples with different fractions of carbamide 

with sintered and  

aged . The corresponding strengths for 

carbamide-added samples at 60 and 80% are 

910 and 114 MPa for %70 Comp. strain. 

Similarly, Young's modulus reduced from 

8.80 GPa for baseline samples to -3 and 2.20 

GPa for 60 and 80% carbamide-added 

samples, respectively. Figure 6 shows a 

common stress-strain behavior characterized 

by three distinct regions, followed by a 

strong plastic yielding for strains and then a 

progressive densification regime where the 

cell-walls come in contact one with another, 

causing an abrupt rise in the flow stress) 

[Bakan, 2013]. Compression tests of the porous 

samples showed that the compressive strength 

values decreased and length of the plateau 

region increased with increasing porosity 

[Mutlu, Oktay, 2013, Mutlu, Oktay, 2013]. 

 

 

Figure 6. Compressive stress-strain curves of 

porous Ni-718 superalloy samples with 60-80 

vol. % carbamide space-holder (a)sintered, 

(b)aged 

(a) (b) (c) 

(a1) (b1) (c1) 

100 µm 100 µm 

__2mm 

(a) (b) 
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4. CONCLUSIONS 

Experimental results show that a carbamide 

pore former, nearly 100-fold larger than the 

IN-718 superalloy particles, provides a means 

to retain large pores in the sintered body. By 

extraction of the carbamide by water leaching 

after compaction but prior to sintering and 

aged, intermediate density IN-718 superalloy 

foams are realized by a traditional PM route. 

The green compact had sufficient strength 

for handling after water leaching at sintering 

stages. Metallographic studies revealed that 

the pores were distributed relatively uniform in 

the sintered structure. Large numbers of 

micropores formed in the cell-walls due to 

insufficient solid-state sintering. No distortion 

or other visible reduction in part quality or 

surface finish was observed at 1265°C for 1 h 

under vacuum and for aged 720°C. By 

comparing the physical and mechanical 

properties of the samples with the homoge-

neous porous structure, sintered density 

decrement, porosity increment, and the 

Young's modulus decrement with a fraction of 

space-holder particles increment was 

observed. 
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ABSTRACT: Unique features such as high thermal conductivity, low density and good 

specific strength have caused metallic foams receive a considerable amount of industrial 

attention in recent years. From an industrial aspect, highly porous open-pore metallic 

foams is widely used in mass and heat transfer processes. Therefore in this study the 

production and characterization of highly porous copper foam by method of powder 

metallurgy using sodium carbonate space holder were investigated. In order to produce the 

foams, at first Cu powder were mixed with sodium carbonate powder in volume fraction of 

70, 80 and 85%. Then powder mixture was compressed under 250 MPa pressure. The 

prepared samples were sintered at 800 °C for 3 hrs. Finally, sodium carbonate in samples 

was thermally decomposed at 950 °C for 3 hours. Pore structure in the copper foams 

studied by optical microscopy and SEM. The result of quantity evaluations were shown 

that the volume percent, distribution and size of pores in the copper foam strongly were 

depended to value and size of sodium carbonate in initial powder mixture. 

 

1. INTRODUCTION 

Porous metallic materials have found 

industrial applications during recent years 

due to their unique mechanical, acoustic, 

thermal, electrical, and chemical features. 

These materials have high strength to 

weight ratio, high energy and vibration 

absorption, good sound damping and 

high thermal conductivity. Based on the 

connectivity of cells, metallic foams can 

be divided into two groups of closed and 

open pores. The closed-pore metallic 

foams possess higher moduli and 

strength; therefore, they are suitable for 

structural applications. In contrast, The 

open-pore metallic foams are multi-

functional, especially for mass and heat 

transfer applications. Thus, open-pore 

metallic foams have wider applications 

than closed-pores metallic foams 

[Banhart, 2001; Ashby et al., 2000; 

Parvanian and Panjepour, 2013; Zhao et 

al., 2004]. 

 

Among metallic foams, Copper foams 

have a wide range of application in heat 

and mass transfer processes such as heat 

exchangers and fuel cells [Banhart, 

2001]. Using of Cu foams in these 

applications require special structural 

properties of foams such as open pores, 

high porosity percent and controlled pore 

sizes. Therefore, the optimization of the 

manufacturing process of copper foams 

to controlling structural properties of 

them is very important. to date, numerous 

techniques have been developed to 

produce Cu foams, such as directional 

solidification, electrodeposition or vapor 

deposition, and powder metallurgy 

[Banhart, 2001; Nakajima et al., 2001; 

Wang et al., 2010]. However, a few of 

them are able to manufacturing open-cell 

foams with desired target structural and 

specific geometry [Parvanian and 

Panjepour, 2013]. One of the latest and 

most widely used processes in producing 

Cu foams is powder metallurgical (PM) 

process based on using space holder. Up 

to now, a variety of space holder agents 

have been used to production of Cu 

foams like organic materials [Shahzeydi 

and Panjepour, 2013; Ahmed et al., 

2006], and inorganic materials [Zhao et 
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al., 2005; Wang et al., 2010]. For 

example Zhao et al. Have been produced 

open-pore copper foams with porosity 

near to 80 percent using potassium 

carbonate space holder by Lost Carbonate 

Sintering (LCS) method in 2005. Two 

main limitation of this technique are 

time-consuming of space holder 

removing and shrinkage of foams in 

sintering stage [Zhao et al., 2005]. 

 

As it became clear, there are tow 

limitations in previous researches that 

studied the production of Cu foams via 

PM routes: 1. Using a handful of space 

holder agents in the production of Cu 

foams, and 2. The lack of study on 

production of highly porous Copper 

foams with porosity up to 80 percent. 

Therefore, the purposes of this study are 

production of highly porous Copper 

foams via powder metallurgy route using 

sodium carbonate as a new space holder, 

and mechanical and structural 

characterization of produced foams. 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1. Foam Production Method 

The raw materials used in this study are 

commercial Cu powder with a purity of 

99.9% and a particle size of <63 µm as 

matrix phase and a commercial purity 

sodium carbonate (Na2CO3) powder with 

a particle size of 425-500 µm as a space 

holder agent. In the first step, in order to 

change the shape of Cu powder from 

spherical to flake and increase the 

strength of the final foams, the Cu 

powder was ball milled in a Retsch 

planetary ball mill model PM100 at 350 

rpm for about 4 hours with balls per 

powder (BPP) ratio of 5. The typical 

morphologies of raw powders and ball-

milled Copper powder are shown in 

Figure  1. 

 

To prepare the foams, the ball-milled Cu 

Figure 1: SEM micrographs of: a) Cu 

powder, b) sodium carbonate powder, Cu 

powder c) ball-milled Cu powder. 

 

powder was mixed with sodium 

carbonate powder with a volume fraction 

of 70, 80 and 85%. A small amount of 

ethanol, roughly 1% vol. fraction of the 

powder mixture, was added during 

mixing as binder. Based on the volume 

fraction of sodium carbonate powder, a 4-

character code in the form of CFxx was 

assigned to each foam where xx 

demonstrated the volume fraction of the 

sodium carbonate powder in the sample. 

Then, powder mixture was poured in a 

steel mold with a 30×30 mm
2
 cross 

section and uniaxially pressed with a 

pressure of 250 MPa. Finally, the heat 
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treatment of samples including sintering 

at 800 °C for 3 hours, immersing in water 

bath at 100 °C for 10 minutes and 

carbonate thermal decomposition at 950 

°C for 3 hours were applied to samples 

for sintering and sodium carbonate 

removal of foam’s structure. the thermal 

profile applied to the samples is presented 

in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. Characterization of Foams 

Density (f), total porosity (εt) and open 

porosity (εo) of foams was measured on 

the basis of ASTM C20 standard. 

According to this standard, dry weight of 

foams was first measured (W1). Then 

samples were immersed in distilled water 

and weighed (W2). Finally, the samples 

were placed in boiling water for about an 

hour until the water completely filled the 

open pores; after removing the surface 

water of the samples by a wipe, the 

samples were weighed (W3).  it should be 

noted that all of the weight measurements 

were done with an accuracy of 0.01 g. 

Density, total and open porosity 

percentage of foams can be calculated by 

Eqs. (1) – (3), respectively. ρs in Eq. (2) 

is bulk density of Cu (8.94 g/cm
3
). 

 

𝜌𝑓 =
𝑊1

𝑊2
                                                (1)  

 

휀𝑡 = (1 −
𝜌𝑓

𝜌𝑠
) × 100                          (2) 

 

휀𝑜 = (
𝑊3−𝑊1

𝑊2
) × 100                          (3) 

 

 

 

 

To determine the mechanical properties 

of produced foams, the flexural strength 

of samples were characterized through 

three-point bending tests according to the 

ASTM E290 standard. These tests were 

performed by using of Hounsefield setup 

model H50KS at a loading rate of 

1mm/min at room temperature. The 

flexural strength of the samples (f) can 

be calculated by Eq. 4. In this equation, F 

is the maximum load; L, b and d are also 

the span length between two lower 

supports, width and thickness of the 

sample, respectively. 

 

𝜎𝑓 =
3𝐹𝐿

2𝑏𝑑2                                             (4) 

 

The study the structure of foams, the 

fracture surface of samples were 

investigated through scanning electron 

microscopy (SEM) by means of Seron 

Technology model 550i setup. The 

structural properties of foams such as 

pore size and cell wall thickness were 

calculated by image analysis of SEM 

micrographs.  
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Figure 2. The temperature profile applied on the samples during sintering and 

decomposing processes. 
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3. RESULTS AND DISCUSSION 

Figure 3 shows the optical image of 

produced copper foams. As shown in this 

Figure, foam samples have retained their 

original shapes after sintering and 

decomposition process. Also it can be 

observed that very little shrinkage 

occured in sample CF85 mainly because 

of the removal of the space holder prior 

to the completion of the sintering process.  

 

Figure 3: Images of foam samples CF85, 

CF80, and CF70 (from up to down). 

 

Table 1 summarizes the results of 

porosity measurement of foam samples 

that obtained by Eqs. (1) – (3). The data 

in this Table show a negligible difference 

(less than 2%) between the total porosity 

of the foams and the volume fraction of 

the space holder. Also, it can be seen that 

the ratio of the open porosity to the total 

porosity (ε*) is higher than 0.9, 

demonstrating high degree of pore 

connectivity in the structure of produced 

foams. Therefore, it can be said that, the 

production method has a high ability to 

producing highly porous copper foams 

with controlled porosity percent. 

Table 1: Results of porosity measurement 

of samples 

Sample 

code 

Density 

(g/cm
3
) 

 εt (%)  εo (%) ε* (%) 

CF70 2.83 68.4 61.9 90.5 

CF80 1.69 81.1 77.4 95.4 

CF85 1.36 84.8 80.9 95.4 

 

Fig. 4 shows the microstructure of the 

fracture surfaces of samples CF70 and 

CF80. According to this Figure, porosity 

in the foam structure was divided into 

two categories of macro-pores and micro-

pores. Macro-pores have a cuboid shape 

similar to that of sodium carbonate 

particles. Also, the micro-pores, shown as 

arrows, are responsible for connection 

between macro-pores and pore 

connectivity of foam structure. 

 

Figure 4: SEM micrograph of fracture 

surfaces of foam samples; (a) CF70, and 

(b) CF80. 

 

Table 2 lists structural properties of 

produced foams that obtained by image 

analysis of SEM micrographs. According 

to this Table average pore size of 

produced foams has a good agreement 

with the sodium carbonate particle size. 

Also, it can be seen that with increasing 
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of porosity percent, cell wall thickness of 

foams structure decrease slightly. 

 

Table 2: Structural properties of foam 

samples 

Sample 

code 

Average pore 

size (μm) 

Average cell wall 

thickness (μm) 

CF70 409.9±73.1 41.4±12.5 

CF80 388.7±53.3 40.5±10.9 

CF85 410.5±41.6 39.8±16.3 

Flexural strength-displacement curves of 

Cu foams are illustrated in Figure 5. As 

seen in this Figure, with increasing the 

porosity of foams from 70 to 85% and 

consequently reducing them density, the 

flexural strength of them decreases. This 

result is in good agreement with other 

similar works [Zhao et al., 2004; Tao et 

al., 2007]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Flexural strength-displacement curves of produced foams. 

 

4. CONCLUSIONS 

The main conclusions can be summarized 

as follows: 

1. Highly porous copper foams with 

porosity in the range of 70-85% were 

successfully produced via powder 

metallurgy route using sodium carbonate 

space holder. 

2. Structural characterization of produced 

foams showed that there are two kinds of 

pores in copper foams structure, the 

macro-pores and micro-pores that caused 

by space holder particles removal and 

thermal decomposition of them 

respectively. 

3. The used method in production Cu 

foams has a full capability to control 

structural properties of foam samples 

including pore shape, pore size and 

porosity percent. 

4. Measurement of foams mechanical 

properties showed a considerable 

increment of flexural strength with 

decreasing of porosity. 
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ABSTRACT: In this study, different aspect ratio of boron particles reinforced in 

aluminium metal matrix was investigated. Borax powders (Na2B4O7.10H2O) wt. 10% were 

added to molten aluminium at 1000°C which is the peritectic temperature on Al-B phase 

diagram to fabricate AlB2 compounds. The cast Al-B alloys were then cooled in three 

different conditions water, air and furnace. Heat treatment process was applied to cast Al-B 

alloys by heating in the furnace at 550°C to acquire different aspect ratio particles during 

different holding times 5h, 15h, 30h, 50h and 70h, respectively. The main objective of this 

investigation is to explore effect of aspect ratio AlB2 flakes on the mechanical properties of 

the cast Al-B alloys. The microstructures of the Al-B alloys were observed by using 

microscope to measure aspect ratio of the samples. All samples were subjected to 

mechanical tests such as hardness, tensile and impact energy tests. 

 

Keywords: AlB2 Flakes, Boron, Aspect Ratio, Al-B Alloy, Microstructure 

 

1. INTRODUCTION 

Metal matrix composites (MMCs) are 

fabricated by means of unification of two 

or more different materials, which are 

form of reinforced particles or 

continuous-discontinuous fibres by 

dissolving and dispersion into a molten 

metal or partially solidified metals as a 

new material. Manufacturing methods to 

produce MMCs are mainly diffusion 

bonding, powder metallurgy, casting, 

pressure infiltration and spray code 

position [1]. 

 

Aluminium matrix composites are 

superior to non-aluminium metal matrix 

composites owing to their specific 

modulus, strength, low density, hardness, 

stiffness, excellent wear resistance, low-

heat expansion coefficient, ease of 

fabrication and low manufacturing cost in  

engineering applications and  industry 

[2].  

 

Economically, Al-B alloys are broadly 

utilized to increase electrical conductivity  

 

of the aluminium alloys by eliminating 

transition metal impurities such as 

titanium, vanadium, chromium and 

zirconium. Boron is generally consumed 

by transition metal impurities in 

aluminium alloys and transition metal 

impurities are precipitated through 

chemical reactions. Beside, Al-B alloys 

employ as grain refiners in aluminium 

casting [3]. 

 

In different pathways, production 

methods were carried out to fabricate Al-

B alloys, with the inclusion of blending 

and reaction of borax powders 

(Na2B4O7.10H2O), fluoride salt (KBF4), 

boron oxide (B2O3) in molten aluminium 

by mechanical alloying and electrolysis. 

Utilization of elemental boron as a boron 

source is a very expensive method to 

obtain Al-B alloys [4-5-6].  

 

Borax powders are practically and 

economically used as a boron source. 

Boron is reduced by melting aluminum 

with an in–situ exothermic reaction 

(Al(L)+AlB12 ↔ AlB2).  
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Borax powders are dissolved and 

dispersed in molten aluminum, yielding 

an aluminum borides, AlB2 which is 

hexagonal and AlB12 which is tetragonal 

crystal structures. According to Al-B 

phase diagram, AlB12 is formed above the 

peritectic temperature of 973
o
C. AlB2 

crystals were formed without higher 

borides such as AlB12 which is thought to 

confine strength of the Al-B alloys when 

reaction temperature passes over 

peritectic temperature and then melting is 

suddenly cooled to room temperature and 

AlB12 crystals transform to AlB2 flakes 

[7-8].  

The main objective of this study is to 

explore the effect of aspect ratio on the 

mechanical properties of the aluminum 

boron alloys. Moreover the 

microstructural analysis, samples were 

subjected to tension, impact and hardness 

tests.  

 

2. EXPERIMENTAL PROCEDURE 

 

2.1 Materials 

Materials used in this study were 99,70% 

AA1070 pure aluminum which was 

bought from Seydisehir Aluminum  Inc. 

(Turkey) and  borax powder 

(Na2B4O7.10H2O) which obtained from 

Eti Maden Works (Turkey). Chemical 

composition of aluminium is given in 

weight percent in Table 1.  

 

Table 1: Chemical Composition of AA 

1070 Pure Aluminium (%) 

Al 99,7 

Cu 0,04 

Fe 0,25 

Mn 0,03 

Si 0,2 

Ti 0,03 

V 0,05 

Zn 0,04 

Others 0,03 

2.2. Fabrication Method of the Al-B 

Alloys 

Pure aluminium  alloy ingots were placed 

into a silicon carbide crucible with 10% 

wt. borax powder and synthetic cryolite 

(Na3AlF6) together to activate the 

reaction. In order to prevent the reaction 

and adhere of the slag, crucible was 

covered by boric acid (H3BO3). 

Then furnace was heated up to 1000
o
C 

and alloy was stirred by a carbide rod to 

provide homogenous disperse of borax in 

the alloy. Melted mixture was waited 45 

minutes in the electrical resistance 

furnace. Before casting alloy to the 

molds, slug was skimmed off from the 

surface. 

The cast Al-B alloy specimens were 

cooled in water, air and furnace. But in 

this paper, only water cooling is going to 

be presented due to page limitation. 

Water cooled samples were then replaced 

into the furnace which was previously set 

at 550°C. Samples subjected to different 

holding times 5h, 15h, 30h, 50h and 70h 

to obtain different aspect ratio of AlB2 

flakes. In order to measure average aspect 

ratio of flakes in the samples, 10 average 

measurements were obtained by 

analysing of 10 equal-sized different 

areas of each sample. 

 

2.3. Microstructure Examination 

The samples were grinded by 320, 600, 

1000 and 2000 mesh SiC papers and 

polished by 1µ and 6µ diamond 

suspension in the Metkon Forcipol 2V 

Grinding and Polishing Machine. Later, 

colloidal silica solution was applied to 

polished surfaces to obtain high-quality 

pictures. Subsequently, etching was 

performed by using 0,5 hydrofluoric acid 

(HF) during 45 seconds  to observe grain 

structures. The microstructure pictures 

were displayed by Nikon MA-100 

Optical Microscope.   
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2.4. Mechanical Tests 

Hardness test was performed by 62,5 kg 

load with a 2,5 mm ball diameter in the 

Digirock Hardness Tester. 

Tensile test was performed to cylindrical 

specimens with a diameter of 15 mm and 

gauge length of 75 mm by using Dartec 

Universal testing machine. 

Charpy impact test was applied to 

specimens which have a length of 55 mm, 

width of 10 mm and height of 10 mm. V-

shaped notch has 2mm depth with an 

angle of 45° and 0.25mm radius along the 

center of the specimens. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Microstructure Analysis 

Microstructure analysis shows that 

thickness of the AlB2 flakes are varying 

according to the holding time (Figure 1). 

Figure 1(a) shows non-heat treated 

sample. It is clear that AlB2 flakes are 

rod-shaped structures having long length 

and very thin width. When holding time 

reached to 5 or 15 hours, these thinner 

flakes transforms to thicker AlB2 flakes  

 

 

 

and they still continue to save long length 

(Figure 1.b-c). Flake shapes are observed  

as rectangular, cylindrical and hexagonal. 

Thinner flakes have high aspect ratio 

(length/width) due to long height and thin 

width up to 15 hours holding time. After 

15 hours holding time, cross sectional 

width of the flakes get larger and length 

of flakes transform to shorter height as 

shown in Figure 1.d-e-f respectively. 

Circular and spherical shaped particles 

increase with increasing holding time up 

to 50 hours and aspect ratios of flakes 

decrease. Particles are generally round 

and circular shaped. Length and width of 

the flakes are almost equal size. This 

situation causes the decrease of the aspect 

ratio and approaching to 1. The 

transformation of high aspect ratio AlB2 

flakes to low aspect ratio particles, based 

on decrease of the length and an 

increment in the width of the AlB2 flakes 

 

3.2. Mechanical Analysis 

Brinell hardness (HB) test results, 

ultimate tensile strength (UTS) values 

and impact test results of samples are 

presented in Table 2. Sample 1 is shown 

     Figure 2: Change of Aspect Ratio AlB2 Flakes with respect to Heat Treatment Time 
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only for comparison. This sample is no 

heat treated and there is no borax 

addition. The data in Table 2 reveal that 

maximum values were reached at highest 

aspect ratio. However, there is no direct 

correlation between the holding time and 

aspect ratio. All mechanical test results 

show that values are increasing up to 15 

hours holding time. But after 15 hours, it 

is clear the all values are decreasing. 

 

Table 2: Average Aspect ratio and 

mechanical properties of Al-B alloys 

 

 
 

Hardness Test 

Maximum hardness value of 65,1 was 

recorded at 15 hours holding time. When 

holding time was increased, hardness 

values of alloys increased until holding 

time reached to 15 hours. It is clear that 

increasing holding time from 5 to 15 

hours resulted in greater hardness values. 

Increasing holding time to 15 hours have 

almost completely negated the 

mechanical properties of the samples 

almost in all conditions. When the effect 

of holding time on hardness test results 

are taken into consideration, holding time 

increasing up to 15 hours improves 

hardness values in almost all cases. 

Holding for more than 15 hours do not 

offer any improvement in hardness 

values. Hardness values tends to decrease 

from 65,10 to 58,28. Non-heat treated 

samples have the lowest hardness values. 

It is thought that cause of this 

inconsistency is related to being AlB2 

flakes have very thin and too long 

structure. These flakes are soft and weak 

than thicker ones. The specimens which 

had high aspect ratio AlB2 flakes had 

greater hardness values than lower ones. 

Compared to the effect of the heat 

treatment on the hardness, a change of 

14,5 % increment on the hardness  in 

comparison with the non- heat treated 

sample was obtained. 

 

Tension Test 

Ultimate tensile strength (UTS) values 

were recorded during the tension tests. As 

a result of tension test results, maximum 

ultimate tensile strength value of  90,7 

MPa was measured from sample 15 hours 

holding time and minimum ultimate 

tensile strength measurement of 75,17 

MPa was recorded from sample waited 

70 hours in furnace. When holding time 

was increased to 15 hours, tensile 

strength of alloys tends to increase. After 

15 hours, the tensile strength value of 

samples were decreased to 75,17 MPa 

gradually. 

It is observed that lowest aspect ratio 

yields the lowest ultimate tensile 

strength. When the effect of holding time 

on tensile strength of Al-B alloys are 

considered, higher UTS values were 

observed when the holding time 

increased up to 15 hours. However, 

increasing holding time more than 15 

hours resulted in a downgrade strength 

behaviour for 70 hours. Relationship 

between aspect ratio and UTS have linear 

change according to holding time in the 

furnace. High aspect ratio AlB2 flakes 

have greater UTS values than flakes 

which have lower aspect ratios. 

Compared to the aspect ratio on tensile 

strength values, change of 16 % 

increment was obtained with respect to 

non- heat treated sample. 

 

Impact Test 

Impact test results, carried out in RT, are 

depicted in Table 2. Data indicate that 
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increment in aspect ratio improves the 

impact resistance. The gratest impact 

energy measurement of  8,20 kg.m was 

recorded from sample held with 15 hours 

and minimum impact energy 

measurement of 4,93 kg.m was recorded 

from Al-B alloy held with 70 hours in the 

furnace. Increasing holding time up to 15 

hours improves impact energy values. 

However, a significant point was 

observed that increasing holding time 

from 15 to 70 hours resulted in reduction 

in impact resistance for all conditions. 

Higher impact energy values were 

observed when the holding time 

increased from 0 to 15 hours. Further 

increasing holding time over than 15 

hours caused a reduction in impact 

energy values. 

When examined relationship between 

impact energy and aspect ratio of AlB2 

flakes it is observed that 70 hours heat 

treated sample have the minimum aspect 

ratio of 2,88 and also this sample have 

the lowest impact energy value of 4,93 

kg.m. When aspect ratio of the flakes 

increased, impact energy of the alloys 

increased. 19% increment on impact 

energy was obtained compared to the 

non- heat treated sample. 

 

4. CONCLUSION 

AlB2 particles having different aspect 

ratios were fabricated in aluminium metal 

matrices. Homogeneous distribution of 

boron particles was achieved by using 

casting process. As a result of heat 

treatment process with holding times 5h, 

15h, 30h, 50h and 70h, respectively, 

length and width of flakes were changed 

in the experiments. It is concluded that 

when aspect ratio of AlB2 flakes 

increased, hardness, ultimate tensile 

strength and impact energy properties 

increased.  

Improved mechanical properties were 

obtained as a result of transformation of 

low aspect ratio flakes to high aspect 

ratio AlB2 flakes. AlB2 particles were 

formed as low aspect and high aspect 

ratio flakes, which are both consistent 

below peritectic temperature. The 

transformation of low aspect ratio AlB2 to 

high aspect ratio AlB2 is achieved by 

execution of heat treatments. Heat treated 

samples more than 15 hours tends to 

worsen mechanical properties. 

It is observed that AlB2 particles have 

higher aspect ratio when the holding time 

is increased to 15 hours. Presence of high 

aspect ratio AlB2 in samples that have 

been obtained at 15 hours confirm that it 

has higher hardness, tensile and impact 

values due to high aspect ratio of boron 

particles. 

 

REFERENCES 
[1]Rogathi P.K., Ray S., Liu Y., 1988 ASM 

Handbook, Vol 18, Ohio. 

[2]Sannino A.P., Rack H.C., 1995, Wear, Vol 1. 

[3]Wang X.,2005. The formation of AlB2 in an 

Al-B master alloy, Journal of Alloys and 

Compounds 403, 283-287. 

[4]Deppisch C, Liu G, Hall A.,1998.The 

crystallization and growth of AlB2 single 

crystal flakes in aluminium, Journal of 

Materials Research, 13(12): 3485−3498. 

[5]Birol Y.,2009. Production of Al−B alloy by 

heating Al/KBF4 powder blends ,Journal of 

Alloys and Compound, 481: 195−198. 

[6]Necip Fazil Y.,Mehmet O.,2012,Improvement 

of mechanical properties of AA1070 

aluminium by the addition of borax under 

different holding conditions, Mat.-wiss. u. 

Werkstofftech, 43, No. 12 

[7]A.C. Hall, J. Economy,2000. The 

Al+AlB12↔AlB2 peritectic transformation and 

its role in the formation of high aspect ratio 

AlB2 flakes, J. Phase Equilibrium, 21, 63–69. 

[8]Deppisch C, Liu G, Shang J K, Economy J. 

1997.Processing and mechanical properties of 

AlB2 flake reinforced Al-alloy composites. 

Materials Science and Engineering,A225, 

153−161. 

 

 

 

 

 

 

 

 

 



101 
 

FABRICATION OF NANOGRAPHITE REINFORCED ZA-BASED 27 

ALLOY MATRIX COMPOSITES BY MECHANICAL ALLOYING 

METHOD 

 
Müslim Çelebi

1
, Aykut Çanakçı

a
, Hamdullah Çuvalcı

a
 

 

1.Karadeniz Technical University, Metallurgy and Materials Engineering,Trabzon 

a. Aykut Çanakçı (aykut@ktu.edu.tr) 

 

 

ABSTRACT: In this study, the effects of mechanical alloying on the density, hardness and 

microstructure of nanographite (1 vol.%) reinforced ZA-based 27 alloy matrix composites 

were investigated. The composites were produced by using the mechanical alloying and 

hot pressing method. The mechanical alloying process was executed in a planetary ball-

mill for changing milling times from 6 to 18h.  The composite were characterized using a 

scanning electron microscopy (SEM) with elemental X-ray microanalysis (EDS). It was 

showed that the amount of porosity and hardness values in the composites increased with 

the increase in the milling time. In contrast, the particle size and the density of the 

composites decreased with the increase in milling time. The results observed that more 

homogeneous distribution of nanographite in the ZA-based 27 alloy matrix was obtained 

after the milling time of 10 h.  

  

1. INTRODUCTION 

Metal matrix composites (MMCs) are 

made by dispersing ceramic 

reinforcements into a metal matrix.  

MMCs have became the desirable 

materials in engineering applications like 

aerospace, marine, automobile and 

turbine-compressor engineering 

applications due to their light-weight, 

high strength, stiffness and resistance to 

high temperature [1,2,3]. Manufacturing 

process, the volume fraction and size of 

the reinforcement and bonding between  

the matrix and the reinforcement of the 

composite effect these properties [4,5,6]. 

Much researcher works have been 

focused on the ceramic reinforced Al 

matrix composites [7]. There is also an 

increasing demand in using ceramic 

reinforced zinc matrix composites. Zn-

based alloys are feasible matrix materials 

and are an excellent cheap, low melting 

point replacement for cast iron, brass, 

bronze or aluminium alloys. They also 

have excellent pressure tightness and  

 

 

good bearing and tribological properties. 

Among the Zn-based alloys used as 

matrix materials, the ZA- based 27 alloy 

(ZA 27) has been particularly popular 

during recent years. ZA 27, in particular, 

has been used in bearings and bushing 

applications as a replacement for bronze 

bearings because of its low cost and 

superior bearing performance[8]. 

Moreover, ZA 27 is classified as a high-

strength alloy with a tensile strength 

substantially higher than that of ordinary 

cast aluminium alloys [9,10]. 

Silicon carbide, mica, zircon and graphite 

are used as reinforcement materials into 

ZA 27 matrix. Due to its potential solid 

lubricant, particulate graphite is a good 

choice of reinforcement material for 

ceramic reinforced zinc matrix 

composites which are used for a great 

number of applications such as engine 

bearings, pistons, piston rings and 

cylinder liners[10].  Nanographite is 

produced by stacking of flat graphene 

sheets with open edges which are 

supplied specific features to nanographite 

systems[11]. The edges of the 

nanographite are potential sites for 

http://tureng.com/search/characterized
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absorbing oxygen and moisture that can 

improve the self-lubricating properties of 

graphite. 

In view of the growing range of 

applications of ZA 27, any step towards 

enhancing its properties would be 

worthwhile. To our knowledge, effect of 

the milling time on the microstructure 

and mechanical properties of 

nanographite reinforced ZA 27 matrix 

composites has not been investigated. 

Therefore, the purpose of this work is to 

produce the nanographite reinforced ZA 

27 matrix composites by powder 

metallurgy and hot pressing. 

 

2. EXPERIMENTAL PROCEDURE 

A mixture of ZA 27 powder (D50: 40.2 

µm) and nanographite powder (D50: 100 

nm, 1 vol.%)  was used as the starting 

material. The chemical composition of 

ZA 27 is (in weight percent) of 27.2% Al, 

2.01% Cu, 0.02% Mg and balance Zn. 

Fig1 (a) and (b) shows the morphologies 

of the as received ZA 27 alloy matrix 

powder and nanographite particles.  

 
(a) 

 
(b) 

Fig.1.Morphology of as-received  

powders: (a) ZA 27 alloy and (b) 

nanographite particles 

The mechanical alloying (MA) process 

was conducted in a planetary ball mill 

(Retsch PM 100) using tungsten carbide 

containers and balls at the room 

temperature. The weight ratio of ball to 

powder was maintained at 5:1.  Methanol 

as the process control agent was added to 

prevent excessive cold welding and 

agglomeration of powder mixture during 

the ball milling process. The milling was 

performed for different milling duration 

of 6, 10, 14 and 18 h at 300 rpm.  

The mixtures of ZA 27/nanographite 

powders were loaded into a steel die, cold 

pressed at 300 MPa and then hot-pressed 

for 3 h at 432
0
C at pressure of 600 MPa. 

Zinc stearate was coated on the inner wall 

of the mold and surface of the simples as 

a lubricant. The microstructural 

characterization of the specimens were 

prepared by grinding paper from 400 to 

1500 grit and metallographically polished 

with 0.3 µm alumina, and subsequently 

ultrasonically cleaned and etched using a 

reagent comprising 20%vol. nital that 

heated up to 70
0
C. The microstructure of 

the composites was characterized by 

means of scanning electron microskopy 

(SEM) with elemental X-ray 

microanalysis (EDS). 

The experimental densities for the contact 

samples were determined using 

Archimedes method. Each sample was 

weighed in air (Wa), then suspended in 

distilled water and weighed again (Ww). 

The experimental density was calculated 

using Eq. (1).  
𝛿𝑒 = [𝑊𝑎/(𝑊𝑎 − 𝑊𝑊) 𝑥𝛿𝑊]                                                                                                    
(1) 

where δe is the experimental density, Wa 

is the mass of the sample in air, Ww is the 

mass in distilled water, and δw is the 

density of distilled water. The sample 

was weighed using a balance with an 

accuracy of 0.001 mg. The hardness 

values of the samples were measured by 

the Brinell hardness method, and the 

mean of at least six readings was 

recorded at a load of 62.5 kgf. 
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3. RESULTS AND DISCUSSIONS 

 

3.1. Morphology Evolution 

A uniform distrution of nanographite 

particles in the ZA 27 matrix is an 

important factor to be observed in order 

to obtain physical and mechanical 

properties of the final composites. The 

morphologies of the milled ZA 

27/nanographite composite powders are 

shown in Fig. 2. The milling time 

changes from 0 h to 18 h. The Fig. 2 

indicates that the mean size of milled 

powders is lower than that of initial 

powders.  It seems that in the early stage 

of milling the fracture of large particles 

happens by entrapping within milling 

media. The morphology of milled powder 

was platelet/pancake shapes for milling 

time of 6 h (Fig.2 b). On the increase 

with milling time, it converted into 

equiaxial morphology (Fig.2 c). As seen 

in fig.3, although   the milling time 

increase from 6h to 14h, the particle size 

decrease from 39,74 to 34,49.  Few 

decrease in the particle size of 14h 

milling powder can be due to lubricating 

properties of graphite. A decrease in the 

particle size with increasing milling time 

was observed along with a steady state 

after 18h milling time (Fig. 3). During the 

milling process, the collisions which 

occurring between the milling balls and 

as well as between balls and the walls of 

the milling vials leads to crushing and 

cold welding of the powder particles.   

This can be attributed to the cold welding 

of primary particles followed by work 

hardening and thus activation of the 

fracture mechanism. Between milling 

time of 18h and 24h, the milled powders 

size and shape also was remain 

unchanged. So the milling time of 18h 

was steady state for composite powders. 

 

 
        (a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 Fig.2.SEM images of the ZA27/ 

nanographite composite powders (a) 0h, 

(b) 6h, (c) 14h (d) 18h and (e) 24 h. 
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Fig. 3. The effect of milling time on the 

mean particle size of ZA 27/nanographite 

composite powders milled with 

optimized parameters 

 

Fig. 4 shows the SEM images and EDS 

mapping of the composites. In the EDS 

mapping microstructures, orange region 

represents the graphite particle. As it seen 

in Fig. 7, the distrubiton of the graphite 

as a reinforcement particle of 10h milled 

composite is more homogenous than that 

of the other milled composites. 

 

 
 

Fig. 4. The effect of milling time on the 

distribution of nanographite in the ZA-

based 27 alloy matrix 

 

 

3.2 Density and Porosity Analysis 

The densities and volume fraction of 

porosities of ZA 27/nanographite 

composites are showed in Table 1. For a 

short milling time, higher value of the 

density is observed, indicating that the 

irregular morphology of the particle 

provides a higher deformation capacity 

during powder compacting, which 

dominates the work hardening due to the 

deformation imposed on the previous 

milling process. The density decreases 

with increasing milling time due to a dual 

effect, one is related to the powder 

morphology, which transformed from 

flattened to equiaxed and the other is 

related to greater work hardening due to 

the longer milling time. As a result, the 

porosity of the compacts increases as the 

milling time increases due to the 

hardening effect of the mechanical 

alloying. This can be attributed to the 

hardening effect of the mechanical 

alloying process, which increased the 

hardness of the powder particles. 

However, the porosity of the compacts 

decreases with increasing density of 

metal powders. 

 

Table 1.  Variation of density and 

porosity of ZA 27/nanographite 

composites at different milling time 

 

Milling 

Time 

(h) 

Density 

(gr/cm
3
) 

Porosity  

(%) 

 0 4,83 2,98sssd 

 6 4,79    3,75 

10 4,75 4,54 

14 4,62 7,21 

18 4,55 8,50 
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3.3. Hardness 

Figure 5 shows the Brinell hardness 

values of ZA 27/nanographite composites 

fabricated  at the different milling time. It 

was observed that the hardness of 

mechanical milled ZA27/nanographite 

composites is affected by two factors: the 

first one is the work hardening of matrix 

alloy due to the milling and second is the 

role of nanographite particles as 

reinforcement. The highest hardness 

values of ZA27/nanographite composites 

at milling time of 18h are obtained. Since 

the work hardening increases by 

increasing the milling time, the hardness 

and accordingly resistance to plastic 

deformation during compaction are 

enhanced. 

 

 
 

Fig 5. The effect of milling time on the 

hardness of ZA27/nanographite 

composites. 

 

4. CONCLUSIONS 

In this work, nanographite (1 vol.%) 

reinforced ZA-based 27 alloy matrix 

composites were synthesized by 

mechanical milling method. The milling 

time was changed from 6 h to 18 h. 

Mechanical alloying is known to be an 

ideal technique to fabricate composites in 

a variety systems. The most remerkable 

advantage of the mechanical alloying 

method is that a uniform dispersion can 

be succeed by optimizing the process 

parameters. It was observed that the 

amount of porosity and hardness values 

in the ZA27/nanographite composites 

increased with the increase in the milling 

time. In contrast, the particle size and the 

density of the composites decreased with 

the increase in milling time. The results 

observed that more homogeneous 

distribution of nanographite in the ZA-

based 27 alloy matrix was obtained at the 

milling time of 18 h. 
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ABSTRACT: Aerogels are materials obtained by a sol-gel process followed by 

supercritical drying with high surface areas and pore volumes. We studied how the gel 

modification with acids and -diketones affects the textural and adsorption properties of 

alumina aerogels. The highest specific surface areas obtained for alumina aerogels 

exceeding 1000 m
2
/g are 4-5 times higher than those of typical alumina materials. Sulfated 

alumina aerogels had high surface areas ca. 600 m
2
/g after calcination at 600°C and 

excellent acidic properties. The activity of high surface area nanocrystalline alumina in 

dehydrochlorination of (2-chloroethyl)ethyl sulfide (2-CEES) and 1-chlorobutane 

compared favorably with that of other nanocrystalline metal oxides. The temperature of 1-

chlorobutane decomposition could be decreased by 100°C in comparison with MgO 

aerogel while maintaining 98% selectivity to butenes. Conversion of 2-CEES in pentane at 

room temperature over sulfated aerogel alumina was 3 times higher than on Al2O3 aerogel 

and 8 times higher than on MgO aerogel. It was shown that the activity of the aerogels in 

dehydrochlorination reactions correlated with the concentration of weak electron-acceptor 

sites tested by EPR using perylene as a spin probe.  

 

1. INTRODUCTION 

Aerogels are materials obtained by a sol-

gel process followed by supercritical 

drying. Nanocrystalline aerogel-prepared 

metal oxides have high surface areas, 

small crystallite sizes, unusual 

morphology, and enhanced adsorption 

properties. They have been extensively 

studied for their use as destructive 

adsorbents (Klabunde et al., 1996; Bedilo 

et al., 2002; Bedilo et al., 2014b) and 

various catalytic applications (Mishakov 

et al., 2002; Ilyina et al., 2012). 

 

Deposition of sulfates on the -Al2O3 

surface is known to lead to a substantial 

increase of its acidity and catalytic 

activity in acid-catalyzed reactions 

(Zotov et al., 2011). The catalytic 

properties of sulfated alumina generally 

resemble those of sulfated zirconia,  

 

 

which is more widely known due to its 

higher acidity and catalytic activity. 

Unlike sulfated zirconia aerogels (Bedilo 

and Klabunde, 1998), synthesis of 

sulfated alumina aerogels has never been 

reported before.  

 

Electron-acceptor sites are the sites 

capable of generating radical cations by 

abstracting an electron from donor 

molecules. A good correlation has been 

reported between the catalytic activity of 

sulfated alumina in ethanol dehydration 

and the concentration of weak electron-

acceptor sites (Zotov et al., 2011). We 

recently demonstrated that the activity of 

nanocrystalline MgO aerogels in CF2Cl2 

destructive sorption correlates with the 

concentration of weak electron-acceptor 

sites (Bedilo et al., 2014b). 
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In the current publication we discuss the 

effect of various organic agents and 

sulfuric acid on the textural properties of 

alumina aerogels and their performance 

in dehydrochlorination reactions. The 

activity of the aerogels is compared with 

the concentrations of electron-acceptor 

sites on their surface. 

 

2. EXPERIMENTAL 

For preparation of modified Al2O3 

aerogels, aluminum isopropoxide 

(Aldrich) was dissolved in a desired 

amount of ethanol and/or other solvent. 

The modifying agents and hydrolysis 

water were dissolved in 10 ml of the 

same solvent each. Then, the solution of 

the modifying agent was quickly poured 

into the reaction vessel with aluminum 

isopropoxide solution and was stirred for 

10 min. Finally, a stoichiometric amount 

of hydrolysis water dissolved in same 

solvent was added. The formed gel was 

stirred overnight. Then, it was dried in a 

Parr autoclave at 265°C or 295°C. The 

resulting materials were calcined in air or 

under vacuum at 500°C to obtain carbon-

coated Al2O3 aerogels. Sulfated Al2O3 

aerogels were calcined at 600°C in air.   

 

Dehydrochlorination of 1-chlorobutane 

was performed in a flow reactor. 1-

Chlorobutane was introduced by 

saturation of the argon flow with C4H9Cl 

vapor at room temperature. Prior to each 

experiment the catalyst was activated in 

argon flow at 500°C for 1 h. 

 

Experiments on decomposition of (2-

chloroethyl)ethyl sulfide (2-CEES) were 

carried out in a 25 ml three-necked flask 

under argon with stirring. Ten milliliters 

pentane, 15 ml decane as internal 

standard, and 15 ml 2-CEES were placed 

in the flask. Then, 200 mg of powder 

sorbent was added and the slurry was 

stirred. Periodically extracted probes 

were analyzed by gas chromatography. 

 

Toluene (I.P. = 8.8 eV) and perylene (I.P. 

= 7.0 eV) were used as probes for the 

study of strong and weak electron-

acceptor sites, respectively, according to 

the previously reported procedure (Bedilo 

et al., 2014a). The concentrations of the 

radical cations were measured by EPR. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Synthesis of Al2O3 and SO4
2-

/Al2O3 

Aerogels 

Organic groups used for modification of 

typical metal alkoxide precursors in the 

sol-gel process can be used for two 

different purposes: i) to control the 

reaction rates of the reactants as well as 

the homogeneity and microstructure of 

gels that are degraded during subsequent 

calcination to give purely inorganic 

materials; or ii) to modify or 

functionalize the oxide material.  

 

Unlike AP-MgO synthesis where the 

addition of toluene (or another aromatic 

solvent) has a major role and increases 

the resulting surface area by a factor of 2-

2.5 (Bedilo et al., 2002), for Al2O3 it has 

a minor positive effect increasing the 

resulting surface area by 15-20% 

(compare samples 1 and 3, 2 and 4). So, 

the highest surface areas exceeding 1200 

m
2
/g that are 4-5 times higher than those 

of typically used alumina materials were 

obtained for the samples prepared with an 

ethanol-toluene mixture. 

 

We studied the possibility of using 

genuine supercritical conditions by either 

eliminating toluene or substituting it with 

fluorobenzene. In the former case, the 

drying temperature of 265°C is above 

critical for ethanol. For fluorobenzene 

supercritical conditions were achieved by 

increasing the drying temperature to 

295°C. Neither approach produced 

materials with much higher surface areas, 

but the pore volumes increased (Table 1).   
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For carbon-coated alumina, we used 2-

(methacryloyloxy)ethyl acetoacetate 

(MAA) as a modifying agent. It has a -

diketonate fragment that has strong 

binding to the surface, which should 

survive hydrolysis and drying remaining 

on the surface of dried aerogels. By 

adding intermediate amounts of MAA we 

manage to deposit organic groups on the 

surface and improve the surface area of 

the material (Table 1). 

 

Table 1: Textural characteristics of Al2O3 

aerogels before calcination. 

Sample Solvent/ 

modifying 

agent 

S.A.  

m
2
/g 

Pore 

volume, 

cc/g  

1 Isopropanol/

toluene 

1180 1.89 

2 Ethanol/ 

toluene 

1290 1.99 

3 Isopropanol 980 0.88 

4 Ethanol 1000 4.46 

5 Ethanol/1.5 

mol/mol 

MAA 

990 1.08 

6 Ethanol/flu-

orobenzene  

1040 2.56 

7 Ethanol/15

wt.% H2SO4 

1050 1.58 

 

 
Figure 1: HRTEM image of modified 

alumina aerogel. 

 

After activation under vacuum at 500°C 

the surface area of the alumina aerogels 

without the organic modifying agents was 

typically between 600 and 700 m
2
/g. The 

surface areas of the carbon-coated 

aerogels was typically somewhat lower, 

about 400-500 m
2
/g. HRTEM data 

(Figure 1) shows that the alumina 

nanoparticles synthesized by this method 

with the dimensions of several 

nanometers are covered with few 

graphene layers. XRD data did not show 

any clear peaks indicating that the 

aerogels even after calcination remained 

amorphous to x-rays. 

 

Sulfated alumina aerogels were 

synthesized by a similar procedure with 

sulfuric acid used as a modifiying agent. 

Earlier it was shown that this approach 

yields sulfated zirconia catalysts active in 

isomerization of n-butane (Bedilo and 

Klabunde, 1998). The introduction of 

sulfuric acid to the solution before 

gelation results in a substantial decrease 

of the pore volume, whereas the high 

surface area of the Al2O3 aerogels is 

preserved. The surface areas of the 

sulfated alumina aerogels after 

calcination at 600°C usually required to 

make active acid catalysts was about 600 

m
2
/g. This value appears to be the highest 

one reported for sulfated alumina 

catalysts and is 2-3 times higher than 

those reported in the literature.  

 

3.2. Dehydrochlorination of 1-

Chlorobutane 

The catalytic properties of the 

synthesized Al2O3 aerogels were 

compared in the dehydrochlorination of 

1-chlorobutane. Earlier we extensively 

studied this reaction for AP-MgO 

(Mishakov et al., 2002) and C/MgO 

aerogels (Bedilo et al., 2002). We found 

that the activity of high surface area 

nanocrystalline alumina materials in 

dehydrochlorination of 1-chlorobutane 

compared favorably with that of other 
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nanocrystalline metal oxides. The 

temperature of 1-chlorobutane 

decomposition could be decreased by ca. 

100°C in comparison with MgO aerogel 

(Figure 2) while maintaining 98% 

selectivity to butenes.  
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Figure 2: 1-Chlorobutane conversion at 

250°C over MgO, Al2O3 and sulfated 

Al2O3 aerogels. 

 

Apparently, the higher activity of alumina 

aerogels in this reaction in comparison 

with MgO is related to its higher acidity 

combined with high surface area. 

Sulfated alumina is even more active due 

to its higher acidity. The more acidic 

sulfated alumina catalysts were 

characterized by lower 1-butene 

selectivity (ca. 15%), indicating that the 

reaction follows E2 mechanism with easy 

abstraction of the chloride ion with the 

formation of a carbocation. The latter is 

subjected to isomerization to form more 

stable secondary carbocations. 

 

3.3. Destructive Adsorption of (2-

Chloroethyl)Ethyl Sulfide 

2-CEES is a mustard gas mimic 

commonly used to characterize the 

performance of materials developed for 

destruction of poisonous chlorinated 

compounds. We found that alumina 

aerogels chemisorbed 2-CEES at room 

temperature from pentane solution faster 

than the MgO aerogels (Table 2). 

 

Sulfated alumina aerogels showed even 

better performance in the 2-CEES 

destructive sorption. 2-CEES conversion 

rate in pentane solution at room 

temperature over sulfated aerogel 

alumina was 3 times higher than on 

Al2O3 aerogel and 8 times higher than on 

MgO aerogel. This reaction was 

exceptionally fast over all sulfated 

oxides, both aerogel and conventionally 

prepared, so almost maximum conversion 

was reached in the first 2 minutes. The 

high surface area of the developed 

sulfated alumina aerogels made it 

possible to achieve the highest 

conversion. To prove that 2-CEES is 

destructively chemisorbed on the surface 

of sulfated alumina aerogels, we added 

excess water after the adsorption was 

complete. Almost no 2-CEES was 

extracted into the liquid phase, proving 

its efficient destruction.  

 

Table 2: 2-CEES conversion at room 

temperature over various sorbents. 

Aerogel S.A., 

m
2
/g 

Conversion  

(molec./nm
2
) 

Reaction rate 

(mmol/g/min) 

MgO 660 0.65 0.020 

C-MgO 370 1.02 0.037 

Al2O3 750 0.65 0.050 

C/Al2O3 510 0.75 0.040 

SO4
2-

-

Al2O3 

520 0.96 0.145 

C 1450 0.11 0.001 

 The obtained results prove that 2-CEES 

destructive sorption is also more efficient 

over acidic materials than over basic 

ones. Most likely, these reactions follow 

the same E2 elimination mechanism 

initiated by chloride ion abstraction by 

very strong acid sites. 

 

3.4. Characterization of Electron-

Acceptor Sites 

A good correlation between the presence 

of weak electron-acceptor sites tested 

using perylene on the surface of oxide 

aerogels and their catalytic activity was 

observed (Table 3). It was earlier 
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suggested that such sites are very strong 

Bronsted acid sites. MgO does not have 

electron-acceptor sites before reaction. 

They are gradually formed in low 

concentrations during its reaction with 1-

chlorobutane leading to an increase of the 

catalytic activity. Weak sites are present 

on the alumina surface resulting in higher 

activity in dehydrochlorination reactions. 

Their concentration is ca. 20 times higher 

on sulfated alumina resulting in its even 

higher activity. Meanwhile, strong 

electron-acceptor sites are observed only 

on the sulfated alumina aerogel. This 

result is similar to those reported by us 

earlier for conventional sulfated alumina 

catalysts (Bedilo et al., 2014a).  

 

Table 3: Concentration of electron-

acceptor sites on the aerogel samples. 

4. CONCLUSIONS  
We demonstrated that textural parameters 

of alumina aerogels can be effectively 

controlled by selection of solvents and 

modifying agents. The highest specific 

surface areas exceeding 1200 m
2
/g that 

are 4-5 times higher than those of 

typically used alumina materials were 

obtained for the samples prepared with an 

ethanol-toluene mixture used as the 

solvent.  

 

The activity of high surface area 

nanocrystalline alumina materials in 

dehydrochlorination of (2-

chloroethyl)ethyl sulfide (2-CEES) and 1-

chlorobutane compared favorably with 

that of other nanocrystalline metal oxides. 

For example, the temperature of 1-

chlorobutane decomposition could be 

decreased by ca. 100°C in comparison 

with MgO aerogel while maintaining 

98% selectivity to butenes. Sulfated 

alumina aerogels had high surface areas 

ca. 600 m
2
/g after calcination at 600°C 

and showed excellent acidic properties 

typical for sulfated alumina. A good 

correlation between the presence of weak 

electron-acceptor sites tested using 

perylene on the surface of oxide aerogels 

and their catalytic activity was observed. 
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ABSTRACT: In this study, effect of particle size distribution on mechanical properties of 

domestic coarse Bayer-processed alumina powder product was investigated. Alumina 

powder was supplied from Seydişehir alumina plant (Konya, Turkey). Experimental design 

was applied to grinding of alumina powder. Grinding speed (1000-1500 rpm), grinding 

duration (5-10 min.) and amount of powder (7.5-10 ml) were selected as grinding 

parameters. For that purpose, 2
3
 full factorial experimental design with single replicate was 

carried out. Particle size distribution of ground powders were analyzed by laser diffraction 

particle size analyzer. The statistical significance of variables was determined using the 

analysis of variance (ANOVA). The finest alumina powder was selected and used to 

compare with unground alumina powder. Experimental and statistical results indicated that 

grinding parameters significantly affect the fines of alumina powders. 

 

1. INTRODUCTION 

Alumina (Al2O3) is the one of the most 

important ceramic materials due to its 

superior thermal, mechanical and 

dielectric properties. The only stable from 

of aluminum oxide is the α-alumina (α-

Al2O3), also known as corundum. It has 

many transition phases (, , , , ,  

and ) [Gitzen, 1970]. 

 
The Bayer process is the principal 

industrial means of refining bauxite to 

produce alumina. Over a period of 25 

years the benchmark precipitation yield 

of alumina has increased from 70 g/l to 

90+ g/l, whilst producing sandy alumina. 

There is however strong resistance to 

cross the 100 g/l level. Notably 

conflicting objectives between extraction 

and yield in digestion and between 

product quality and yield in precipitation 

require a solution. Den Hond and co-

workers [Den Hond  et al., 2007] 

explained an overview of past 

developments, the present status and the 
prospects, resulting from increased 
process knowledge and emerging 

technologies. 

 

If Bayer-processed alumina is calcined at 

temperatures <1150°C, its polymorphic 

transformation to α-Al2O3 is not be 

complete, and it may retain its transition 

phases. These unstable phases exhibit 

low sintering ability and high resistance 

to grinding. The unstable phases also are 

considered as the main causes for 

laminations and distortions during 

sintering [Hart and Lense, 1990]. 

 

Particle-size distribution is one of the 

most crucial parameters in the successful 

sintering of alumina. Packing 

characteristic is another critical parameter 

for sintering [Sutcu, 2004]. The particle 

shapes can be needlelike, spherical, 

tabular, platelet or equiaxial. The best 

packing of alumina powders is obtained 

using spherical shapes of various sizes 

randomly distributed in the batch 

[Tambaş et al 2007]. 

 

Experimental design is the important tool 

to analysis of whole possible results with 

a few experiments. This approach allows 

the experimenter to evaluate large 

number of experimental factors with few 

https://en.wikipedia.org/wiki/Bauxite
https://en.wikipedia.org/wiki/Alumina
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experiments and without the need to 

replicate experiments to draw statistically 

valid conclusions. The price paid for 

reduction of experimental runs is the 

inability to identify high order 

interactions between the parameters. 

[Montgomery, 2004; Harris and 

Lautenberger, 1976]. 

 
Full factorial experimental design was 

used for planning the tests, and the 

resulting data were analyzed using 

ANOVA (analysis of variance) table. It 

uses the complete 2
p
 factorial experiment 

which means each of p number of factors 

is tested at two levels. The results can 

provide the significant main effects, two 

factor interactions, and also three factor 

interactions clear of each other. This kind 

of experimental design is used by several 

researchers [Chegrouche and Bensmaili, 

2002; Yalamaç and Akkurt, 2006]. In a 

previous study of the author, the single 

replicate of the 2
3
 design was generated 

using commercial software. The three 

factors were grinding speed (A); grinding 

duration (B); and soak temperature (C). 

Each factor was studied at two levels 

[Yalamaç and Akkurt, 2006]. 

 

The aim of the study is to investigate the 

particle size reduction of alumina using 

disc mill by experimental design.  

  

2. EXPERIMENTAL 

 

2.1. Materials and Method 

Alumina powder was supplied from 

Seydişehir alumina plant (Konya, 

Turkey). The powder was ground under 

disc mill (RETSCH RS200) in a 50 ml 

stainless steel mill container. Grinding 

time (minute), grinding rotational speed 

(rate per minute) and feed volume (ml) of 

containers were the factors chosen for 

statistical experimental design. These 

were changed from 5 to 10 min, 1000 to 

1500 rpm and 7.5 to 15 ml, respectively. 

 

In order to investigate the contamination 

of alumina powder after grinding, ICP-

OES elemental analysis was done. The 

disc mill was made of steel therefore 

foremost examined element was iron (Fe) 

then Na, Ca and K were also inspected.  

Table 1 shows the ICP-OES analysis of 

as-received and after ground alumina 

powders. According to results, there is no 

iron contamination after grinding of 

alumina.  

 

Table 1: ICP-OES Analysis of powders. 

Selected 

Elements 

As-received 

alumina 

Ground 

Alumina 

Fe Undetected % 0.007 

Na % 0.1 % 0.06 

K Undetected Undetected 

Ca Undetected Undetected 

 

Before and after grinding, the particle 

size distributions of powders were 

measured under laser particle size 

analyzer (MASTERSIZER 3000).  

 

2.2. Statistical Experimental Design 

We designed eight experiments with 

single replicate according to the 2
3
 full-

factorial experimental design using the 

factors listed in Table 2. The aim was to 

identify the more important factor effects 

in addition to recognizing if there was 

any significant interaction between the 

factors. The experiments were done under 

the conditions that are listed in Tables 2 

and 3. 
 

Table 2: Factor ranges used in 2
3
 full 

factorial experiments. 

Factor 
Low 

level 

High 

level 

A: Grinding speed (rpm) 1000 1500 

B: Grinding time (min) 5 10 

C: Feed volume (ml) 7.5 15 
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3. RESULTS AND DISCUSSION 

 

3.1. Particle Size Distribution  

In order to minimize the number of runs 

experimental design methodology was 

employed. The single replicate of the 2
3
 

design was generated. The three factors 

were grinding speed (A); grinding 

duration (B); and feed volume (C). Each 

factor was studied at two levels. The 

design matrix and response values are 

shown in Table 3. The response variable 

for statistical analysis was the cumulative 

particle size finer than 90% (D90). 

 

As-received alumina and one of the 

selected ground alumina (Run#3:1500 

rpm-10 min-7.5ml) sample particle size 

distributions (PSD) are shown in Figures 

1 (a) and (b), respectively. According to 

the graph, as-received alumina powder 

shows gauss distribution and D50 is 52.8 

m and D90 is 96.5 m. These results are 

coherent with company data sheets (in 

Fig. 1a). As shown in Fig. 1b for the 

sample Run#3, the particle size 

distribution extremely decreased after 

grinding. But the shape of PSD is not 

mono-modal distribution it is like 

multimodal distribution. D50 is around 

4.22 m and D90 is 26.9 m. According 

to Fig. 1b, disc milling ground the most 

of the coarse particles of alumina 

powders but fine powders were not 

ground by disc milling. According to 

specification of the disc mill, final 

fineness is less than 20 m. Most of our 

results (D90 < 30 m) are coherent with 

this specification.  

 

In order to determine the effects, half 

normal probability plot was drawn in 

Figure 2. In this case A, BC are 

significant model terms. Values greater 

than 0.1000 indicate the model terms are 

not significant. If there are many 

insignificant model terms (not counting 

those required to support hierarchy), 

model reduction may improve your 

model. 

 

Table 3: Particle size results of 

experiments for grinding of alumina. 

Run 

order 

Grinding 

speed 

(rpm) 

Grinding 

time 

(min.) 

Feed 

volume 

(ml) 

Response 

D90 

(µm) 

1 1500 5 7.5 25.0 

2 1500 5 15 29.6 

3 1500 10 7.5 26.9 

4 1000 10 15 32.6 

5 1000 5 15 41.7 

6 1000 5 7.5 28.0 

7 1000 10 7.5 35.0 

8 1500 10 15 23.9 

 

 

 

 

Figure 1: Particle size distribution of (a) 

as-received and (b) ground alumina 

(Run#3) powders. 

 

 

 
Figure 2: Normal probability plot of the 

effects for the 2
3
 factorial. 

(a) 

(b) 



114 
 

 

3.2. Results of Factorial Designed 

Experiments 

The statistical analyses results (ANOVA 

table) for the grinding alumina data are 

given in Table 4. Mean square (MS) 

values were obtained by dividing the sum 

of squares (SS) by the degrees of freedom 

(DF). The model F-value (F0) of 20.29 

implied that the model was significant. 

There was only a 4.76 % chance that a 

‘‘model F-value’’ this large occurred due 

to noise. Values of ‘‘Prob > F’’ (P-Value) 

less than 0.05 indicated that model terms 

were significant at the 95% confidence 

level. In other words we are 95% 

confident that the particular effect was 

significant. In this case, the main effect 

grinding speed had the largest influence 

on the particle size of alumina since the 

value of Prob > F was the smallest for 

model term A (P-value = 0.0180). 

 

Table 4: Analysis of Variance (ANOVA) 

for alumina powder. 

Source SS DF MS F0 
Prob 

> F 

Model 239.01 5 47.80 20.29 0.0476 

A 127.20 1 127.20 53.98 0.0180 

C 20.80 1 20.80 8.83 0.0971 

AC 11.76 1 11.76 4.99 0.1551 

BC 70.21 1 70.21 29.80 0.0320 

ABC 9.03 1 9.03 3.83 0.1894 

Error 4.71 2 2.36   

Total 243.72 7    

 

According to ANOVA results, factor B 

(grinding time) is not significant factor. It 

means that grinding durations of 5 and 10 

min. were not appropriate levels to show 

importance of this factor. The grinding 

duration might be increased to display 

significance of the factor. 

 

4. CONCLUSIONS 

In this study, bayer processed alumina 

powder was ground under disc mill due 

to several experimental design factors. 

The PSDs were measured by laser 

particle size analyzer. ANOVA table 

shows that grinding speed was the most 

significant factor and grinding duration 

levels is not enough proper to reveal 

significance of this parameter. 
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ABSTRACT: Gold nanoparticles were prepared by reducing gold from it salt precursor 

(HAuCl4.3H2O) by sodium borohydride in the presence of pre-acidified montmorillonite as a 

stabilizer. The obtained gold nanoparticles stabilized in acid-activated montmorillonite with 

different gold loading, 1%, 2% and 5% of Au, were used as catalysts for 4-nitrophenol 

reduction to aminophenol. The resulting samples; acid-activated montmorillonite and gold-

montmorillonite were characterized by several methods, UV-Vis spectroscopy, X-ray 

Diffraction (XRD), transmission electron microscopy TEM and N2 adsorption, the UV-Vis 

results confirmed directly the gold nanoparticles formation. The XRD and N2 adsorption 

results showed the formation of gold nanoparticles in the mesopores of acid-activated 

montmorillonite with an average size of 5.7 nm obtained on samples with 2% of gold. 

Increasing loading from 1% to 2% to 5% of Au, leaded to the increase of the gold particles 

size. The reduction of 4-nitrophenol into 4-aminophenol with NaBH4 catalyzed by Au-acid-

activated montmorillonite catalyst exhibits remarkably a high activity; the reaction was 

completed within 6 min for catalyst of 1%Au stabilized in acid-activated montmorillonite, 

within 4.5 min for catalyst of 2%Au stabilized in acid-activated montmorillonite  and within 1 

min for 5%Au stabilized in acid-activated montmorillonite.

1. INTRODUCTION 

Synthesis and application of gold 

nanoparticles (AuNPs) has attracted 

considerable attention since the innovatory 

discovery of the activity of gold 

nanoparticles in CO oxidation at low 

temperature (Haruta et al. 1989). In catalysis, 

gold catalysts have  

been used in selective hydrogenation 

(Caballero et al. 2010), CO oxidation 

(Ivanova et al. 2006) and water-gas shift 

reaction (Yuan et al. 2008). In general, a 

small particles formation is required for the 

obtention of high catalytic performance of 

AuNPS. At the other hand, the key factor for 

small AuNPs synthesis is the use of stabilizer 

or a good support; the stabilization of AuNPs 

can be achieved by using surfactants 

(Schrekker et al. 2007) and polymers (Shang 

et al. 2014) and (Liu et al. 2007). The  

deposition of small AuNPs on clay surface 

was reported by  Zhu et al. (2009) and 

Letaief et al. (2011). In this research field, we 

used montmorillonite pre-acidified for 

AuNPs stabilization using a simple method 

based on chemical reduction method. We 

have prepared AuNPs by reducing of gold 

from it salt precursor (HAuCl4.3H2O) with 

sodium borohydride in the presence of acid-

activated montmorillonite as a stabilizing 

agent, AuNPs stabilized in acid-activated 

montmorillonite, with different gold loading 

of Au 1%, 2% and 5%, were prepared. The 

catalytic activity of AuNPs stabilized in acid-

activated montmorillonite prepared, was then 

tested in the reduction of 4-nitrophenol using 
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sodium borohydride NaBH4 as reductant 

agent, in effect, this reaction was largely used 

as reaction model for testing the catalytic 

reactivity of gold nanoparticles, in addition, 

it is an important reaction in the preparation 

of analgesic and antipyretic agent such as 

paracetamol (Mitchel 1992). Several 

methods, UV-Vis spectroscopy, X-ray 

Diffraction (XRD), transmission electron 

microscopy (TEM) and N2 adsorption, were 

used for both acid-activated montmorillonite 

and gold-acid-activated montmorillonite 

characterization.  

2. EXPERIMENTS  

2.1.Reagents 

For samples preparation, natural bentonite, 

obtained from the Roussel deposit of 

Maghnia (Algeria), was used as gold-

stabilizer after treatment of purification, 

homoionisation with NaCl and acidification 

with HCl, HAuCl4.3H2O (Sigma Aldrich) as 

gold precursor, NaBH4 (Sigma Aldrich) as 

reductant agent and 4-nitrophenol (Fisher 

Chemical) for catalytic test.  

 

2.2.Acid-activated Montmorillonite 

Preparation 

Natural bentonite was first purified by 

sedimentation to remove impurities like sand 

feldspar and calcite. Typically, 10 g of 

bentonite was vigorously stirred in 1l of 

distilled water for 3 h and kept 24h for 

sedimentation. The portion corresponding to 

2/3rd of uppermost portion supernatant was 

then separated and dried overnight at 80°C, 

finally the samples were powdered. After 

sedimentation step, the purified bentonite 

mainly montmorillonite were transformed to 

the homoionic Na-exchanger form by 

treatment with 1M sodium chloride solution, 

after centrifugation and washing of samples 

for several times a <2nm  fraction of 

montmorillonite were collected and disigned 

as Na-mont. For acidification 5g of  Na-mont 

was treated with 50ml of 4M HCl for 2h at 

room temperature, then the acidified Na-

mont was washed several times with distilled 

water before drying overnight at 60°C, the 

collected acid activated sample was designed 

as Amont. 

2.3. Gold Nanoparticles Preparation 

For the preparation of 1,2 and 5wt% Au 

stabilized in acid activated-montmorillonite 

(Amont) 10ml of HAuCl4.3H2O solution 

(0.01, 0.02 or 0.05g ) respectively was 

reduced with  aqueous solution of NaBH4 in 

presence of 10ml of Amont suspension 

(0.5g). The NaBH4 solution was added 

slowly and the mixture was kept under 

vigorous stirring for 1h at room temperature.  

After centrifugation and washing of several 

times with distilled water, the samples were 

dried overnight at 60°C. The collected 

samples were designed as 1Au-Amont, 2Au-

Amont or 5Au-Amont indicating the 

percentage of gold used of 1, 2 or 5% of Au 

respectively. 

 

2.4. Catalytic Reduction of 4-Nitrophenol 

(4-Np) 

The 4-nitrophenol reduction was carried out 

in the liquid phase at room temperature. 

Typically an aqueous solution of NaBH4 was 

added to 10mg of Au-mont  previously 

dispersed in 10ml of distilled water, at this 

mixture, an aqueous solution of 4-NP  was 

added under vigorous stirring. The molar 

ratio of Au:4-NP:NaBH4 used in this reaction 

was 1 :100 :10000. Since the excess amount 

of NaBH4 used for reduction reaction, the 

reaction rates can be regarded as being 

independent of the concentration of NaBH4, 

consequently, the reaction order was 

supposed pseudo first-order to 4-NP. The 

reduction process was monitored by UV-Vis 

absorption spectrometry, 1ml of reaction 

suspension was filtrated and then injected 

into quartz cuvette of UV-Vis spectrometer. 

In the UV-Vis spectra, the absorption at 398 

nm corresponds to 4-NP, whereas the 

absorption at 298 nm corresponds to 4-

aminophenol (4-AP), the reaction product. 

 

2.5. Characterization 

UV-Vis absorption spectra were recorded on 

SHIMADZU UV-170 spectrometer, BET 

surfaces areas and pore diameter were 

obtained using a Micromeritics Tristar II 
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machine and pore diameter was calculated 

from BJH method. The XRD analyses were 

performed on X’Pert Pro PANanalytical 

instrument using CuK radiation, 

transmission electronic microscopy (TEM) 

observation were carried out on TOPCON-

002B apparatus, all samples were dispersed 

in ethanol solution and then deposited on a 

holey carbon film supported on copper grid.   

3. RESULTS 

3.1 Characterization Results 

UV-Vis spectrometry results immediately 

confirmed the AuNPs formation by analysis 

of gold-montmorillonite suspension during 

preparation. The results obtained on 2Au-

Amont and 5Au-Amont are reported in Fig. 1 

(a) and (b) respectivelly, for 1Au-mont 

sample any absorption band was observed, 

however, a large band centred at 519nm 

corresponding to small gold particles was 

observed on 2Au-Amont, this band become 

more discernible for 5Au-Amont. The 

decrease in the band centered at 519nm is in 

relation with the formation of smaller gold 

nanoparticles. 

 

From BET results (Table 1), a value of 

surface area of 56m
2
/g was obtained on Na-

mont. After acidification treatment the 

surface area increase from 56m
2
/g to 

74.7m
2
/g with diameter pore BJH model of 

8.5nm, this value of diameter pore, 

confirmed the presence of mesopores on the 

acid-activated montmorillonite. However,  

the surface area of Amont decrease to 

13.3m
2
/g after insertion of gold particles in 

2Au-Amont and to 8.3m
2
/g for 5Au-Amont. 

The decrease in surface area on 2Au-Amont 

and 5Au-Amont can be attributed to AuNPs 

stabilization within the mesopores of acid-

activated montmorillonite. 

 

 

 

 

 

 

 
Figure 1: UV-Vis spectra during preparation, 

after 30min of stirring obtained on 2Au-

Amont a) and 5Au-Amont b) 

 

Table 1: BET results 
Samples Na-mont Amont 2Au-Amont 5Au-Amont 

BET(m
2
/g) 56   74.7  13.3 8.3 

Pore 

diameter  

   8.5nm   

 

The XRD analysis on Au-Amont with 

different percentage of gold 2% and 5% are 

reported in Figure 2. The insertion of gold 

nanoparticles into acid-activated 

montmorillonite was also confirmed by the 

XRD analysis, in addition to typical 

montmorillonite diffraction peaks (a), four 

characteristic gold reflections were, Au(111) 

at 38.2°, Au(200) at 44.5°, Au(220) at 64.6° 

were observed. XRD spectra reported in 33-

40° 2Theta region was used to calculate gold 

particles size. A gold particles size estimated 

by XRD analysis is about 6.5nm for 2Au-

Amont and 8.2nm for 5Au-Amont. For the 

1Au-Amont, no diffraction line was 

discerned, because of the too small particle 

sizes in accordance with UV-vis 

spectrometry results. 
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In the TEM images Fig. 4 obtained on 2Au-

mont, the gold particles appeared as 

homogeneously dispersed on 

montmorillonite. The sizes of most particles 

are about 3-9nm with average particle size of 

5.7nm, same are as large as 9nm after 

agglomeration. 

 

Figure 2: XRD analysis on Amont  compared 

to 2Au-Amont and 5Au-Amont in 5-80 

2Theta region and 33-40 2Theta region 

 

 

Figure 3: TEM image of overview of 2Au-

Amont 

3.2. 4-Nitrophenol Reduction 

The catalytic activity of AuNPs in Au-Amont 

was investigated for 4-NP reduction to 4-AP, 

the reaction was monitored by UV-Vis 

spectrometry. The UV-Vis analysis results 

are reported in Figure 4. The absorbance at 

398nm corresponds to 4-NP decreased, 

whereas a new peak with absorbance at 298 

nm appeared, this absorption corresponds to 

4-AP. The characteristic peak of 4-AP 

increased rapidly and the reaction was 

completed within 6min for 1Au-Amont, 

within 4.5 min for 2Au-Amont and within 

1min for 5Au-Amont. The catalytic activity 

of Au-Amont catalysts increased with the 

increase of loading level of AuNPs. 

 

Figure 4 UV-Vis absorption spectra for 4-NP reduction with an excess of NaBH4 at room 

temperature on a) 1Au-Amont b) 2Au-Amont c) 5Au-Amont  
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Au-Amont catalyst was very active for 

this reaction type, no reduction activity 

was observed on the stabilizer (Amont) 

alone or without Au-Amont catalyst 

presence. Figure  5 represents the 

variation of the ln(At/A0) versus reaction 

time calculated from the absorbance data 

obtained on 1Au-mont and 2Au-mont, 

where A0 and At are the initial 

absorbance of 4-NP and the absorbance 

of 4-NP at reaction time, t, respectively.

 

Figure 5: Plot of ln(At/A0) versus reaction 

time of reduction for 1Au-mont and 2Au-

mont 

 

A good linear correlation has been 

obtained, and a calculated value of  

constant rate is about 0.7 10
-2

 s
-1 

for 1Au-

Amont and 1.8 10
-2

 s
-1

 for 2Au-Amont, 

this result confirmed the high activity of 

Au-mont catalyst in the reaction of 4-

nitrophenol reduction, this activity 

increase with increasing gold loading 

percentage from 1 to 2 to 5%. 

4. CONCLUSION 

In summary, gold nanoparticles were 

successfully prepared using chemical 

reduction method in the presence of acid-

activated montmorillonite as stabilizer 

agent. The characterization results 

confirmed a small gold nanoparticles 

formation within the mesopores of 

montmorillonite with an average particle 

size of 5.7nm obtained on 2Au-Amont.  

From characterization results, it is evident 

1Au-Amont exhibit smaller particles size 

and gold nanoparticles size increase with 

increasing the loading level of Au. The 

catalytic activity of Au-mont was 

investigated for 4-nitrophenol reduction 

with an excess amount of NaBH4. The 

reaction followed a pseudo-first-order 

rate with a constant rate of 1.810
-2

 s
-1 

obtained on 2Au-Amont and 0.710
-2

 s
-1

 

obtained on 1Au-Amont; this result 

confirmed the high activity of Au-Amont 

in 4-NP reduction. This work represents 

the use of acid-activated montmorillonite 

for AuNPs synthesis by a simple method, 

in addition the obtained gold 

nanoparticles stabilized in acid-activated 

montmorillonite catalyst is highly active 

for 4-nitrophenol reduction; this facile 

preparation method can be used for other 

metal nanoparticles synthesis. 
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ABSTRACT:  The nano-composite glass prepared by sol-gel reaction occurs at low/room 

temperature and therefore organic dye molecules or any other biological materials can be 

incorporated in the gel network, with no risk of thermal degradation, whereas conventional 

glass production requiring high temperature which organic molecules  cannot withstand. 

Also the host matrices prepared by sol-gel method are highly nanoporous, optically 

transparent and mechanically and thermally stable and can be prepared in the form of 

rectangular blocks, films or cylinders.  

In 1984 Avnir and coworkers first demonstrated the possibility and applications of doping 

a gel with an organic dye materials [1]. Since then continuous research work on 

development of newer and newer sol-gel materials [2-8] and  organic or biological 

materials doped sol-gel materials have been carried out world wide [9-15].  The present 

work mainly consists of preparation of Sol-gel glass nanocomposites known as 

ORMOSILS (organically modified silicates), studying their optical, mechanical properties.  

 

Keywords: Sol-gel Glass, Nano-Composite 

 

1. INTRODUCTION 

The sol-gel technology by which 

inorganic or composite organic-inorganic 

materials are made at relatively low 

temperature consists of hydrolysis of the 

constituent molecular precursors and 

subsequent polycondensation to glass-

like form. The excellent properties such 

as high transparency, Nano porosity, high 

optical quality, good mechanical and 

thermal stability, and inert nature etc. of 

sol-gel glass nano-composite materials 

and advantages of processing technique 

over conventional method of glass 

preparation have led to a number of 

applications of these materials in various 

fields of science and technology such as 

optical coatings, protective and porous 

films, dielectric and electronic coatings,  

window insulators reinforcement fibers, 

filters, high temperature superconductors, 

active waveguide, catalysts and host 

matrix for various type of biological and 

chemical dopants [13-18].  

 

2. PREPARATION 

As mentioned in the introduction, the 

preparation of sol-gel is a two step 

process involving hydrolysis and 

polycondensation of metal alkoxide in 

presence of a catalyst. The sol-gel 

materials are prepared in the present 

work by carrying out hydrolysis and 

polycondensation of 

tetraethylorthosilicate (TEOS) using HCl 

as catalyst. The materials were prepared 

by employing two different methods. 

 

1) Method I: using HCl as catalyst and 

glycerol as DCCA: A sol was prepared 

by mixing 11.2- ml TEOS, 6-ml MeOH, 

9 ml- H2O, 1.0 ml HCl (0.1 N) as catalyst 

and 10 ml glycerol as DCCA to reduce 

the cracking of monoliths during drying 

under magnetic stirring at room 

temperature.  After 17 hours of stirring, 

3.5 ml sol was poured in the rectangular 

polystyrene cuvettes of size (4.5 × 1.0 × 

mailto:poonamcjaju@gmail.com
mailto:laxmanjathar@gmail.com
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1.0) cm
3
. The cuvettes were sealed with 

teflon tape to ensure slow drying of sol, 

which decreases the probability of 

cracking in solid. Drying and aging of gel 

were carried out at room temperature in 

clean and controlled environment.  

After about 2 months from the date of 

preparation, solid blocks were obtained in 

the form of parallelopipeds with 

dimensions (0.8 × 0. 8 × 2.0) cm
3
. These 

glass samples were immersed in MeOH / 

H2O (50:50 by volume) for 16 hours. 

After removing the samples from the 

solution they were dried at room 

temperature. After 15 days of drying the 

surface of the samples gets dried so that it 

is handable and can be subjected to 

various measurements.  

 

2)  Method II: using HCl as catalyst at 

60
O

Cand heated at 600
O

C temperature 

for 3 hours: A sol was prepared by 

mixing 78- ml TEOS, 102 ml- H2O, 2.4 

ml HCl as catalyst under magnetic 

stirring at  60
O
C  temperature for 1 hour.  

After stirring, 3.5 ml sol was poured in 

the rectangular polystyrene cuvette and 

then sealed with teflon tape. Drying and 

aging of gel were carried out at 60
O
C 

temperature in heating blocks. After 

about 4 days from the date of preparation, 

solid blocks were obtained in the form of 

parallelopipeds with dimensions (0.6 × 0. 

6 × 1.7) cm
3
. These glass samples were 

given heat treatment by heating in 

programmable microwave furnace at 600
 

O
C  for 3 hours and then subsequently 

they were cooled and kept at room 

temperature for one day. After one day of 

drying the surface of the samples gets 

dried so that it is handable and can be 

subjected to various measurements.  

 

3. RESULT AND DISCUSSION 

 

3.1. Optical  Transmission 

 The transmission spectra of both types of 

undoped dried samples were recorded by 

a conventional spectrophotometer with 

respect to air from 190 to 700 nm 

wavelength region and are shown in Fig.1 

These dried sol-gel glass blocks obtained 

by all the above methods show the same 

transmission through all faces when held 

vertical and it did not change even when 

the position of the block with respect to 

the incident beam was changed across the 

width of the block. This confirms that the 

faces of the solids are plane parallel to a 

good accuracy. The dried solid glass 

samples are obtained by all the methods 

show good transparency in the visible 

region. The transmission of all sol-gel 

glass samples prepared by two different 

methods is about 92% from 700 to 400 

nm as seen in Fig1.  It decreases to 87% 

and 74% for Method I and Method II 

samples respectively at 300 nm. 

From the Fig.1 it is very clear that the 

sol-gel glass samples prepared by Method 

I show more optical transmission in near 

UV-UV region  

 

 
Fig. 1: Transmission spectra of undoped 

dried sol-gel glass samples 

 

3.2 XRD 
XRD spectra of all dried sol-gel glass 

blocks prepared by all the three methods 

were studied with a conventional powder           

diffractometer (Philips 1050) using 

graphite monochromatised CuK 

radiation. 
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Fig 2: XRD of sol-gel glass sample 

(Method I) 

 

Fig. 2 shows the XRD pattern of sol-gel 

glass sample prepared by Method I. A 

broad peak at 24 
0
 is seen for the sample 

confirming the amorphous nature of silica 

matrix [19, 20]. The XRD patterns for 

Method II samples are similar. 

  

3.3. Bulk Density, Porosity and 

Mechanical Strength 

Bulk density of these sol-gel glass 

samples was determined from their 

weights (measured by Mettler Toledo 

balance 10
-4

 g accuracy) and volumes 

using traveling microscope. The Porosity 

of the glass samples is determined by 

using the formula [Porosity (%) = [(1- 

(sample bulk density/ skeletal density of 

amorphous silica))*100]. The theoretical 

skeletal density of amorphous silica is 

taken to be 2.2 g/cm
3
 [19-22].  

Mechanical strength of these sol-gel glass 

samples was recorded by Universal 

Tensile Machine (UTM, Lloyd 

Instruments
TM

 LR 10K PLUS). 

 

Table 1: Bulk Density, Porosity and 

Mechanical Strength values of Method I 

and  Method II sol-gel glass samples  

Sol-gel 

glass 

sample 

Method 

I 

Method 

II 

Bulk 

Density 

(g/cm
3
) 1.79 1.62 

Porosity 

(%) 19 28 

Mechanical 

Strength 

(MPa) 5.74 22.3 

 

Uncertainty 0.05 (g/cm
3
) in bulk density, 

0.5% in porosity and 0.02 MPa in 

mechanical     strength 

Table 1 lists the values of bulk density, 

porosity and mechanical strength of sol-

gel glass samples prepared by two 

different methods. It can be observed that 

the maximum bulk density i.e. 1.79 g/cm
3
 

is observed in Method I glass sample 

which is associated with minimum  

porosity 19%, while the bulk densities  

1.62  g/cm
3
 are observed in Method II 

sol-gel glass  samples  with value of 

porosity 28% . Where as the mechanical 

strength of the Method II sol-gel glass is 

very good compare with the sol-gel glass 

samples prepared by method I. This is 

because during heating, the maximum 

amount of residual solvent is coming out 

from these samples and thus matrix 

becomes very strong leaving only SiO2 

structure. 
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ABSTRACT: Hydroxyapatite (HA) has been widely used in biomaterials owing to its 

chemical composition and crystalline structure similar to those of inorganic bones and 

teeth. Hexagonal boron nitride (hBN) is an artificial material with layered crystal structure 

that has biocompatible and non-cytotoxic materials for orthopedic applications. In this 

study, hexagonal boron nitride (hBN; 0, 2.5, 5.0 and 10.0 wt. %) was added to HA. 

Composite samples were shaped with cold isostatic pressing (CIP) at different pressure and 

time. All samples were heat treated at 1100 °C. The density and open porosity of the 

sintered samples were determined by Archimedes' method, the crystalline phases present in 

the samples were identified by X-ray diffraction (XRD) and microstructural evolution was 

examined using scanning electron microscopy (SEM). Experimental results indicated that 

the density was increased and apparent porosity was decreased with increasing hBN 

content. The shaping parameters (pressure and time) of samples were affected on the 

microstructure. 

 

Keywords: Hydroxyapatite, hexagonal boron nitride, cold isostatic pressing, 

characterization 

 

1. INTRODUCTION

Calcium phosphate compounds are 

bioceramic materials which used in bone 

and dental implants. Hydroxyapatite (HA, 

Ca10(PO4)6(OH)2), is used instead of bone 

because of biocompatible and bioactive 

properties [White et al., 2010; Nath et al., 

2010]. It has been investigated on HA 

shaping [Tadic and Epple, 2003; Tadic et 

al., 2004; Tan et al., 2007; Boilet et al., 

2013; Descamps et al., 2013], sintering 

[Juang and Hon, 1996; Muralithran and 

Ramesh, 2000; Monmaturapoj and 

Yatongchai, 2010; Lin et al., 2012], 

phase decomposition [Liao et al., 1999; 

Cihlar et al., 1999; Barralet et al., 2002; 

Wang et al., 2009; Yang et al., 2010; Ou 

et al., 2013] and HA composites [Kikuchi 

et al., 2001; Jin et al., 2010; Lahiri et al., 

2011; Aminzare et al., 2013; Prajatelistia 

et al., 2013; Bakan et al., 2015]. One of 

CaO-P2O5 phase is tricalcium phospahate 

(TCP, Ca3(PO4)2) which is used 

orthopedic, dental and plastic surgeries as 

bone graft substitutes [Descamps et al., 

2007;]. There are several studies on 

properties, phase transformation and 

sintering of TCP [Perera et al., 2010; 

Descamps et al., 2007; Ryu et al., 2002; 

Cho et al., 2007; Liou et al., 2002; 

Famery et al., 1994; Ahn et al., 2013].  

Hexagonal boron nitride (hBN) is an 

artificial material with layered crystal 

structure that has strong covalent bond 

between atoms in layers but weak Van 

der Waals between layers [Weimer, 1997; 

Engler et al., 2007; Naftaly et al., 2010]. 
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Because of its crystal structure and white 

color, it is also called white graphite. 

hBN has density between 2.0 to 2.28 

g/cm
3
. hBN is used from metal industry 

to cosmetics because of its unique 

properties. hBN isn't wetted by molten 

metals or slags and shows excellent solid 

lubrication properties. Also has low 

friction coefficient, high thermal 

conduction and electrical insulation 

properties [Engler et al., 2007; Rudolph, 

2002]. Boron Nitride Nano Tube (BNNT) 

is biocompatible and noncytotoxic 

materials for orthopedic applications 

[Lahiri et al., 2010; Chen et al., 2009; 

Ciofani et al., 2010]. 4 wt % BNNT-HA 

composites has 120% higher elastic 

modulus, 129% higher hardness, 86% 

more fracture toughness and 75% 

improvement in the wear resistance 

compares to HA [Lahiri et al., 2011]. 

Prajatelistia and et al. were reported that 

HA powders with a particle size of 1.5 

μm and hBN with an average particle size 

of 1μm were used in their study and HA-

hBN composites were shaped by SPS and 

hot press. Test results of shaped 

composite showed that mechanical 

properties were improved [Prajatelistia et 

al., 2013]. In this study, nanoHA - 

nanohBN composites including 0-2.5-

5.0-10.0 wt% hBN were shaped with cold 

isostatic pressing, sintered at 1100
o
C and 

investigated physical properties and 

microstructure.  

 

2. MATERIALS AND METHODS 
NanoHA powder was provided by 

NANOTECH Ltd., Eskişehir, while 

nano-hexagonal BN powder (hBN) was 

supplied by BORTEK Inc., Eskişehir and 

poly vinyl alcohol (PVA; ALDRICH) 

was used as a binder. Samples that 

included 0.0 wt. %, 2.5 wt. %, 5.0 wt. % 

and 10.0 wt. % nanohBN were prepared 

and designated as HB 0.0, HB 2.5, HB 

5.0, HB 10.0 respectively. Raw materials 

and PVA solution were mixed in a ball 

mill under wet conditions using zirconia 

balls for 6 hours and dried at 70°C, 

following which, the dried powders were 

ground and screened with 35 mesh 

screen. Samples were pressed at 100 MPa 

and 150 MPa via cold isostatic press 

(MSE/CIP-WB-150-200) at room 

temperature with a dwell time 45 sec and 

60 sec to produce 3 mm in diameter and 

100 mm length samples. The binder 

removal of samples was carried out at a 

heating rate of 2°C/min up to 600°C, 

maintained at this temperature for 2 

hours, and then cooled to room 

temperature at a rate of 5°C/min. All 

samples were sintered at 1100°C, where 

the peak temperature was maintained for 

1 hour under atmospheric conditions. The 

density and apparent porosity of sintered 

samples were determined by using the 

Archimedes’ method in deionized water. 

The result was derived from the average 

of three measurement for each sintering 

samples due to shaping pressure and 

time. The phase composition of the 

samples was analyzed via XRD using a 

Rigaku Rint 2000 X-Ray Diffraction with 

CuKα radiation λ=0.15406 nm at 40 kV 

and 30 mA. The spectra were analyzed by 

using JADE software and Maud program. 

The microstructures were characterized 

by scanning electron microscopy (SEM, 

ZEISS SUPRA 50VP using 20 kV) 

3. RESULTS AND DISCUSSION 

Figure 1 shows the X-ray diffraction 

patterns of nanoHA powder which it 

contains HA (JCPDS PDF No: 009-0432) 

and TCP (JCPDS PDF No: 009-0169) 

characteristic peaks. It was determined by 

Rietveld analysis that nanoHA powder 

includes 90.84 % ± 0.74 HA and 9.16% ± 

0.12 β-TCP phase. The X-ray diffraction 

patterns of nanohBN powder are given in 

Figure 2 and all peaks belong to 

nanohBN (JCPDS PDF No: 034-0421). 

Nano structure of HA and nanohBN can 

be clearly identified in the SEM images 

(Figure 3). XRD patterns of sintered 

samples are given in Figure 4. NanohBN, 

HA and TCP phases were only observed 
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in sintered samples. NanohBN affects the 

decomposition of HA to TCP phase. 

Although sintering conditions were same, 

the peaks of TCP were rose with 

 

Figure 1. XRD patterns of nanoHA 

powder 

Figure 2. XRD patterns of nanohBN 

powder  

  

Figure 3. SEM images of starting 

powders, a) nanoHA, b) nanohBN 

increasing the amount of nanohBN. The 

rising of TCP peaks are agree with 

Rietveld analysis (Figure 5). These 

results indicate that nanohBN behaves 

like a catalyzer in the nanoHA-nanohBN 

composites. The effect of forming 

pressure and time on relative densities of 

samples with the amount of nanohBN are 

shown in Figure 6. It could be said that 

there is not any effect of forming duration 

and nanohBN amount on relative density 

for formed sample in 100 MPa. Formed 

samples in 150 MPa, forming duration is 

effective on relative density. The relative 

density increases up to 2.5% nanohBN 

and then decreases with increasing 

nanohBN ratio. Shrinkage of sintered 

samples increases with nanohBN amount. 

The effect of forming pressure and 

duration is not clear on shrinkage of 

sintered samples (Figure 7). 

 

 

 

 
Figure 4. XRD patterns of sintered 

samples a) HB 0.0, b) HB 2.5, c) HB 5.0, 

d)HB 10.0  (*: β-TCP, ▼: nanohBN) 
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Figure. 5.  Relative amount of TCP ratio 

as a function of wt% nanohBN content 

  

Figure 6. Relative density of sintered 

samples, a) 100 MPa and b) 150 MPa 

  

Figure. 7. Shrinkage of sintered samples, 

a) 100 MPa and b) 150 MPa 

The porosity of sintered samples changes 

with density. NanohBN amount is affect 

the porosity of the sintered samples, but 

the effect of forming pressure and 

duration is insignificant (Table 1 and 

Table 2). When microstructures are 

examined, nanohBN causes grain growth 

and porosity expansion, enlargement of 

grain size with increasing the nanohBN 

amount. Figure 8 and Figure 9 show that 

nanohBN are located in grain boundaries 

and porosities. The effects of forming 

pressure and duration are negligible on 

microstructure of sintered samples. TCP 

phase increases with amount of nanohBN 

and looks like rod shapes (e.g. Figure 9, 

b) HB 5.0). 

Table 1. The porosity of sintered samples 

(at 100 MPa)  

nanohBN 

(wt%) 

Pressure 

Time 

(sec) 

Apparent 

Porosity 

(%) 

Closed 

Porosity 

(%) 

0.0 
45  40.53 0.97 

60  39.05 0.37 

2.5 
45  23.93 1.21 

60  26.61 1.84 

5.0 
45  19.71 4.99 

60  21.60 3.65 

10.0 
45  18.93 5.87 

60  22.67 4.64 

Table 2. The porosity of sintered samples 

(at 150 MPa) 

nanohBN 

(wt%) 

Pressure 

Time 

(sec) 

Apparent 

Porosity 

(%) 

Closed 

Porosity 

(%) 

0.0 
45 38.50 2.15 

60  35.25 1.28 

2.5 
45  23.74 3.27 

60  17.63 4.33 

5.0 
45  20.58 4.40 

60  21.83 4.47 

10.0 
45  25.57 4.31 

60  30.13 3.86 

 

4. CONCLUSIONS 

In this study, nanoHA-nanohBN 

composites including 0-2.5-5.0-10.0 wt% 

nanohBN were formed with cold isostatic 

pressing, sintered at 1100
o
C and 

investigated physical properties and 

microstructure. Obtained results show 

that forming pressure and duration are 

negligible effect on the properties of 

sintered samples. NanohBN causes grain 

growth and porosity expansion, 

enlargement of grain size with increasing 

the amount of nanohBN. The nanohBN 

has catalyzer effect on transforming HA 

to TCP.  
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Figure. 8. Microstructure of sintered samples (at 

100 MPa) a) 45 sec, b) 60 sec 

  

  

  

  
Figure. 9. Microstructure of sintered samples (at 

150 MPa) a) 45 sec, b) 60 sec 
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ABSTRACT: Open and closed porosity of hard porcelain bodies were determined by a 

Helium picnometer method. Boron oxide containing waste (~9% B2O3) from a tincal 

processing plant was used to compensate for the feldspars as the fluxing agent in the green 

body compositions.  The empirical molecular formula of the green body, and sintering 

temperature were the examined parameters. The firing temperature was 1000°C to 1350°C. 

Although, the water absorption of the sintered bodies was zero, the total porosity as 

determined by the He-picnometer method was in a range of approximately 10% to 50%. 

This was supported by the SEM pictures. The inclusion of B2O3 had the effect of 

increasing closed porosity with bloating taking place at temperatures as low as 1000°C. 

The open porosity decreased to zero in compositions with B2O3 in excess of 8%. The 

feldspars did not have the same effect, since the commencement of bloating was at higher 

temperatures (1300°C) and the pores remained open. The pore structure with the B2O3 

containing compositions was equiaxed with smooth pore boundries. However, feldspar 

containing compositions yielded sharp edged pores. The mechanical manifestation of  

B2O3 inclusion in the compositions was increased impact strength without any significant 

decrease in the bending strength. 

 

1. INTRODUCTION 

Porcelains are grouped according to their 

sintering temperature as hard (1350-1400 

°C) and soft (1200-1250°C), including 

tableware, sanitary ware, electrical and 

dental porcelains. The hard porcelain 

bodies being relatively white, translucent, 

with zero water absorption are of 

economical value. The need for higher 

sintering temperatures arises for the 

proper microstructure development that 

provides the required physical properties 

for higher value marketable products. 

 

Hard porcelain body products can be 

produced by wet ball milling of the 

calculated mixture of raw materials, 

Shaping is achieved either by dry 

pressing of spray-dried granules, or 

extrusion and jiggering, or high pressure 

casting, generally. Sintering at high 

temperatures follows. Glazes can be 

applied before or after the body sintering 

(for the latter a gloss firing is applied) 

[Kibici, 2002]. The hard porcelain bodies 

like all other ceramic structures are tri-

axial products of compositions of clay, 

feldspar, and silica sand. The 

microstructure of ceramics, is, in general, 

crystalline phase grains dispersed in a 

glassy matrix and can be dense or porous. 

The microstructural development of 

ceramics can be visualized as the 

evolution of crystalline, glassy, and pore 

phases counter effectively. The fluxing 

oxides contained in the feldspars 

basically form the glassy phase upon 

sintering of the green bodies [Kobayashi, 

1992; Iqbal Y. and Lee W.E., 2002; Iqbal 

Y., 2008]. The final porosity is the result 
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of the original gaps between granules in 

the green state, and H2O and CO2 

evolution during sintering. The pores in 

general tend to be elongated with sharp 

corners. Porcelain bodies comprise 

mostly of a glassy phase with scattered 

crystal grains, and porous, although its 

water absorption is zero in the standard 

test. The higher sintering temperature of 

hard porcelain bodies helps decreasing 

the porosity with improved mechanical 

properties [Mattyasovszky - Zsolnay, L. 

1957]. 

 

In this study, the potassium feldspar, used 

in the tableware hard porcelain body 

composition, was partially compensated 

with boron oxide (B2O3) in a waste 

obtained from an industrial boron 

compounds manufacturing plant. B2O3 

lowers the viscosity of the liquid phase at 

the high temperatures of sintering 

[Kurama et.al., 2006; Kumar et.al.,2007]. 

The effects of this phenomenon on the 

pore phase evolution in the 

microstructure and the related mechanical 

and optical properties were investigated 

 

2. MATERIALS AND METHODS 

 

2.1 Preperation of the Hard Porcelain 

Bodies 

The green porcelain bodies consist of a 

mixture of relatively pure industrial clays, 

kaolines, feldspars, silica sand, and boron 

oxide containing waste. The waste 

material was obtained from Eti Bor boron 

compounds production plant in Kirka, 

Eskisehir. The waste was used to partially 

replace and compensate for the feldspars 

in the green porcelain body. The chemical 

analyses of the regular industrial raw 

materials and the waste material are given 

in Table 1. B2O3 and Na2O contained in 

the waste are the fluxing agents.   

 

Table 1: The chemical analyses of the raw 

materials. 
Raw 

SiO2 Al2O3 CaO MgO Na2O K2O B2O3 LoI 

Material 

Clay 1 47.7 32.9 0.18 0.34 - 1.58 - 15.3 

Kaoline1 47.3 39.9 0.11 0.39 - 2.05 - 12.2 

Kaoline2 47.1 37.1 0.12 0.34 - 1.82 - 12.6 

Kaoline3 48.0 36.7 0.22 0.28 - 0.49 - 13.1 

Feldspar 67.9 17.4 0.14 - 2.85 11.3 - 0..35 

Sand 99.2 0.49 0.02 - - - - 0.23 

Waste 18.1 1.95 18.6 15.2 4.83 0.52 8.55 29.2 

 

A series of compositions were prepared 

containing the waste, which yielded two 

different molecular formula with high 

and low flux contents. The regular 

industrial composition was used as the 

reference for comparison. The waste 

content was in the range of 0-25 wt.% 

and the flux contents of the compositions 

are given in Table 2. 

 

Table 2: The fluxing agent contents of the 

raw material mixtures.  

Sample 
Feldspar 

(%) 

Waste 

Material 

(%) 

F15B00* 15 0 

F66B00 66 0 

F25B15 25 15 

F00B25 0 25 

F05B05 5 5 

F00B08 0 8 

F00B10 0 10 

* Reference compositon 

 

The raw material mixtures were wet ball 

milled for deagglomeration and 

homogenization. The ceramic sludges 

were dried, and granulated. An optimum 

particle size distribution was calculated 

using Furnas and Andreasen's equation 

(Eq. 1) for the highest green density 
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[Dinger and Funk, 1997].  

 

CPFT/100% = (D
n
-DS

n
)/(DL

n
-DS

n
) (Eq. 1) 

where, 

CPFT: cumulative percentage 

DL: the highest particle size 

DS: the lowest paarticle size 

n: distribution modulus 

 

The samples were shaped by dry powder 

pressing and fired at peak temperatures of 

1000°C, 1150°C, 1250°C and 1350°C for 

a total firing time of 5 hours (cold-to-

cold) by using an open hearth batch 

(shutle) kiln. 

2.2 Characterization of the Samples 

The total, open and closed porosity of the 

porcelain samples, were determined by 

helium pycnometry (Micromeritics 

Accupyc II 1340). The principle is to 

measure the void volume filled up by He 

gas in the specimen holder in which the 

sample was placed. The theoretical 

density of the porcelain was measured by 

grinding in a ring mill to the point of zero 

residual porosity, before He-pycnometry. 

The volume of the bulk samples were 

measured by a water displacement 

pycnometer in order to obtain the 

geometrical volume of the sample. All the 

bulk and powder samples were weighed. 

The total, cosed, and open porosities were 

calculated according to the following 

scheme including Eq.2 to Eq.5. 

   

th=Mpowder/Vpowder He pyc            (Eq.2) 

Vtotal porosity=Vsample-Msample/th   (Eq.3) 

Vopen porosity=Vsample-VHe pyc        (Eq.4) 

Vclosed porosity =Vtotal porosity- Vopen porosity 

                                                      (Eq.5) 

Where, 

th: Theoretical density, 

Vpowder He pyc: Powder volume as measured 

by He pycnometer, 

Mpowder: Mass of the powder of volume 

Vpowder He pyc          

Vsample: Geometrical volume of the bulk 

sample as measured by water 

pycnometry 

VHe pyc: Volume of the bulk sample as 

measured bu He pycnometry 

Msample: Mass of the bulk sample of 

volume Vsample 

 

The water absorption test were carried 

out according to the standardized method. 

 

The SEM pictures of the specimens were 

taken with ZeissSupra 40 VP scanning 

electron microscobe. 

 

Charpy impact resistance data were 

collected with a 12 J impact head 

DEVOTRANS-CDI apparatus. Three 

point bending strength tests were done 

with Netszsch bending strength tester. 

 

Dilation of the samples were determined 

by an optical dilatomeer as a function of 

temperature. 

 

3. RESULTS AND DISCUSSION 

This study comprise a section of a more 

general research on the effects of the 

inclusion of a boron oxide containing 

waste material to be employed as fluxing 

agent, on the pore phase evolution of hard 

porcelain bodies during sintering.  

 

Some representative molecular formulas 

of the green compositions, given in Table 

2, were as follows. 

 

Reference composition: 
0.115𝐾2𝑂

0.028𝑁𝑎2𝑂
} . {

0.02𝑀𝑔𝑂
0.008𝐶𝑎𝑂

} . 𝐴𝑙2𝑂3. 4.35𝑆𝑖𝑂2 

 

High flux composition: 
0.047𝐾2𝑂

0.048𝑁𝑎2𝑂
0.425𝐵2𝑂3

} . {
0.432𝑀𝑔𝑂
0.402𝐶𝑎𝑂

} . 𝐴𝑙2𝑂3. 4.90𝑆𝑖𝑂2 

 

Low flux composition: 
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0.012𝐾2𝑂
0.35𝑁𝑎2𝑂
0.116𝐵2𝑂3

} . {
0.136𝑀𝑔𝑂
0.135𝐶𝑎𝑂

} . 𝐴𝑙2𝑂3. 3.35𝑆𝑖𝑂2 

 

It is expected to have a lower sintering 

temperature with a higher total fluxing 

oxides, since the onset of liquid phase 

formation is at a lower temperature, and 

the fraction of the liquid phase is higher 

at any exceeding temperature. 

 

During sintering the existing initial voids 

in the green state evolve into a porous 

structure as well as the formation of new 

pores mainly by the evolution of crystal 

H2O from the kaolines, and CO2 from the 

carbonates. When the temperature 

increases during sintering the porosity 

increases due to the gas evolutions. At 

still higher temperatures of sintering the 

porosity gradually decreases due to the 

sintering compaction of the initial grains. 

Both the total porosity and the pore 

shapes change with the increasing 

temperature during sintering. The 

porosities and the water absorption of the 

sintered samples are given in Table 3. 

 

Table 3: The porosities and water 

absorption of the sintered samples. 
Sample 

 

Sintering 

Temperature 

(°C) 

Closed 

Porosity 

(%) 

Open 

Porosity 

(%) 

Total 

Porosity 

(%) 

Water 

Absorption 

(%)  

F15B00 1350 2,53 24,71 27,24 0.0 

 1250 4,10 11,83 15,93 0.0 

 1150 1,33 25,46 26,79 5.4 

 1000 0,40 44,55 44,95 17.7 

F66B00 1150 2,81 11,31 14,12 0.0 

 1000 0,41 34,7 35,11 14.0 

F05B05 1350 6,67 3,31 9,98 0.0 

 1250 3,86 13,21 17,07 0.0 

 1150 4,73 14,60 19,33 1.1 

 1000 0,36 38,56 38,92 16.2 

F00B08 1350 8,38 18,44 26,82 0.00 

 1250 4,63 18,93 23,56 0.00 

 1150 4,17 20,26 24,43 0.55 

 1000 0,39 38,26 38,65 16.0 

F00B10 1350 12,80 9,65 22,45 0.00 

 1250 5,25 13,48 18,73 0.03 

 1150 5,84 11,63 17,47 0.07 

 1000 0,42 52,03 52,45 18.2 

F25B15 1150 10,10 12,53 22,63 0.04 

 1000 0,70 40,19 40,89 14.5 

F00B25 1150 14.00 11,94 25,94 0.20 

 1000 0,70 45,47 46,17 14.2 

 

The water absorption of high flux 

compositions dropped to virtually zero at 

1150°C, while low flux compositions 

required a temperature of minimum 

1250°C for zero water absorption. The 

water absorption of compositions 

comprising only feldspar as fluxing agent 

and the compositions containing boron 

oxide were similar. In general, although 

when the water absorption was zero, the 

porosity was far from being vanished. 

Roughly the total porosities were in the 

range of 14-16% at zero water 

absorption. This is due to the standard 

water absorption test showing the ability 

of water penetrating the pores in the 

structure during the two hours contact 

with the boiling water. Nevertheless, the 

true porosity can be determined by the 

He-pycnometry test, revealing the pores 

that the He gas penetrates. 

 

When the data given in Table 3 was 

examined it can be seen that in the waste 

material (boron oxide) containing 

samples the closed porosities are 

determinately higher in comparison to the 

only feldspar containing samples with 

comparable molecular formulas. The total 

porosities of boron oxide containing 

samples were higher due to the high 

closed porosity. The change of total, 

closed, and open porosities with the 

sintering temperature are given in Fig. 1. 
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(a) 

 
(b) 

 
(c) 

Figure 1: (a) total, (b) open, and (c) 

closed porosities as a function of 

sintering temperature.  

 

Another effect of boron oxide inclusion 

in the compositions were the pore shapes. 

The sharped cornered, long open pores, 

were smoothed and changed into round, 

equiaxed closed pores. This can be seen 

in the SEM pictures given in Fig. 2. The 

viscosity of the liquid formed at the high 

temperatures of sintering is lowered when 

boron oxide existed. The low viscosity of 

the liquid phase formed during sintering 

and vitrification aided both the solid state 

sintering, and dissolution and 

reprecipitation sintering, ultimately 

giving rise to vitrification, and smoothing 

the pores. 

 

  
(a)   (b) 

  
(c)   (d) 

Figure 2: SEM images of 1000x of the 

samples sintered at 1250°C of (a) 

F15B00, (b) F05B05, (c) F00B08, (d) 

F00B10 

 

For almost of all the samples the onset of 

blouting was between 1250°C and 

1350°C as revealed by the definite 

increase in the total porosity. During heat 

treatment sintering caused the total 

porosity to decrease, however with still 

increasing temperature of sintering the 

gas evolution started leaving voids with 

accompanying increased porosity and 

dilation termed blouting. As the boron 

oxide content was increased the gas 

evolutions became easier due to the 

lowered liquid phase viscosity By the 

same token when the pores were closed 

causing the evolved gases to be trapped 

the  bloating was more prominent. This 

was also evidence by the optical 

dilatometry given in Fig. 3. 

 

The round, near spherical closed pores as 

compared to the sharp cornered, 

elongated open pores where the 

mechanical stresses amplify at the crack 

like pore tips, provided improved impact 

resistance, and similar bending strength. 

The crack propagation being arrested at 
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the closed pores was another factor for 

improving the impact resistance. The 

impact resistance and bending strength 

data were shown in Fig. 4. 

 

(a) 

 

(b) 

 

(c) 

Figure 3: Optical dilatometer data of (a) 

F15B00, (b) F05B05, (c) F00B10 

samples. 

 

 

(a) 

 
(b) 

Figure 4: (a) Impact resistance, (b) three 

point bending strength as a function of 

sintering temperature of the porcelain 

specimens. 

 

CONCLUSIONS 

The effect on the pore phase evolution of 

the inclusion of the boron oxide 

incorporating waste in the hard porcelain 

bodies was to increase the total and 

closed porosity. The ratio of open 

porosity was lowered. The pore structures 

changed from crack like sharp cornered, 

long open pores to smoothed, round, near 

equiaxed closed pores which in turn 

provided improved impact resistance and 

comparable bending strength. 
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ABSTRACT: Using nanowire arrays grown on monolith cordierite as catalyst wash-coat is a 

new concept. This study describes experimental work investigating the morphology of a 

combustion catalyst that uses ZnO nanowires as a wash-coat. The aim of this study, ZnO 

nanowires have different pore-region diffusion of reactants in the catalyst media because they 

can have greater effective porosity and average diffusion length scale than traditional γ-Al2O3. 

Also, thickness of ZnO nanowire arrays is less than traditional wash coat. ZnO nanowires 

were grown on monolith channels than Pd was impregnated on nanowires. The catalyst 

morphology was characterized by scanning electron microscopy (SEM). 

 

1. INTRODUCTION 

Despite the developments in the engine 

and combustion technology, it couldn’t 

be possible to remove the exhaust 

emissions without using catalyst in a 

satisfactory way [Heck et al., 2009]. In 

the industrial catalytic processes, the 

number of  gas molecule which is 

transforming product in the unit of time, 

closely related with the numbers of 

cataliytic reaching active site of with 

reacting molecules. For this reason, the 

number of active point of the catalytic 

material is distributed as much as 

possible should be increased. To increase 

this active areas surface concentration 

enabling the chemical adsorption and 

reaction of reacting molecules, a 

diffusable of active metals, high surface 

area carriers are used. The catalytically 

active substances can be distributed on 

the carrier in the metal oxide structure as 

regards Al2O3, SiO2, TiO2, La2O3, ZrO2, 

CeO2. Among this carriers, γ-Al2O3 is the 

most widely used for environmental 

practices [Jimmie, 2001].  

 

The aim of this study, ZnO nanowires 

have different pore-region diffusion of 

reactants in the catalyst media because 

they can have greater effective porosity 

and average diffusion length scale than 

traditional γ-alumina.  

 

2. EXPERIMENTAL PROCEDURE 

The cordierite monolith substrates (400 

cpsi, 1 mm x 1mm of square channels 

and 100 μm in wall thickness) were 

provided by Matay Exhaust Company. 

The samples were prepared to be 1" of 

diameter and height by cutting the 

monolith cordierite as shown in Figure 1. 

 

 
 

Figure 1: Image of monolith cordierite 

sample  

 

Zinc oxide nanowires were grown on 

samples by using an aqueous solution 
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technique summarized below [Greene et 

al., 2003, Greene et al., 2006]. 

 

Nanowire synthesis was carried out in 

two stages: seeding and growth. For the 

former process, 5 mM solution was 

prepared by dissolved Zinc acetate 

dihydrate (Zn(Ac)2.2H2O, 98%, Sigma-

Aldrich) in ethanol (absolute, Merck). 

The sample was placed into the 30 mL 

solution prepared and was heated in the 

microwave for 5 minutes at minimum 

power. Then the samples were calcined 

by keeping at 300 °C in muffle furnace 

for the duration of 30 minutes. As for the 

latter process, 600 mL solution was 

prepared by 25 mM zinc nitrate hexa 

hydrate, (Zn(NO3)2.6H2O, 99%, Sigma-

Aldrich), 25 mM hexa methylene 

tetramine ((CH2)6N4, 99%, Sigma-

Aldrich) and 5 mM Poly ethyleneimine 

(50% H2O, Fluka) was dissolved in 

deionized water.  

 

The sample was wrapped by aluminum 

silicate cotton and was placed in plastic 

measuring cylinder to be drilled from the 

bottom for circulation of solution. 

Sample in measuring cylinder was placed 

into beaker where the prepared solution 

was added. The solution was then heated 

for 3 hours at 90 ° C on a hot-plate. This 

process was repeated three times with 

refreshed solution. Circulating in a 

measuring cylinder of solution with a 

peristaltic pump is provided to achieve 

the solution to the cordierite channel. 

Afterwards the samples were washed 

with de-ionized water and calcined at 300 

°C for 30 min. 

 

The Pd/ZnO nanowires array catalysts 

were prepared  using wetness 

impregnation method.  

All operations were carried out under 

atmospheric conditions. For this purpose 

1 mM solution (30 mL) was prepared by 

dissolved PdCl2 (%99.9, Sigma Aldrich) 

in ethanol. Impregnation process was 

performed by dipping sample in the 

solution for one day at 55 °C. The sample 

was calcined at 450 ° C for 4 hours to 

remove the chlorine compounds.  

 

The surface morphology of the catalyst, 

film thickness of the coating and ZnO 

nanowires geometry were characterized 

by scanning electron microscopy (Jeol 

JSM-6390A). 

 

3. RESULTS AND DISCUSSION 

SEM images of ZnO nanowires produced 

on cordierite monoliths channels are 

presented in Figure 2. The average 

diameter and height of the nanowires 

were found to be about 100 nm and 1 µm, 

respectively. So the aspect ratio was 

determined as approximately 10.  

 

In Figure 2a the lumps indicated by green 

arrow occurred because of the high 

concentration of solution. It is necessary 

to underline that these areas are minority 

in the coating system. As shown in 

Figure 2b-c, the nanowires have 

homogeneous structure. 

 

 
Figure 2: SEM images taken from 

different resolutions of the nanowires 

grown on monolith cordierite channels. 

 

Figure 2d, the high resolution SEM 

image of inner walls of the monolithic 

catalyst shows high definition geometry 

and extended line defects which are on 

homogeneous edge on these structures. 

Also Figure 2d shows that nanowires 
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structure being hexagonal prism contains 

planar hexagonal facets. 

 

 
Figure 3: SEM images of the cross 

section of monolith cordierite (a) ZnO 

nanowires grown (b) conventional γ-

Al2O3 coated  

Two SEM image obtained in the same 

microscopic imaging conditions are 

displayed in Figure 3. Thickness of the 

ZnO nanowire array coating is much 

thinner than typical wash-coat system 

coated with γ-Al2O3. The thickness of the 

alumina carrier coating is 20 μm in the 

central part of cordierite channel wall 

while corners reached 100 μm. Figure 3 

clearly shows that ZnO nanowire arrays 

are only 1 μm in thickness and quite a 

homogeneous coating. Therefore, using 

ZnO nanowires increases catalyst open 

frontal area about 7%. Thus, ZnO 

nanowires cause less back exhaust 

pressure than alumina coating. This will 

reduce the loss of engine power. At the 

same time, catalysts having more 

channels with the same pressure drop can 

be made. In this case, the catalyst size 

will decrease as a consequence of the 

increment in the amount of the active 

region. 

 
Figure 4: Schematic model of (a) 

traditional random macropore (b) nano-

array ordered form 

 

ZnO nanowires arrays have more open 

surface area and shorter diffusion path 

than the conventional catalyst support 

material as shown in Figure 4. The 

exhaust emission gases can reach the 

active metals impregnated on nanowires 

easily, which will have a positive effect 

on the catalyst activity. For this reason, 

using more effectively active regions will 

decrease the amount of precious metal 

required. 
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ABSTRACT: In this study, production of AA7075 aluminium alloy ribbons by melt 

spinning method have been investigated. The experimental studies were performed using a 

laboratory scale single roller melt spinning device operating in high vacuum atmosphere. 

The AA7075 aluminium alloy ingot was melted in a high frequency induction furnace. The 

effects of process parameters such as wheel speed, gas pressure and nozzle-wheel distance 

on the sizes of produced ribbons were investigated. The microstructural properties of the 

ribbons were examined with respect to ribbon thicknesses. 

The sizes of produced ribbons varied with process parameters. The thickness, width and 

length values of the ribbons were 28.5-53.2 µm, 1-7.5 mm and 6.5-25 cm, respectively. 
 

1. INTRODUCTION 

Spin-casting of metals has been studied 

extensively as a continuous method of 

rapidly quenching amorphous or 

microcrystalline materials. In particular, 

the melt spinning method has attracted a 

large amount of interest [Carpenter, et. al, 

1992]. This process is one of the most 

popular techniques among various rapid 

solidification processing methods both in 

academic and industrial communities due 

to its capability to fabricate wide, thin, 

and continuous ribbons directly from the 

melt with amorphous or nanocrystalline 

microstructure [Öztürk, et. al., 2014].  

Melt spinning process shows big 

advantages over its competing industrial 

techniques for the following reasons. 

Melt spinning can generate the highest 

cooling rate ( rates up to 10
6
 K.s

-1
) [Kim, 

et. al., 1990, Pohla, et. al., 1997 and 

Cantor, et. al., 1991] and scores best in 

cost performance ratio and it is a 

continuous method for producing rapidly 

quenched amorphous or microcrystalline 

materials [Katgerman, et. al., 2004 and 

Kamal, et. al., 2012]. In this technique, 

the metal is first melted in a crucible by 

an induction furnace and then the molten 

metal is ejected through a nozzle by 

applying a pressurized gas into the nozzle 

and impinges on a rotating wheel. The 

narrow spacing between the nozzle face 

and the wheel causes a puddle to form in 

the gap. Upon contacting, the molten 

metal rapidly solidifies and a continuous 

ribbon is removed from the puddle. 

Controlling the flow of molten metal 

through the nozzle and the solidification 

rate are critical to maintaining a uniform 

ribbon thickness with desired material 

properties [Theisen, et. al., 2010, Tkatch, 

et. al., 2002 and Sohrabi, et. al., 2013]. In 

the melt spinning method, there are many 

processing parameters influencing sizes 

and cooling rates of ribbons such as 

wheel speed, melt temperature, gas 

ejection pressure, and nozzle to wheel 

distance. [Carpenter, et. al, 1992, Tkatch, 

et. al., 2002, Wang, et. al., 2011, and Öz, 

et. al., 2013].  

In the present study, production of 

AA7075 aluminium alloy ribbons by melt 

spinning method and the effects of 

process parameters on the sizes, shapes 
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and the microstructure of produced 

ribbons have been investigated.  

 

 

2. EXPERIMENTAL 

The material used in this study is 

AA7075 aluminium alloy with the 

following nominal composition (wt. %): 

Zn-5.5   Mg-2.5 Cu-1.5 Fe-0.5 Si-0.4 

Mn-0.3 Ti-0.2 Al-bal. The experimental 

studies have been performed using a 

laboratory scale single roller melt 

spinning device operating in high vacuum 

atmosphere (Fig. 1). In order to study the 

effect of the process parameters such as  

wheel speed, gas ejection pressure and 

distance from nozzle to outer surface of 

wheel on the sizes, microstructure and 

microhardness of the ribbons, a number 

of experimental runs have been 

performed, in which one parameter was 

changed while others were kept constant. 

Each run was carried out by melting of 

AA7075 aluminium alloy in boron nitride 

crucible having rectangular slit shape. 

The slit shape nozzle was used and the 

sizes of the nozzle was kept constant with 

10x0.7 mm. Three different wheel speeds 

(WS) of 34, 43 and 52 m.s
-1

 were 

employed to study the effect of wheel 

speed on the size of ribbons. The distance 

(GN) from the tip of the nozzle to the 

wheel surface was changed from 2 to 4 

mm. High purity argon gas (99.999%) 

was used to eject the molten metal on the 

wheel and the ejection pressure (PE) of 

the gas was changed from 0.5 to 1.0 bar 

to investigate the effect of gas pressure 

on the size of ribbons.  Ribbons were 

produced with constant melt temperature 

of 750 °C and a prymoter located near the 

crucible to monitor the melt temperature. 

The chamber of the melt spinning 

apparatus has been evacuated to 10
-7

 

mbar before each run. When the melt 

temperature reached the expected 

temperature, it was ejected by applying a 

pressurized gas through the slit nozzle on 

the outer surface of the rotating wheel 

made of copper (27 cm in diameter).  

The microstructure and surface properties 

of produced ribbons were examined with 

a scanning electron microscope of Zeiss 

EVO MA model. The hardness 

measurements of the ribbons were carried 

in a INNOVATEST model digital 

microhardness tester at room 

temperature. Vickers pyramidal indenter 

with 10 g and 10 s loading time were 

used to measure. 

 
Figure 3. Schematic illustration of melt 

spinning unit. 

3. RESULT AND DISCUSSION 

Photo image of the melt spinning ribbons 

produced in this study at different 

processing conditions were seen in 

Figure.2. As can be seen from the figure, 

the sizes of the ribbons varied with the 

process parameters. The width, and 

length values of the ribbons were 2 – 2.8 

mm and 
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Figure 4. Photo image of produced ribbons at different processing conditions.

65 – 130 mm, respectively, with the 

process parameters of  34 m/s wheel speed 

(Ws), 0,5 bar gas pressure (PE) and 2 mm 

of nozzle wheel surface distance (GN), 

(Fig. 2.a). The sizes of the ribbons 

increased with increasing process variables 

and ribbons of 3.5-4.5 mm width and 120-

230 mm length were obtained with the 

parameters of WS: 43 m.s
-1

, PE: 0.75 bar 

and GN: 3mm (Fig. 2.b), 6-7.5 mm width 

and 110-200 mm length ribbons were 

obtained with the parameters of WS: 52 

m/s, PE: 1 bar and GN: 4mm, (Fig. 2.c).  

Figure 3. shows free (non-contact) and 

wheel contact surfaces of produced 

ribbons. The non-contact surface is 

characterized with liquid metal flow lines 

which solidified freely running parallel to 

the rotation of the wheel direction. The 

wheel contact surface of the ribbons is 

smooth and almost mimics of wheel 

surface. However, the wheel contact side 

of the ribbons is characterized by trapped 

gas pockets between wheel and the molten 

metal during the solidification process. The 

same surface patterns of ribbons were 

observed in this study regardless of process 

parameters. 

 
Figure 5. SEM images of morphology of 

7075 sample a) non – contact surface, b) 

contact surface. 

Figure 4. shows variation of ribbon 

thickness with wheel speed, ejecting gas 

pressure and nozzle wheel surface 

distance. As can be seen from the figure, 

increasing gas pressure and wheel-nozzle 

distance resulted thicker ribbons. The 

thickness value for 0.5 bar ejecting 

pressure and 2 mm wheel-nozzle distance 

is 28 µm.  The ribbon thickness increased 

to 53 µm with increasing ejection pressure 
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from 0.5 to 1 bar and wheel-nozzle 

distance from 2 to 4 mm. On the other 

hand, thinner ribbons were obtained with 

increasing wheel speed from 34 to 52 m.s
-

1
. 

 
Figure 6. The influence of process 

parameters on the thickness of the ribbons. 

The SEM examinations of produced 

ribbons have been made to evaluate 

microstructural features and cooling rate of 

produced ribbons and the results were 

given in Figure 5. The microstructure of 

the produced ribbons was characterized 

with equiaxed grains regardless of ribbon 

thickness (Fig. 5). The grain sizes did not 

change from wheel side to air side and 

same sized grains were formed through 

ribbon section. SEM examinations showed 

that the grain sizes of the ribbons changed 

with ribbon thickness and with process 

parameters (Fig. 6). As can be seen from 

the Fig. 6, increasing wheel speed from 34 

to 52 m.s
-1 

resulted finer grain sizes. The 

similar effect was seen for gas ejecting 

pressure and nozzle-wheel distance. The 

increasing gas pressure and nozzle-wheel 

distance yielded finer grains. On the other 

hand, the overall results showed that the 

wheel speed was more effective than 

nozzle-wheel distance and ejecting 

pressure on the cooling rates of the 

ribbons. 

 
Figure 7. SEM micrograph of cross section 

of Al 7075 ribbons. 

 

Figure 8. Grain size as function of the 

process parameters.  

Microhardness of the produced ribbons 

was measured by Vickers test method and 

the result was given in Figure 7. Generally 

speaking, the direct relationship was 

observed between microstructural grain 

size and microhardness of the ribbons. 

Decreasing grain size resulted higher 

microhardness values. However, the effect 

of process parameters such as wheel speed, 

ejecting gas pressure and nozzle-wheel 

distance was not as big as for ribbon 

thickness and microstructural grain size. 

 
Figure 9. The effect of the production 

parameters on the microhardness of 

ribbons. 
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4. CONCLUSION 

The rapidly solidified AA 7075 aluminium 

ribbons were produced with the single 

roller melt spinning method and the sizes 

and microstructural properties of the 

ribbons changed with process parameters. 

The surface texture of the produced 

ribbons was different for wheel side and 

non-contact side and relatively smooth 

surface and air pockets were observed for 

wheel side of the ribbons.  

Increasing wheel speed, ejecting gas 

pressure and nozzle-wheel distance 

resulted thinner ribbon thickness. 

Microstructure of the produced ribbons 

was characterized by equiaxed grains and 

the grain sizes decreased with increasing 

wheel speed, ejecting gas pressure and 

nozzle-wheel distance. 

Microhardness of the produced ribbons 

slightly changed with process parameters 

and the effect of process parameters for 

microstructure was similar for 

microhardness.  
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ABSTRACT: Body armors have been designed for defense personnel to prevent damages. 

Conventionally, body armors are bulk and stiffness which restricts the soldiers' mobility, 

comfort and flexibility. Therefore, there is a need to develop flexible, lightweight, good 

protected against ballistic treats body armors. In recent years, shear thickening fluid (STF) 

was used with body armors. STFs are non-Newtonian fluids which show continuous and 

sudden increase in viscosity beyond a critical shear rate. In this study, fumed silica 

nanoparticles/ Polyethylene glycol (PEG) suspensions were prepared by a sonochemical 

method with various concentrations of silica particles and containing PEG 300 (300 

g/mole). Rheological behaviour of the prepared STFs were investigated by a (TA 

AR2000ex) rheometer. Characterization of nano-sized silica particles were carried out by 

means of scanning electron microscopy (SEM) and whereas STFs by thermogravimetric 

analysis (TGA). STF/fabric composites were obtained by impregnation of STFs into 

aramid fabrics. Morphological characterization of composites was investigated by SEM. 

Ballistic resistance of STF/Fabric composites were also investigated by 9 mm parabellum 

test and V50 test. 

 

1. INTRODUCTION 

Humans throughout recorded history have 

used various types of materials to protect 

themselves from injuries. Body armors 

have been designed to prevent weapons, 

projectiles, stab threats that comes from 

knives or sharpened equipments such as 

spike or needle (Cheeseman and Bogetti 

2003, Decker et al. 2007, Rao et al. 2009). 

For the body armor production, fabrics 

made of high performance fibers which are 

characterized by low density, high 

strength, high tenacity and high energy 

absorption, such as aramid (Kevlar®, 

Twaron®, Technora®), ultra high 

molecular weight polyethylene (Spectra®, 

Dyneema®) and polybenzoxazole 

(Zylon®) have been  

widely used (Tan, Tay, and Teo 2005, 

Srivastava, Majumdar, and Butola 2012). 

In order to satisfy the protection 

requirements of body armors, fabrics 

approximately 20-50 layers are laminated 

together or ceramic/steel plates are used 

along with the fabric structure (Lee, 

Wetzel, and Wagner 2003, Tan, Tay, and 

Teo 2005). This laminated fabric 

structured body armor is called as soft 

body armor and armor with a rigid ceramic 

or steel plates is known as hard body 

armor. Having a proper protection level 

against the threats, weight and flexibility 

are important and desired design 

parameters for body armor (Duan et al. 

2006). There is always need to develop 

soft body armor materials with flexible, 
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lightweight, higher protection levels 

against ballistic threats. Recently, shear 

thickening fluids (STFs) has attracted great 

interest and it has been started to use 

within the body armors to meet these 

requirements and this new armor concept 

have been started to called as “liquid body 

armor” (Srivastava, Majumdar, and Butola 

2011).  

 

Shear thickening is a non-Newtonian flow 

behavior and defined in the British 

Standard Rheological Nomenclature as the 

increase of viscosity with increase in shear 

rate [Barnes, 1989]. 

 

The shear thickening fluids consist of two 

phase; nano-scale particles such as silica 

[Kang et al., 2012], [Lee et al., 2003], 

calcium carbonate [Wetzel et al., 2004],  

PMMA particles [Kalman et al., 2007],  

and medium fluid inwhich the particles are 

dispersed such as polypropylene glycol 

(PPG) [Kagei et al., 2005],  polyethylene 

glycol (PEG) [Hassan et al., 2010],  etc. 

 

In this study, fumed silica nanoparticles/ 

Polyethylene glycol (PEG) suspensions 

were prepared by a sonochemical method 

with various concentrations of silica 

particles and PEG 300 which has 300 

g/mole molecular weight. The 

microstructural characterization of silica 

nanoparticles and STFs were performed by 

using SEM. The steady-shear reological 

properties of STFs were investigated using 

a rotational rheometer. STFs and PEG’s 

thermal behavior were analyzed by TGA. 

STF/Fabric composites were obtained by 

impregnation of STFs into aramid fabrics. 

Ballistic resistance of STF/fabric 

composites were investigated by 9 mm 

parabellum test and V50 test. 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1. Materials 

Fumed silica nanoparticles and 

polyethylene glycol (PEG) (300g/mole) 

were used as a filler material and as a 

medium fluid, respectively. In order to 

obtain stable dispersion ethly alcohol was 

used. For the fabrication of composites, 

aramid fabrics were used.  

 

2.2. Synthesis of Shear Thickening Fluid  

The sonochemical method was used to 

synthesize shear thickening fluid. In this 

technique a variety of weight percentages 

of silica nanoparticles were added to PEG 

and they were blended in excess amount of 

ethyl alcohol for 8 hours. After obtaining 

the solution of the STF, the solution was 

held in an air-circulating oven at ethyl 

alcohol evoporation temperature (79 ºC)  in 

order to evaporate all ethyl alcohol in the 

reaction mixture. After all ethyl alcohol are 

removed, STF was grinded in a agate 

mortar and in order to eliminate the 

bubbles, STF was placed in a vacuum 

pump for several hours until no bubbles 

were observed.  

 

2.3. Fabrication of STF/Fabric 

Composites  

STF/fabric composites  were prepared by 

impregnation of STFs into fabric with 

soaking method. Initially, the STF was 

diluted in ethly alcohol at a 3:1 volume 

ratio of ethly alcohol:STF and aramid 

fabrics were impregnated with the diluted 

STF. After squeezing process to remove 

excess fluid on the fabrics, they were held 

in an air-circulating oven until their 

weights became stable.  

 

2.4. Characterization 

The steady-shear rheological properties of 

STFs were investigated by using a 

rotational rheometry TA 2000ex at 25 
0
C 

in order to investigate the effect of silica 

concentration and PEG molecular weight 

on the rheological behaviour of the liquids. 

 

Microstructural characterization of fumed 

silica nanoparticles, STF containing 30 

wt.% of silica and aramid fabric 

impregnated with STFs containing 30 

wt.% fumed silica as examples were 

performed by using Phillips™ XL-30S 
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FEG Scanning Electron Microscopy 

(SEM). 

 

Thermal gravimetric analysis (TGA) was 

conducted to determine the decomposition 

behaviour of neat PEG and the weight 

percentage of silica and polyethylene 

glycol in prepared STF sample with Perkin 

Elmer Diamond Thermo Gravimetric 

Analyzer (TGA). The experiments were 

carried out from 30 ºC to 800 ºC. 

 

Ballistic testing on neat fabrics and 

STF/Fabric composites which consist of 30 

wt. % fumed silica was conducted using 9 

mm parabellum projectile and 1.1 gr. 

fragment-simulating projectiles (FSPs) 

according to ‘NIJ-0101. 04 Ballistic 

Resistance of Personal Body Armor’.  

 

3. RESULTS and DISCUSSIONS  

 

3.1. Rheological Properties 

The steady-shear viscosity graph of STFs 

is shown in Figure 1. In STFs viscosity is 

firstly decreases at low shear rates and a 

sharp increase follows this behavior when 

shear rate reaches a critical value. The 

main reason of dramatic increase in 

viscosity of shear thickening fluids is the 

hydrocluster formation which occurs when 

shear rate reaches its critical value. STFs 

which have concentration in the range of 

10-30 wt % enters a shear thinning region 

by a slight decrease in their viscosity. 

Figure 1 also shows that fumed silica 

concentration affects the increment in 

viscosity value. Viscosity values at 

concentrations from 5 wt%  to 30 wt % 

increases to higher values. The maximum 

viscosity value is 1241 Pa.s, and it was 

obtained at about 11/s shear rate for STF at 

30 wt % concentration.  It seems that 

friction between fumed silica particles 

increases with increasing concentration. 

There is a general decrease in onset of 

shear thickening with increasing fumed 

silica concentrations. 

 

 
Figure 1: Steady shear viscosity as a 

function of shear rate for STFs at varying 

weight fractions 

 

3.2. Microstructural Features 

SEM images of fumed silica nanoparticles 

at 100000x magnification and STF 

containing 30wt % fumed silica – 70wt % 

PEG 300 at 50000x magnification are 

shown in Figure 2 and 3, respectively. 

Silica nanoparticles are spherical shaped 

and well dispersed. SEM image of the STF 

represents that PEG 300 and silica particles 

well  interacts with each other and exhibits 

a good homogenity.  

 

 
 

Figure 2: SEM image of fumed silica 

nanoparticles 
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Figure 3: SEM image of STF containing 30 

wt %  fumed silica – 70 % PEG 300 

 

Figure 4 shows SEM image of aramid 

fabric impregnated with STFs containing 

30 wt.% fumed silica at 5000x 

magnification. It is observed that STF is 

well impregnated over the entire surface on 

the fabric. It is also seen from these SEM 

images that the impregnation method of 

STF is successful method to fabricate 

STF/Fabric composites. 

 

 
 

Figure 4: SEM image of aramid fabric 

impregnated with STFs containing 30 

wt.% fumed silica - 70 wt. % of PEG 300 

 

3.3. Thermal Properties 

Figure 5 shows typical thermogravimetric 

analysis (TGA) weight loss curves of neat 

PEG and STFs. Test results show that there 

are two weight loss stages. The first weight 

loss was observed to start at around 160 °C 

due to the evaporation of the PEG. The 

PEG decomposes at around 260 °C where 

a major weight loss stage is noticed as seen 

in TGA curves. The remaining sample 

residue is silica and these values are closer 

to the actual values.  

 

 
Figure 5: TGA graph for neat PEG and 

prepared STF samples 

 

3.4. Ballistic Resistances 

In the test that is used 9 mm parabellum 

FMJ projectile, the neat fabrics punctured 

at 454 m/sec projectile velocity and hence 

the deformation was not measured, 

whereas, STF/Fabric composite did not 

puncture and it resisted to 454 m/sec 

projectile velocity with a 55 mm 

deformation. In V50 ballistic limit test 

inwhich 1.1 ± 0,03 gr FSPs are used, 

STF/Fabric composite has higher 

resistance than the neat fabrics. V50 

ballistic limits of neat fabrics and 

composite are 504.1 and 529.6 m/sec, 

respectively.    

 

4. CONCLUSION 

As a conclusion of this work, silica based 

STFs with PEG 300 were developed 

succesfully and their steady-shear 

rheological characterization was 

determined. As the concentration 

increased, the shear thickening effect was 

observed more significantly. The 

maximum viscosity was obtained at 30 wt 

% concentration of fumed silica Maximum 

viscosity values was determined as 1241 

Pa.s. Also, it was observed that there is a 

general trend of onset of shear thickening 

decreases with increasing concentration. 

SEM images indicates that sonochemical 

method improves the dispersion of fumed 

silica particles in STFs. TGA test result of 

STFs with PEG 300 indicates the weight 

loss % of fluids and the weight fraction of 

residual silica. The actual values and the 
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remaining silica values are closer together. 

STF/Fabric composites were fabricated 

with the impregnation of STFs onto the 

fabrics by soaking method. The 

microstructural features of these 

composites were evaluated by SEM 

analysis and the images showed that STF is 

well impregnated over the entire surface on 

the fabric. It was revelaed that the fabrics 

were coated with STFs uniformly. The 

ballistic tests in terms of 9 mm parabellum 

and V50 test were conducted to neat fabrics 

and STF/Fabric composites. STF/aramid 

composites showed a significant 

enhancement in ballistic resistance as 

compared with neat fabric in both ballistic 

tests. Both ballistic and rheological 

experiments showed that increasing shear 

thickening response corresponds to 

increased ballistic performance in the 

STF/Fabric composites. 

 

Acknowledgements: The authors 

gratefully acknowledge the support of 

BARIŞ Electrical Industry Inc. and 

Undersecretariat for Defence Industries of 

Turkey (SSM). 

 

REFERENCES 
Barnes, H.A. 1989. Shear thickening(dilatancy) in 

suspensions of nonaggreagating solid particles 

dispersed in newtonian liquids, Journal of 

Rheology, 33(2), 329.  

Cheeseman, B. A, and Bogetti, T. A. 2003. Ballistic 

impact into fabric and compliant composite 

laminates. Composite Structures, 61 (1):161-

173.  

Decker, M. J., Halbach, C. J., Nam,C. H., Wagner, 

N. J. and Wetzel, E. D. 2007. Stab resistance of 

shear thickening fluid (STF)-treated fabrics. 

Composites Science and Technology, 67 (3–

4):565-578.  

Duan, Y, Keefe, M., Bogetti, T. A. Powers, B. 

2006. Finite element modeling of transverse 

impact on a ballistic fabric. International Journal 

of Mechanical Sciences, 48 (1):33-43. 

Hassan, T. A., Rangari, V. K., Jeelani, S. 2010. 

Sonochemical synthesis and rheological 

properties of shear thickening silica dispersions. 

Ultrasonics Sonochemistry, 17(5), 947. 

Kagei, N., Kanie, D. and Kawaguchia, M., 2005. 

Viscous fingering in shear thickening silica 

suspensions. PHYSICS OF FLUIDS 17, 

054103. 

Kalman, D. P., Schein, J. B., Houghton, J. M., 

Laufer, C. H. N. and Wetzel, E. D. 2007. 

Polymer Dispersion Based Shear Thickening 

Fluid-Fabrics For Protective Applications, 

presented at the SAMPE 2007, June 3-7, 2007. 

Kang, T. J., Kim, C. Y. and Hong, K. H. 2012. 

Rheological Behavior of Concentrated Silica 

Suspension and Its Application to Soft Armor, 

Journal of Applied Polymer Science, 124, 1534. 

Lee, Y. S., Wetzel, E. D. and Wagner, N. J. 2003. 

The ballistic impact characteristics of Kevlar 

woven fabrics impregnated with a colloidal 

shear thickening fluid, 38, 2825. 

 Lee, Y. S., and Wagner. N. J. 2003. Dynamic 

properties of shear thickening colloidal 

suspensions. Rheologica Acta, 42 (3):199-208.  

Rao, H., Hosur, M. V., Mayo, J., Burton, S. and 

Jeelani, S. 2009. Stab Characterization of 

Hybrid Ballistic Fabrics. Paper read at 2009 

Annual Society for Experimental Mechanics 

Conference, Albuquerque, NM. 

Srivastava, A., Majumdar, A. and Butola, B. S. 

2011. Improving the impact resistance 

performance of Kevlar fabrics using silica based 

shear thickening fluid. Materials Science and 

Engineering: A, 529:224-229. 

Srivastava, A, Majumdar, A. and Butola, B. S. 

2012. Improving the Impact Resistance of 

Textile Structures by using Shear Thickening 

Fluids: A Review. Critical Reviews in Solid 

State and Materials Sciences, 37 (2):115-129. 

Tan, V. B. C., Tay, T. E. and Teo, W. K. 2005. 

Strengthening fabric armour with silica colloidal 

suspensions. International Journal of Solids and 

Structures, 42 (5):1561-1576. 

Wetzel, E. D., Lee, Y. S. Egres, R. G., Kirkwood, 

K. M., Kirkwood, J. E., and Wagner, N. J. 2004. 

The Effect of Rheological Parameters on the 

Ballistic Properties of Shear Thickening Fluid 

(STF)–Kevlar Composites, presented at the 

NUMIFORM 2004, June 13-17, 2004. 

 

  



 

151 
 

IMPROVING MECHANICAL PERFORMANCE OF 

UNIDIRECTIONAL CARBON FIBER/EPOXY COMPOSITES BY 

POLYVINYL ALCOHOL ELECTROSPUN NANOFIBERS 
 

Bertan Beylergil
1
 and Metin Tanoglu

 1,a
 

 

1. Izmir Institute of Technology, Department of Mechanical Engineering, Izmir, Turkey 

a. Corresponding author (metintanoglu@iyte.edu.tr) 

 

 

ABSTRACT: Electrospinning is an unique technique for producing nanofibers with 

controllable porous structure. In this study, polyvinyl alcohol (PVA) nanofibers were 

fabricated by electrospinning of 15 wt% PVA solution and they were directly deposited on 

the carbon fabrics to improve the mechanical performance of unidirectional carbon/epoxy 

laminates. The unidirectional carbon/epoxy laminates with/without PVA nanofibers were 

manufactured by vacuum infusion technique in a [0]4 configuration. Tensile and 

compression tests were performed on the reference and PVA-modified to evaluate the 

effects of interleaved PVA nanofibers on the mechanical performance of carbon/epoxy 

composites.  

 

1. INTRODUCTION 

Carbon fiber reinforced plastic (CFRP) 

laminates are extensively used in many 

structural applications due to their high 

fiber dominated properties such as in-

plane strength and stiffness. However, 

they suffer from poor matrix dominated 

properties such as interlaminar fracture 

toughness, transverse tension, in-plane 

compression and tension-compression 

fatigue. In order to have a high level of 

acceptance in using CFRPs in more 

expansive fields, significant 

improvements in their matrix dominated 

properties are necessary [Ning et al., 

2015, Li et al., 2009]. 

 

Recently, the use of electrospun 

thermoplastic nanofibers on the 

interlaminar regions of laminated 

composites has been emerged as a new 

technique to improve mechanical 

performance of fiber reinforced 

composites. Because, these nanofibers 

have extremely large surface to volume 

ratio and excellent porous characteristics 

and direct deposition of these nanofibers 

on reinforcing fabrics does not affect 

resin viscosity which is a critical issue for 

all infusion processes. Furthermore, this 

cost-effective approach only requires an 

extra-step to manufacturing flow, and 

there is no need for a radical change in 

the processing route. Several researchers 

investigated the effect of electrospun 

nanofibers which dissolve in the matrix 

such as PCL [van der Heijden et al. 

2014], PEK-C [Zhang et al., 2010] and 

PSF [Li et al., 2007]. Several polymer 

types which retain their nanofibrous 

structure have been also studied by the 

researchers [Zhang et al., 2012, Jiang et 

al., 2013]. These studies have shown that 

the nanofibrous interlayers are very 

effective in the improvement of z-axis 

material properties. However, there are 

only a few studies in the literature 

focusing on the longitudinal behavior of 

unidirectional laminates with nanofibrous 

interlayers. 

 

This paper aims to investigate the effects 

of PVA nanofibers on the in-plane 

properties of unidirectional carbon/epoxy 

laminates.  

 

2. EXPERIMENTAL  

2.1. Preparation Of PVA Nanofibers 

PVA nanofibers were produced by 

electrospinning process. Figure 1 shows 
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the electrospinning set-up in our 

laboratory. It consists of 5 nozzles which 

provide larger uniform nanofibrous 

nonwovens, a cylindrical translating-

rotating collector and a syringe pump.  

 

 
 

Figure 1: Photograph of the current 

electrospinning system  

 

To produce PVA nanofibers, 15 wt. % 

PVA solution was prepared by dissolving 

15 g of PVA powder in 100 ml distilled 

water at 80
o
C for 6 hours by using a 

magnetic stirrer in a water bath. A 

transparent and homogenous gel solution 

was obtained (Figure 2). The solution 

was placed into a 50-ml syringe which 

was then placed into a syringe pump. The 

flow rate of the PVA solution was 

adjusted to 8 ml/h (1.6 ml/h for each 

nozzle), and the applied positive voltage 

was in the range of 32–35 kV. The tip-to-

collector distance was 12 cm. 

 

 
Figure 2: The obtained homogenous PVA 

solution 

 

A PVA nanofibrous veil was directly 

electrospun on one side of the 

unidirectional carbon fabric for 60 

minutes then the fabrics removed from 

the collector as shown in Figure 3. The 

fabric was heat treated for 10 minutes at 

150 
o
C to stabilize PVA nanofibers and 

improve their mechanical strength. In 

order to determine nanofiber areal weight 

(g/m
2
), the nanofibrous veil was cut into 

three small pieces after which it was 

carefully peeled off from the surface of 

the carbon fabric. Then, they were 

weighted with an accuracy of 0.0001g. 

The average nanofiber areal weight was 

7.10±0.71g/m
2
. 

 

 
(a) 

 
(b) 

Figure 3: (a) Deposition of PVA 

nanofibers and (b) the unidirectional 

carbon fabrics with PVA nanoveils 

 

2.2. Manufacturing of composıte Test 

Specimens 

The unidirectional carbon fiber fabrics 

were kindly supplied from Kordsa Global 

Inc. and had a fiber areal density of 325 
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g/m2. Momentive L160 and its hardener 

H160 were used as resin. This low-

viscosity resin system is suitable for 

marine and aerospace applications. The 

resin and the hardener were mixed at a 

ratio of 100:25 by weight as 

recommended by the manufacturer. The 

reference and PVA-modified laminates 

were fabricated by vacuum-infusion of 

the resin into a vacuum bag, where four 

layers of unidirectional carbon fabric 

were laid up. The vacuum infusion setup 

and process were shown in Figure 4. 

Demolding carried out after complete 

curing at room temperature, followed by 

a post curing in an oven at 80 °C 

temperature for 12 h. The laminates were 

cut into desired dimensions using a 

water-cooled diamond saw. The cut edges 

of the specimens were lightly sanded with 

280 grit sandpaper by hand. 

 

 
 

Figure 4: Vacuum infusion setup and 

process 

 

2.3. Mechanical Testing 

The tensile, compression and flexural 

tests were performed using a universal 

tensile testing machine (Shimadzu model 

AG-IS) in accordance with related ASTM 

standards. 

 

The tensile tests were carried out at a 

constant crosshead speed of 2.0 mm/min 

up to failure (Figure 5a). The dimensions 

of the specimens were 250 mm in length 

and 12.7 mm in width. A digital video 

extensometer was used to measure the 

strain Ultimate strength and elastic 

modulus of the specimens were obtained. 

The compressive strength and modulus of 

the specimens were determined by 

performing compressive tests. The 

dimensions of the compression test 

specimens were 140 mm in length and 

12.7 mm in width. The specimens were 

placed in an anti-buckling fixture and 

loaded until failure at a constant 

crosshead speed of 2.0 mm/min (Figure 

5b). The flexural properties of the 

reference and PVA modified specimens 

were obtained from three point bending 

tests (Figure 5c). 

 

 

 
Figure 5: Photographs of the test 

specimens under (a) tensile, (b) 

compressive and (c) three-point bending 

load. 

 

2.4. Scanning Electron Misroscopy and 

Dynamic Mechanical Analysis 

Scanning electron microscopy (SEM) 

observations were made to determine 

nanofiber morphology. The specimens 

were sputter-coated with gold for 90 

seconds and viewed under a Philips XL 

30S FEG scanning electron microscope. 

 

Dynamic mechanical analysis (DMA) 

was carried out using a DMA Q800 (TA, 

USA). The dimension of the specimens 

was 65 mm in length and 10 mm in 

width. The heating rate was 5
o
C from 

room temperature to 150
o
C and the 

a b 

c 
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frequency was 1 Hz. The glass transition 

temperature (Tg) of the reference and 

PVA-modified specimens were 

determined from the peak of the tanδ 

spectrum. 

 

3. RESULTS AND DISCUSSION  

 

3.1. PVA Nanofiber Morphology 

Figure 6 shows the SEM images and size 

distrubition of PVA nanofibers.  

Nanofiber diameter was determined by 

measuring 100 fibers per sample with 

Image J software.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 6: (a-b) SEM images and (c) size 

distribution of PVA nanofibers. 

The bead-free PVA nanofibers, with an 

average diameter of 162±32 nm, were 

obtained after the electrospinning 

process.  

 

Figure 7 shows SEM images of PVA 

nanofibers before and after heat 

treatment. Thermal sealing of PVA 

nanofibers in the intersections can be 

seen in Figure 6b. A continous nanofiber 

network was obtained after heat 

treatment. The heat treatment of the PVA 

nanofibers led to significant alterations in 

the fiber morphology. 

 

 
(a) 

 
(b) 

Figure 7: SEM images of PVA 

nanofibers (a) as-spun and (b) after heat 

treatment. 

 

3.2. Dynamical Mechanical Analysis 

The reference carbon/epoxy composites 

exhibited a glass transition temperature 

(Tg) of 100.7 
o
C. The Tg was found to 

increase slightly from 100.7 
o
C to 105.1 

o
C with introducing PVA nanofibers on 

the interlaminar region of carbon/epoxy 

composites. 

PVA nanofibers 

Carbon fibers 
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Table 1: Summary of the test results 

Mechanical property Reference PVA-modified 

Tensile strength (MPa) 1009.6±23.4 1219.9±61.8 

Elastic modulus (GPa) 105.39±7.4 109.9±7.8 

Flexural strength (MPa) 1195.2±65.6 1219.9±61.8 

Flexural Modulus (GPa) 80.1±4.22 109.98±4.20 

Compressive strength (MPa) 492.62±47.1 502.73±67.4 

Compressive modulus (MPa) 124.8±10.6 134.3±15.6 

 

3.3. Mechanical Test Results 

The mechanical test results are shown in Table 1. There was a significant increase (almost 

21%) in the tensile strength compared to reference composite. The elastic modulus was not 

significantly influenced by the addition of PVA nanofibers. The results of flexural test 

showed that flexural modulus of the modified composites was about 37% higher than that 

of reference composite while flexural modulus remained almost constant. Compressive 

modulus of the modified composite was higher 8% than that of the reference composite 

and compressive strength remained almost constant. 

 

4. CONCLUDING REMARKS 

The experiments revealed that the in-plane mechanical properties such as elastic modulus, 

tensile strength, compressive strength and flexural modulus could be improved by using 

PVA nanofibers in the interlaminar regions of unidirectional carbon/epoxy composites. 

DMA results indicated that the PVA-modified specimens were more rigid than the 

reference specimens.  
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ABSTRACT: The article reveals advantages of using gossypol and its derivatives as a 

reagent of ions of cobalt. There were designed new spectrographic method of identifying 

cobalt with the help of derivatives of gossypol with the presence of buffer solution. There 

were found optimal conditions, contents and constants of cobalt complex with gossypol 

vinegar acid.  

1.INTRODUCTION  

Identification of transitional metals in 

natural objects – is important task of 

analytic control of the environment. In 

order to solve this issue one of the 

prospective methods is considered to be 

photometric with its high sensitivity, self-

descriptiveness, inexpensive mounting of 

the equipment comparatively, for 

instance, with high sensitivity methods of 

neutron activation, roentgen and mass – 

spectrometric. It is widely used when 

researching objects of the environment 

and biomaterials, mineral raw, products 

of its technological treatment, metals of 

constructive alloys, medical materials and 

many other compounds.  

Polyphenol compounds which contain as 

functional groups and especially 

simultaneously hydroxyls and carboxyl, 

prospective as selective analytic reagents 

for transitive metals. Availability of 

various donor atoms in molecules widens 

their complex formation features and 

creates additional opportunities for 

varying selectivity. 

More valuables in analytic relationship, 

as a rule, render such organic substances 

which contain complex formation groups 

of atoms that provide the opportunity of 

initiation with metal-ions of claw-shaped 

compounds, owning frequent light color, 

heavily solution in water and ability of 

easily extracts with nonaqueous solvents. 

 To the such organic substances 

can be brought gossypol and its 

derivative. Gossypol – is yellow 

poisonous pigment of cotton plant seeds, 

representing 2,2’-di-(1,6,7-trioxide-3-

methil-5-isopropile-8-naphthaldehyde) 

 

CH3 H3C

OHC

HO

HO

CH
H3C CH3

O

H

CH
H3C CH3

OH

OH

C

O

H

OH

 
 

The current natural compound which 

consists of two aldehydic and six 

hydroxyl groups in its molecule that has 

ability to give colored compounds with 

the ions of many heavy metals in certain 

conditions. 

The aim of the current research is 

considered to be studying the complex 

formation of cobalt with gossypol vinegar 

acid (GVA) and practically usage of this 

reaction for spectrophotometric 

identification of cobalt. 

 

2. EXPERIMENTAL PART 

 

2.1.Reagents and Equipment 

There were used reagents of chemical 

cleaning and pure for analyze in the 

research. Workforce solutions of cobalt 

were prepared with dissolution of exact 

band-and-hook hinge salt of 
2CoCl

(qualifications of chemical cleaning) is 

removed to the measured flask with the 

mailto:max74-07@mail.ru
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volume of 250 ml in distilled or 

bidistilled water   and dilute till mark.     

The initial solution of GVA – 3 was 

prepared with the solution in ethyl spirit 

of exact band-and-hook hinge reagent, 

approximately filtered double 

recrystallization on water-ethanol 

solution. Pureness of the reagent was 

assessed by the method of ascending 

chromatography on paper. 

The organic solutions were used by 

qualifications of chemical cleaning or 

approximately filtered by distillation, 

pureness was controlled on temperature 

of boiling. 

The specters of absorption of solutions of 

complex Ме-R were registered on the 

spectrophotometer “UV/Vis 

spectrophotometr Optizen III” 

(manufactured by Republic of Korea). 

Acidity of the solutions were controlled 

by glass electrode on РН- meter KSL –

1100-1.  

 

3. RESULTS AND THEIR 

DISCUSSIONS 

Researches were conducted based on the 

scheme described in the work [3]. The 

nature of substitutes in the molecule 

derivative gossypols in significant level 

on protonization of reagents. The more 

habitude to protonization reveals 

gossypol vinegar acid. 

 

CH
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Gossypol vinegar acid – is a microcrystal 

powder of light yellow color with green 

tint, insoluble in water, well-soluble in 

ether, chloroform, spirit, benzol, 

tetrachloride carbon. In order to study the 

spectrophotometric reaction of complex 

formation cobalt with gossypol vinegar 

acid, first of all were selected optimal 

conditions. The optical density of 

solutions of spirit solution reagent and 

ion associate reagent with cobalt (

реагентRCo  ) were measured according 

to λreagent= 320 nm and λcomplex=360 nm 

 cмl 1 on spectrophometer relatively to 

free riding solution.   

  

Figure 1: Specters of light discharge of 

solutions  HR-reagent;    MeR – complex. 

 

One of the main conditions of complex 

formation reactions is considered to be 

acidity of the environment. That is why 

in order to receive reproducible results 

there are used buffer solutions with 

different value of рН.  

For optimal value of рН there were 

prepared different valuse of рН and 

different contents of buffer mixtures. 

Optic density of complex increases with 

the growth of рН solutions. The maximal 

optic density of the complex is observed 

in narrow interval of рН solution 

(рН=10,0- 10,25). On the basis of this the 

optimal value was chosen рН=10,11 and 

from experimental data is seen that 

maximal outlet of the complex is 

observed when using the universal buffer 

solution which were used in further 

researches. 

During the optimal conditions there were 

compiled calibrated graphic which is 

lined in diapazone of concentration 2-40 

mkg/25ml of metal (figure 2), calculated 

molecular coefficiency of absorption and 

clarified sensitivity on Sendels (table 1).   
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Table 1: Some analytical characteristics 

of the complex Со(II) with GVA -3  

No. 
Analytic 

characteristics реагентRCo   

1 

Optimal volume 

of 0.05 % solution 

reagent, ml 

3 

2 

Optimal 

environment of 

the solution, рН 

10,0 

3 

Sustainability of 

the complex in 

period, min. 

120 

4 

Sensitivity on 

Sendels – 

mkg/см
2
 in 25ml 

0,0057 

mkg/см
2
 

5 

Maximal co 

efficiency of 

absorption of 

solution color - λ, 

nm 

360 

6 

Molecular co 

efficiency of 

absorption, 
max

360  

1,58· 10
4
 

 

 
 

Figure 2: Submission of the cobalt 

complex with GVA -3 to Behr Law 

(calibration graphic)  

Solutions of cobalt complexes (

реагентRCo  ) submit to the Behr Law in 

the interval of 2-40 mkg/25ml with 

exactness of 3-4%. Based on this we have 

designed new spectrophotometric 

identifications of cobalt with the reagents 

of gossypol vinegar acid. 

Molecular ratio were set by the method of 

molecular ratio and method of saturation 

with variable concentration of one of 

components (metal-reagent). 

 

4. CONCLUSIONS  

Therefore, we can come to the conclusion 

that, there was designed new 

spectrophotometric method of identifying 

of cobalt in assistance with derivative 

gossypol. There were found optimal 

conditions of identification, identified 

contents, constants of sustainability of 

cobalt with gossypol vinegar acid.  

The designed methodology was used for 

identifying cobalt in waste water of 

industrial divergence. The quantity of all 

situations did not increase 0,18.  
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ABSTRACT: In this study, we report the synthesis of two new aerogels from anionic 

polychalcogenide chains and linking metal ions. Transition metal ions such as Co
2+

, Zn
2+

,  

and Fe
2+

 react in solution with the chalcogenide anions S5
2–

 to form extended porous networks 

with the composition KZn3M3S18 (M = Co, Fe). The obtained aerogels have BET surface 

areas from 346 to 435 m
2
/g. Electron microscopy images coupled with nitrogen adsorption 

measurements showed that pores are in the micro (below 2 nm), meso (2- 50nm), and macro 

(above 50 nm) regions. These chalcogels show much higher adsorption of toluene vapor in 

comparison with cyclohexane vapor and high selective adsorption for CO2 gas over CH4 and 

H2.

 

1. INTRODUCTION 

Volatile organic compounds (VOCs) 

associated with chemical, petrochemical, 

and related industries are considered to be 

one of the main sources for air pollution 

[Rahmani et al. 2014]. There are large 

numbers of VOCs compounds such as 

toluene, acetone, benzene. etc., but 

benzene derivatives are one of the most 

dangerous hydrocarbons. They negatively 

affect the environment and can damage 

human health [Ousmane et al. 2011]. A 

huge amount of VOCs is emitted in 

processes such as printing, painting drying 

as well as chemical and oil industry 

processes [Ousmane et al. 2011].   

 

To date, liquid extraction and extractive 

distillation have been mostly used in 

industries for separation purpose [Hamid 

and Ali 1996]. However, this method 

requires long procedures due to the need of 

another high boiling point solvent like 

sulfolane. Subsequently, an additional 

distillation process is required to get rid of 

solvent from the first extracted phase. 

Later, ionic liquids have been used as an 

alternative method to improve the 

separation process of organic solvents. 

Nonetheless thermal separation is 

relatively expensive and it can be highly 

corrosive if halide ions are present [Yu et 

al. 2014].  

 

Recentely, numerous porous materials such 

as polymers, zeolites, metal organic 

frameworks, silica gel and activated 

carbons are used as selective adsorbents 

[Ahmed et al. 2014]. Among adsorbents 

potentially helpful for effective VOCs 

removal, chalcogels represent one of the 

alternatives to carry out this job [Ahmed 

and Rothenberger 2015]. Therefore, we  

have been motivatied to investigate the 

adsorption capacitiy and selectivity of the 

calcogels in separation of volatile 

hydrocarbons. 

 

2. EXPERIMENTAL 

 

2.1 Syntheses of Starting Material 

K2S5 was prepared as described in the 

literature [Shafaei-Fallah et al. 2011]. It 

was used to provide polysulfide anions, 

Sx
2-

 and to form the metal polysulfide 

frameworks. 
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2.2 Syntheses of KZn3Co3S18 Chalcogel 

Zn(NO3)2.6H2O and Co(NO3)2.6H2O were 

used respectively as zinc and cobalt ion 

precursors and K2S5 as a polysulfide 

precursor to construct zinc cobalt 

polysulfide aerogels. A pink formamide 

solution of 0.029g (0.1mmol) 

Co(NO3)2.6H2O and 0.029(0.1 mmol) 

Zn(NO3)2. 6H2O was slowly added to a 

dark orange solution of 0.048 g (0.2 mmol) 

K2S5 in 1.5 mL of formamide to form 

KZn3Co3S18 chalcogel. The viscosity of the 

solution increased and eventually solidified 

into a monolithic dark wet gel in a 

minimum of 7 days. After the gelation 

process, the remaining formamide solution 

was decanted and the wet gel was soaked 

in EtOH/H2O (50:50) for 7days and then 

with EtOH for 7 days. During this solvent 

exchange process, old solvent was 

exchanged with a fresh solvent every 24 

hours to remove any dissolved counter ions 

and unreacted precursors. The wet gel was 

then dried with a supercritical CO2 dryer. 

After critical point drying, the obtained 

aerogel consists of very fluffy particles 

with a skeletal density of 2.51 g.cm-3. 

 

2.3 Syntheses of KZn3Fe3S18 Chalcogel 

KZn3Fe3S18 was synthesized using same 

procedure for KZn3Co3S18. 0.018g (0.1 

mmol) of Zn (AcO)2 and 0.017g (0.1 

mmol) of Fe (OAc)2 were used instead of 

cobalt and zinc nitrates. After solvent 

exchange and critical drying, the obtained 

aerogels consists of very fluffy particles 

with 2.43 g.cm
-3

 of the density. 

 

3. RESULT AND DISCUSSION 

Using a combination of two transition 

metals at the same time in reactions with 

K2S5 provides access to quaternary 

chalcogenide aerogels. This allows a broad 

range of element combinations to be tested 

and novel applications may result from it. 

Here, we report the highsurface porous 

metal chalcogenide aerogels KZn3M3S18 

(M = Co, Fe), which could offer potential 

applications in the separation of volatile 

hydrocarbons and gases. 

 

The scanning electron microscope (SEM) 

images indicate a sponge-like-character 

containing randomly oriented pores 

throughout the micron-sized specimens, 

figure 1(a, c). There are no regularities in 

shape, size, or orientation due to the 

absence of structure-directing agents 

during the synthesis. Additionally, the 

obtained chalcogels were analyzed 

byenergy dispersive X-ray spectroscopy 

(EDS) to estimate the relative atomic 

composition of each element. Based on 

EDS analysis, it was confirmed that not 

only Zinc, Iron and Zinc, Cobalt the 

polysulfide species present, but potassium 

was also incorporated in the chalcogels. 

The average ratios of the chalcogels were: 

0.3/1/1/6.5 for 

K/Zn/Co/S and 0.3/1/1/6 for K/Fe/Zn/S so 

average composition of the aerogels can be 

written as KZn3Co3S18 and KZn3Fe3S18 

respectively.  

 

Transmission electron microscope (TEM) 

images of the polysulfide chalcogels 

divulged the porous nature in nano-scale as 

shown in Figure 1(b, d). 

 

 
Figure 1: SEM images of (a) KZn3Co3S18 

and (c) KZn3Fe3S18 showing the spongy 

nature of the aerogels. TEM images along 

with electron diffrection (inset) showing 

the porosity and amorphous nature of (b) 

KZn3Co3S18 and (d) KZn3Fe3S18. 
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Figure 2: Nitrogen adsorption–desorption isotherm for (a) KZn3Co3S18 and (b) KZn3Fe3S18 

and (b) KZn3Fe3S18 along with pore–size (V–D) distribution plot calculated from the 

adsorption isotherm by the BJH method (inset). 
 

 

Nitrogen adsorption isotherm and 

Brunauer-Emmett-Teller (BET) model 

confirmed that supercritically dried 

chalcogels possess high surface areas from 

346 to 435 m2/g, large pore volumes from 

1.6 to 2.9 and wide pore diameters, Figure 

2 (a, b). These chalcogels showed minor 

adsorption at low relative pressures (0 < 

P/Po < 0.5) indicating that only a small 

fraction of the adsorption occurred in 

micropores (d ≤ 2nm). The majority of the 

adsorption occurred at higher relative 

pressures (P/Po > 0.5) where meso- (2 < d 

< 50 nm) and macro-pores (d > 50 nm) are 

the main contributors. At relative pressures 

close to the saturation point (P/Po > 0.8), a 

small hysteresis was observed for the 

chalcogels. This adsorption-desorption 

hysteresis loop (ADHL) is indicative of a 

percolation effect seen in disordered 

porous structures with large pores (d > 50 

nm). 
 

3.1 Adsorption Studies 

Unlike metal oxides, porous carbons and 

organic polymers, metal chalcogenide 

aerogels feature random amorphous 

networks with higher surface 

polarizability. The presence of electron 

rich chalcogen atoms provides an entirely 

new medium through which to study the 

diffusion and separation of VOCs like 

toluene and cyclohexane.  

 

In this study, we demonstrate that the new 

aerogels exhibit higher adsorption affinity 

for toluene (polarity index: 2.4) compared 

to cyclohexane (polarity index:0.2) and can 

discriminate among them on the basis of 

their relative polarity. The presence of the 

cation (Zn) within the network of the new 

aerogels can also enhance the adsorption 

affinity of tolunene through the cation–π 

interaction, Figure 3(a, b). The result 

suggests a potential application of such 

materials in the separation of aromatics 

from aliphatic hydrocarbons at room 

temperature. Additionaly, the new 

aerogels were investigated for selective 

adsorption of different gases like CO2,CH4 

and H2 at 273K. We absorved that these 

aerogels exhibit preferential adsorption of 

CO2 in comparison to CH4 and H2. This 

fact can be explained on the basis of the 

polarizability. CO2 is more polarizable than 

CH4 and H2 (polarizability in units of 10-
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24cm3: α (CO2)=2.9 > α (CH4)=2.6 > α 

(H2)=0.8) and the interaction of CO2 with 

the sulfidic surface through dispersion 

forces, Figure 4(a, b). 

 

 

 

 

 

 

 

 

 
Figure 3: Adsorption isotherms of toluene and cyclohexane observed at 293 K in (a) 

KZn3Co3S18 and (b) KZn3Fe3S18 

 

 
 

Figure 4: Adsorption isotherms of CO2, CH4, and H2 observed at 273 K in (a) KZn3Co3S18 and 

(b) KZn3Fe3S18 

 

4. CONCLUSION 

In summary, new network assemblies 

composed of (Co2+ or Fe2+) Zn2+ and Sx
2-

form monolithic inorganic gels 

incorporating K+. These monoliths were 

successfully transformed into highly 

porous polysulfide aerogels upon solvent 

exchange and supercritical drying. Both  

polysulfide chalcogels show high 

adsorption affinity towards toluene in 

comparison to cyclohexane. Because of 

the higher adsorption capacity of tolüene 

these porous material could help to 
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establish adsorption-based separation 

processes for aliphatic/aromatic 

hydrocarbons and thereby reduce VOC 

air pollution. Furthermore, These results 

also indicate the potential suitability of 

chalcogels for gas separation (especially 

separation of CO2 from H2 during the 

water gas shift reaction). 
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ABSTRACT: In this study, silver (Ag) and tin dioxide (SnO2) powders were processed by 

mechanical alloying and powder metallurgy techniques to obtain Ag8SnO2 composite, and 

the density, porosity and microhardness values of this composite at different sintering 

temperatures were investigated. Blended elemental powder mixtures were milled in a 

planetary-type ball mill to achieve Ag8SnO2 composite powder. Stearic acid was also 

added to the powder mixture to alleviate dominant cold welding phenomena over 

fracturing. Particle size and the morphological evolution of the milled powders at different 

milling times were determined. After milling process, the composite powder was 

compacted in a cylindrical die by a hydraulic press at the pressure level of 350 MPa. The 

green compacts obtained by this way were then sintered in vacuum at three different 

sintering temperatures, namely 700, 800 and 900°C. Microstructures of the composites 

regarding each sintering temperature were analyzed using scanning electron microscopy 

coupled with energy dispersive X-ray spectroscopy (EDX). It was found that the porosity 

ratio gradually decreases with increasing sintering temperature, and the highest density and 

hardness values were achieved in compacts sintered at 900°C. Besides, the EDX map 

characterization showed that very uniform microstructure with reasonably low porosity 

was obtained. 

 

1. INTRODUCTION 

Electrical contacts are one of the most 

important components of electromagnetic 

switches such as relays and contactors 

[Slade, 2014]. They ensure the continuity 

of the electric circuit via turning it on or 

off [Braunovic et al., 2006]. However, an 

arc occurs during make/break operation 

and this can cause overheating of the 

contacts, leading to substantial material 

losses through melting and vaporization 

[Gurevich, 2005]. Besides, the contact 

surfaces can deteriorate, and material 

transfer between contacts can hinder their 

ability to operate properly. Therefore, the 

physical and mechanical properties of the 

contact materials should be improved to 

resist severe arc-erosion conditions and to 

reduce total mass loss of the contacts.     

A majority of contact applications in the 

electrical industry utilize Ag-type 

composite contact materials [Talijan et 

al., 2007]. These include powder metal 

combinations and different types of     

Ag-based composite electrical contact 

materials have been developed for 

various applications [Biyik et al., 2015]. 

The most common metal oxides used in 

electrical contacts are cadmium oxide 

(CdO), tin dioxide (SnO2) and zinc oxide 

(ZnO) [Juszczyk et al., 2012]. Apart from 

this, refractory metals such as tungsten 

(W) and molybdenum (Mo) are widely 

used in Ag or Cu-based electrical 

contacts [Biyik and Aydin, 2015]. 

Currently, Ag-SnO2 composites have 

great potential in electrical contact 

applications due to their environmentally 

friendly nature that is unlikely to toxic 

and carcinogenic Ag-CdO electrical 

contact material [Biyik, 2015]. 
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2. EXPERIMENTAL PROCEDURES 

In this study, Ag was used as the matrix 

material whereas SnO2 as the 

reinforcement. As starting materials, 

elemental Ag having average particle size 

(APS) of 18.646 µm and a purity of  

99.99 % and SnO2 having APS of 10 µm 

and a purity of 99.9 % powders were 

used for MA experiments. The 

morphology of the starting powders was 

investigated by means of scanning 

electron microscopy (SEM) on a Zeiss 

Evo LS 10 model (Fig. 1). Stearic acid 

was also added to powder mixture as a 

process control agent (PCA). MA was 

carried out using a planetary-type ball 

mill with a milling speed of 300 rpm and 

a ball-to-powder weight ratio (BPR) of 

10:1. Milling process was interrupted at 

specific time intervals to provide       

over-temperature protection of the vial 

and milling medium. Particle size 

distribution of the powders after milling 

process was analyzed using Malvern 

Instruments Laser Diffractometer 

Mastersizer 2000. Accordingly, the 

powder samples were withdrawn for 

particle size measurements after each test 

duration reached (Table 1). The variation 

of APS (d50) with milling duration was 

also investigated using SEM. All milling 

conditions for the whole experiment were 

given in Table 1. The composite powder 

was consolidated in a cylindrical die, 

followed by vacuum sintering at various 

temperatures, namely 700, 800 and 

900°C. After that, the physical and 

mechanical properties of the composites, 

such as green density, green porosity, 

sintered density, sintered porosity and 

microhardness were determined. EDS 

analysis was also performed to define the 

distribution of the elements in the matrix.   

 

   
               (a)                 (b) 

 

Figure 1:  Morphology of as received a) Ag and b) SnO2 powders. 

  

Table 1:  MA parameters used to synthesize Ag8SnO2 composite powder. 

Type of milling 

equipment 

Material 

of milling 

container 

Material 

and 

diameter 

of balls 

Type of 

PCA 

Milling 

speed 

(rpm) 

Milling 

duration 

(h) 

BPR 

Planetary-type 

ball mill, 

Fritsch 

Pulverisette 6 

Tungsten 

carbide 

(WC) 

WC balls 

(Φ = 10 

mm) 

Stearic 

acid 
300 

0.5; 2; 4; 

7; 10; 16; 

20; 25 

10:1 
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3. RESULTS AND DISCUSSION 

It is clear from Fig. 1 that Ag powder 

particles have spherical whereas SnO2 

powder particles exhibited irregular 

morphology. In addition, SnO2 powder 

has smaller in particle size that that of Ag 

powder. Fig. 2 shows the morphological 

evolution of the powder mixture at 

different stages of milling process, 

namely 0.5, 2, 4, 7, 16 and 25 h. In the 

very early stages of the milling process, 

ductile Ag components were flattened by 

ball-to-powder collisions, mainly by cold 

welding. It can be seen from Fig. 2a-c 

that the cold welding event is dominant 

over fracturing and the particle size 

reduction is in insignificant level 

throughout this period (Table 2). This is 

because of the flaky Ag particles 

remained in the powder morphology. The 

trails of fracturing are appeared after 7 h 

of milling duration (Fig. 2d-f) and the 

flaky powder particles started to get 

fragmented into smaller pieces. As a 

consequence of this gradual refinement in 

powder particle size, APS is reduced to 

4.831 µm. APS curve of the Ag8SnO2 

composite powder is obtained by using 

data in Table 2, and shown in Fig. 3.  

 

                

 
       (a)                     (b)    (c) 

 

           
       (d)                     (e)    (f) 

 

Figure 2:  Morphological evolution of the Ag8SnO2 powder mixture after milled for a) 0.5, 

b) 2, c) 4, d) 7, e) 16 and f) 25 h. 
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Table 2:  Average particle size values as a function of milling time for Ag8SnO2 

composite powder. 

Composition 
Milling time (h) and average particle size (d(0.5), µm) 

0 0,5 2 4 7 10 16 20 25 

Ag8SnO2 18.646 16.324 16.200 15.970 13.690 13.524 10.652 7.411 4.831 

Fig. 4 shows the microstructure of the 

Ag8SnO2 green compact which was 

formed by compacting the composite 

powder in a cylindrical die by applying a 

pressure level of 350 MPa. The green 

porosity was calculated as 3.37 % by 

using theoretical and green density values 

of this specific composition. To assess 

the homogeneity of the reinforcement 

particles in the matrix, EDS mapping 

analysis is performed on the green 

compact (Fig. 5). In Fig. 5, red, green and 

blue colors represent the distribution of 

the Ag, Sn and O elements in the selected 

mapping zone, respectively. Fig. 5c 

defines that homogeneous distribution is 

obtained in the green compact, so the 

milling duration of 25 h is found 

sufficient. Besides, prolonged milling 

durations promote to powder 

contamination which is not desirable for 

electrical contact applications. Therefore, 

the powder mixture was no longer milled 

beyond 25 h. The effect of different 

sintering regimes, namely temperatures 

of 700, 800 and 900°C on the 

microstructure of the Ag8SnO2 

composites was shown in Fig. 6. 

Accordingly, the amount of the porosity 

gradually decreases with increasing 

sintering temperature and the minimum 

amount of porosity (1.59 %) is obtained 

from the composites sintered at 900°C. It 

was also found that the density and 

microhardness values of the composite 

increased with increasing sintering 

temperature, and the maximum density 

(9.92 g/cm
3
) and microhardness values  

(78 HV) was obtained at the sintering 

temperature of 900°C.

 

Figure 3: Average particle size curve of 

the Ag8SnO2 composite 

powder. 

 
 

Figure 4:  Microstructure of the Ag8SnO2 

green compact. 
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(a)                                               (b)                         (c) 

 

Figure 5: EDS mapping analysis of the Ag8SnO2 green compact; a) BSE image of the 

mapping zone, b) spectra in aforementioned zone, c) distribution of the elements 

in the mapping zone. 

 

             
(a)                                               (b)                         (c) 

 

Figure 6: Microstructure of the Ag8SnO2 composites formed by sintering at different 

temperatures: a) 700, b) 800 and c) 900°C. 

 

Table 3: Physical and mechanical properties of Ag8SnO2 composites with increasing 

sintering temperature. 

Composition 

Sintering 

temperature 

(°C) 

Theoretical 

density 

(g/cm
3
) 

Green 

density 

(g/cm
3
) 

Green 

porosity 

(%) 

Sintered 

density 

(g/cm
3
) 

Sintered 

porosity 

(%) 

Hardness 

(HV 0.1) 

Ag8SnO2 700 10.08 9.74 3.37 9.76 3.17 45 

Ag8SnO2 800 10.08 9.74 3.37 9.80 2.78 56 

Ag8SnO2 900 10.08 9.74 3.37 9.92 1.59 78 

 

4. CONCLUSION 

Fine and homogeneous distribution of the 

reinforcement particles (SnO2) in the Ag 

matrix was successfully provided by MA 

technique. Vacuum sintering was found 

to be advantageous to obtain composites 

with fairly low porosity. The amount of 

porosity gradually decreases with 

increasing sintering temperature. 

Moreover, microhardness increases with 

increasing sintering temperature. As a 

result, the optimal physical and 

mechanical properties were obtained 

from the composites sintered at 900°C. 
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ABSTRACT: In this study, TiO2-reinforced Ag8SnO2-based composite powders were 

synthesized by mechanical alloying technique, and the evolution of particle size and 

morphology with increasing reinforcement ratio and milling time was investigated. For this 

aim, powder mixtures having different amounts of the reinforcement phase ranging from 1 

to 5 wt.% were milled in a planetary-type ball mill. To establish a balance between cold 

welding and fracturing events, stearic acid was also added to each powder mixture at a 

constant value. The evolution of particle size and morphology of each milled powder 

mixture at specific milling durations was characterized using laser diffraction particle 

sizing and scanning electron microscopy, respectively. In addition, energy dispersive X-ray 

spectroscopy (EDX) was also used to evaluate the homogeneity of a selected green 

compact which formed by die compacting. It was found that the average powder particle 

size gradually decreases with increasing reinforcement ratio and milling time. However, 

this decreasing trend slows down at the later stages of milling process. The EDX map 

characterization performed on a green compact showed that fine and homogeneous 

dispersion of TiO2 particles in Ag matrix was achieved. 

 

1. INTRODUCTION 

Silver-based composites reinforced with 

ceramic particles are widely used in 

electrical contact applications due to their 

superior combination of strength at high 

elevated temperature, good thermal 

stability, high hardness, better anti-

welding properties, and high electrical 

and thermal conductivity [Slade, 2014]. 

Although Ag-CdO composites have been 

used for many years, their usage was 

restricted because of their carcinogenic 

nature [Wang et al., 2014]. Therefore, 

Ag-SnO2 composites have emerged as 

environmentally friendly substitutes for 

conventional Ag-CdO electrical contact 

materials [Biyik, 2015]. Studies are 

currently being performed with regards to 

improving the arc-erosion performance 

by using some minor dope additives to 

form a ternary or complex composite, and 

extending the contact life [Biyik et al., 

2015]. 

 

2. EXPERIMENTAL PROCEDURES 

The starting Ag (45 µm, 99.99 % purity), 

SnO2 (10 µm, 99.9 % purity) and TiO2 

(45 µm, 99.6 % purity) powders were 

sieved through 25 µm sieve and 

corresponding morphologies after sieving 

were investigated by means of scanning 

electron microscopy (SEM) and given in 

Fig. 1. Milling was carried out using a 

planetary-type ball mill and the evolution 

of the powder particle size was evaluated 

using Laser Diffractometer. Both milling 

container (vial) and grinding balls are 

made of tungsten carbide. The diameter 

of each ball is 10 mm. Stearic acid was 

also added in powder mixtures to 

establish a balance between cold welding 

and fracturing events occurred during 

milling. The milling parameters were 

selected considering our previous study 

[Biyik and Aydin, 2015] and were listed 

in Table 1. A green compact was also 

produced to assess the homogeneity of 

elements in the matrix via EDX analysis. 
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       (a)                     (b)    (c) 

 

Figure 1:  Morphology of powders after sieving; a) Ag, b) SnO2 and c) TiO2. 

 

Table 1:  MA parameters used to synthesize TiO2-reinforced Ag8SnO2-based composite 

powders. 

Type of milling 

equipment 

Material 

of milling 

container 

Material 

and 

diameter 

of balls 

Type of 

PCA 

Milling 

speed 

(rpm) 

Milling 

duration 

(h) 

BPR 

Planetary-type 

ball mill, 

Fritsch 

Pulverisette 6 

Tungsten 

carbide 

(WC) 

WC balls 

(Φ = 10 

mm) 

Stearic 

acid 
300 

0.5; 2; 4; 

7; 10; 16; 

20; 25 

10:1 

 

3. RESULTS AND DISCUSSION 

It can be seen from Fig. 1 that Ag 

powders have spherical shape, whereas 

SnO2 and TiO2 powders have irregular 

shape from a morphological point of 

view. The average particle size (APS) 

values regarding each composition at 

different milling durations were given in 

Table 2. The curves in Fig. 2 were plotted 

using the APS values in Table 2. It is 

clear from Fig. 2 that powder particle size 

generally decreased with increasing 

reinforcement and milling time. 

However, at certain periods, namely 

milling durations in between 0.5 and 2 h, 

particle size slightly increases, especially 

in compositions having 3 and 5 wt.% 

TiO2 (Table 2). This fluctuation in 

powder particle size defines that the 

milling process is out of steady-state 

condition. Morphological evolution of 

TiO2 reinforced Ag8SnO2 based 

composite powders at different milling 

durations were given in Figs. 3 and 4.

 

             Table 2:  Average particle size values of each composition as a function 

of increasing TiO2 reinforcement and milling time. 

Milling 

time  

(h) 

Composition and average particle size (APS, d(0.5), µm) 

Ag8SnO2 
Ag8SnO2-

1TiO2 

Ag8SnO2-

3TiO2 

Ag8SnO2-

5TiO2 
0 18.646 18.646 18.646 18.646 

0.5 16.324 16.684 12.875 13.707 

2 16.200 15.356 13.154 15.314 

4 15.970 13.831 12.593 15.231 

7 13.690 11.368 9.629 13.430 

10 13.524 11.257 8.990 9.501 

16 10.652 10.461 7.159 6.991 

20 7.411 7.132 3.239 3.156 

25 4.831 5.097 3.125 2.851 
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Figure 2: Variation in average particle size with increasing milling duration for each 

composition. 

 

% 0 TiO2                     % 1 TiO2                       % 3 TiO2                     % 5 TiO2 

          
(a)                               (b)                                 (c)                                (d)  

          
(e)                               (f)                                  (g)                                (h)  

          
(i)                                (j)                                 (k)                                 (l)  

          
              (m)                              (n)                                 (o)                                (p)  
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Figure 3:  Morphological evolution of TiO2-reinforced Ag8SnO2-based composite powders 

at different milling durations (a-d) 0.5, (e-h) 4, (i-l) 7 and (m-p) 10 h. 

% 0 TiO2                     % 1 TiO2                       % 3 TiO2                     % 5 TiO2 

          
(a)                               (b)                                 (c)                                (d)  

          
(e)                               (f)                                  (g)                                (h)  

          
(i)                                (j)                                 (k)                                 (l)  

 

Figure 4:  Morphological evolution of TiO2-reinforced Ag8SnO2-based composite powders 

at different milling durations (a-d) 16, (e-h) 20 and (i-l) 25 h. 

 

In the early stages of milling process, 

namely up to 4 h, cold welding among 

powder particles dominates fracturing, 

Figs. 3a-h. After this period, fracturing 

event is noticeable, and therefore powder 

particles constantly fragmented to smaller 

pieces up to 20 h of milling duration. 

However, it can be seen from Fig. 3b that 

TiO2 particles tend to embed to the 

matrix and the amount of embedded 

particles are not critical so as to 

accelerate fracturing over cold welding. 

As a result of this, a similar tendency was 

found in the curves of Ag8SnO2 and 

Ag8SnO2-1TiO2 (Fig. 2). APS of these 

composite powders after 25 h of milling 

was approximately 5 µm. However, with 

the increase in TiO2 reinforcement up to 

3 wt.%, significant amount of particle 

size reduction was occurred and the final 

particle size was reduced to 3.125 µm. In 

a similar manner, the minimum powder 

particle size, namely 2.851 µm was 

obtained from the composite having 5 

wt.% TiO2. It was also found that the 

milling efficiency was suffered after 20 h 

of milling. This situation was attributed 

to the work hardening of the powder 

particles. Besides, it is suggested that 

prolonged milling durations should be 

avoided to minimize contamination in 

powder mixture, especially in 

applications where purity is of prime 

importance such as electrical contact 

materials. Therefore, the powders were 

no longer milled after 25 h. A green 

compact was also produced to observe 

elemental distributions via EDS analysis. 

In Fig. 5, red, blue and yellow colors 

represent the distribution of the Ag, Sn 

and Ti elements in the selected mapping 

zone of Ag8SnO2-1TiO2 green compact, 

respectively. Accordingly, EDS mapping 

proved that the homogeneous distribution 

of the elements was found in the Ag 

matrix (Fig. 5c). 
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                        (a)          (b) 

 

 
(c) 

 

Figure 5:  EDS mapping analysis of Ag8SnO2-1TiO2 green compact; a) BSE image of the 

mapping zone, b) spectra in aforementioned zone, c) distribution of the elements 

in the mapping zone. 

 

4. CONCLUSION 

Powder particle size of all compositions 

generally decreases with increasing TiO2 

reinforcement and milling time. 

However, in the very early stages of 

milling process, some compositions 

showed fluctuation in particle size. It was 

found that the amounts higher than 1 

wt.% of TiO2 dominated fracturing over 

cold welding and this leads to reduction 

in particle size. Little amounts tend to 

embed to the matrix and non-distinctive 

morphology was achieved. The rate of 

particle size reduction tends to slow down 

after 20 h of milling. EDS mapping 

analysis which performed on a green 

compact proved that homogeneous 

dispersion of TiO2 reinforcement was 

achieved in AgSnO2 matrix. 
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ABSTRACT: Spherical, hollow silica nanoparticles have been attracting serious interest 

owing to their wide application potential in the fields of selective separation, catalysis and 

dielectric materials and cosmetics. In this study, hollow, nano-sized silica were 

manufactured using a novel method which comprises of preparing spontaneous nano-scale 

oil-in-water (O/W) emulsions as soft templates for silica hydrolysis. Spontaneous 

emulsification is based on providing the excess internal energy to the system for 

compensating the interfacial energy created during emulsion formation. The dispersed 

organic phase in our system was a homogenous solution of oil (hexane) and water–

miscible solvent (ethanol). The continuous aqueous phase consists of a hydrophilic cationic 

surfactant (cetyl trimethyl ammonium bromide, CTAB) solution doped with the catalyst 

(ammonium hydroxide, NH4OH) for the silica synthesis. When mixed, nano-sized, stable 

hexane droplets with a cationic surfactant film develops spontaneously. Addition of the 

silica source (tetraethyl ortho silicate, TEOS) to the system starts the silica synthesis over 

the positively charged emulsion droplets which act as nucleation sites.  Completion of 

silica hydrolysis and condensation reactions are followed by calcination to remove the 

organic phase. The product is a highly uniform, spherical, hollow silica nanoparticles in the 

size range of 300 and 500 nm which show a strong correlation to the droplet size. The 

study also included optimization tests to achieve control on the PSD by varying respective 

amounts of oil, surfactant and the water-miscible solvent. 

 
1. INTRODUCTION 

Recently, hollow spheres have drawn 

attention due to their excellent properties 

such as low density, adiabatic capacity, 

and the ability of encapsulating, for 

which they are widely used in industrial 

applications such as fillers, thermal 

insulators, catalysts, pigments, 

pharmaceuticals, film substrates, 

humidity sensors, controlled release 

capsules for drugs, dyes, cosmetics and 

so forth. In their applications, the 

morphology of the spheres, the particle 

size distribution and the surface area are 

the most essential factors that should be 

taken into account before they could be 

industrialized (Tan and Park, 2009, Lin et 

al, 2015). 

Hollow particles can be prepared from 

many kinds of templates, such as 

emulsion droplets.  

 

Uniform hollow silica nanospheres 

(HSNs) synthesized with microemulsion 

have great application potential as 

nanoreactors because enzymes or 

nanocatalysts can be easily encapsulated 

in synthesis (Lin et al, 2015). 

Emulsions are thermodynamically 

unstable systems formed by mixing at 

least two immiscible liquid phases. When 

emulsions separate into their bulk phases, 

the free energy of the system decreases 

because of the decrease in the interfacial 

area. To obtain the emulsion energy must 

be supplied, general by mechanical 

forms. However there is a change to form 
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emulsions spontaneously with the help of 

a third component, generally water 

miscible solvent (ethanol). Spontaneous 

emulsification forms a 

thermodynamically stable emulsion 

where system uses enough internal excess 

energy. The addition of a surfactant is 

essential for long-term stability.  

In principle, the size of this droplets can 

be systematically controlled by changing 

the surfactant concentration or solution 

conditions. Silica nanospheres can be 

synthesized in both w/o (water-in-oil) 

type or o/w type microemulsion with sol–

gel silica condensation in the 

microemulsion droplets (Lopez-Montilla 

et al, 2002; Xu et al, 2006; Tchakalova et 

al, 2008; Yang et al, 2011). 

In this work, hollow silica nanospheres 

synthesized by sol–gel method over the 

droplets of a w/o microemulsion formed 

spontaneously. When the dispersed 

organic phase (hexane and ethanol) 

mixed with the continuous aqueous phase 

(CTAB solution doped with NH4OH), 

nano-sized, stable hexane droplets with a 

cationic surfactant film develops 

spontaneously. Then, silica from TEOS 

hydrolyses and condenses on the surface 

of positively charged emulsion droplets 

to form a thin silica shell around the 

droplets. Another mechanism, of course, 

could be the formation of silica seed 

particles in solution first and then 

adsorbing onto the droplet surface to 

generate the silica shell. Finally organic 

phase was removed by calcination and 

optimization studied were done. 

 

2. EXPERIMENTAL 

In the experiments, hexane (95 %, Sigma-

Aldrich) and ethanol (96%, Tekkim) was 

used to prepare the dispersed organic 

phase. A cationic surfactant solution 

(CTAB) (Sigma-Aldrich) and ammonium 

hydroxide solution (26%, Sigma-Aldrich) 

were the ingredients in the continuous 

aqueous phase. 

Upon mixing of the organic phase with 

the aqueous phase cationic charged 

emulsion droplets formed spontaneously 

even under mild stirring. After addition 

of TEOS, silica hydrolyzed and 

condensed around droplets. Finally the 

stable spheres with hollow structure were 

obtained after the organic phase was 

removed by calcination at 550 °C. Figure 

1 shows the schematic procedure for 

synthesis of hollow silica nanospheres. 

The morphology of particles was 

analyzed by Scanning Electron 

Microscopy (SEM). 

 

 
Figure 1. Schematic method for synthesis 

of hollow silica nanoparticles 
 

3. RESULT & DISCUSSION 

The hollow silica nanospheres were 

synthesized in an oil-in-water (o/w) 

microemulsion system obtained by 

spontaneous emulsification method. 

Spontaneous emulsification method does 

not require external energy to form stable 

emulsion. This was the key advantage for 

this method among the other production 

methods.  
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In emulsion polymerization, particles are 

mainly formed by droplet nucleation. The 

silica precursors, TEOS was hydrolyzed 

around the cationic surface of oil droplets 

(Santler et al, 2012). Subsequent silica 

condensation, resulting in the formation 

of silica nanoparticles, occurred. The 

solid nanoparticles were transformed to 

hollow silica nanospheres (HSNs) by 

calcination at 550 °C to remove organic 

phase. The microemulsion acts as a 

reactor to initiate the nucleation and 

growth of silica nanoparticles, in basic 

condition, which can be systematically 

transformed into hollow nanospheres 

(HSNs), as illustrated in Figure 2. The 

chemical reactions involved in silica 

formation, hydrolysis (eqn (1)) and 

condensation (eqn (2) and (3)), as 

catalyzed by the ammonia solution, are as 

follows (Lin et al, 2015): 

≡Si–OEt+H2O≡Si–OH+EtOH         (1) 

≡Si–OH+EtO–Si≡ 

≡Si–O–Si≡+EtOH      (2) 

≡Si–OH+HO–Si≡≡Si–O–Si≡+H2O  (3) 

The net reaction is: 

(EtO)4Si+2H2OSiO2+4ROH             (4) 

In the experiments, we varied the amount 

of oil phases and surfactant concentration 

in the microemulsion systems, which 

may impact the sizes and morphologies 

of HSNs. Figure 3 showed the SEM 

images of silica spheres at different 

hexane concentrations. 

SEM images indicate that the nanosphere 

sizes and shell thicknesses increased 

nearly from 100 nm to 200 nm with the 

amounts of hexane added.  

It is known that the particle sizes 

synthesized in an emulsion system are 

governed by the amount of surfactant 

besides the concentration of the oil 

molecule. To form a stable o/w emulsion, 

a surfactant of more hydrophilic balance 

would be needed. So we used the 

surfactant CTAB with an HLB value of 

10 (Barut et al, 2004). SEM images of 

silica nanospheres at two different CTAB 

concentration was shown in Figure 4. 

It can be seen that particles have hemi 

shell structures according to SEM image 

shown in Figure 4 a. Presence of the hemi 

shells is the clue for the hollow particles. 

When the concentration of CTAB 

increased, the particles have narrower 

size distribution with around 880 nm 

particle size. 

 
Figure 2. The nucleation and growth 

mechanism of silica nanospheres by 

emulsification method 

 

  

(a) (b) 

Figure 3. SEM images of hollow silica 

nanoparticles synthesized at (a) % 3 

hexane and (b) % 1.5 hexane by volume   

 

Two phase emulsion: OIL/WATER

OIL DROPLET

SURFACTANT
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(a) (b) 

Figure 4. SEM images of hollow silica 

nanoparticles synthesized using (a) 10
-3

 

M CTAB solution, (b) 10
-2

 M CTAB 

solution 

FTIR spectra of silica spheres 

synthesized at different hexane 

concentrations was shown in Figure 5. 
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Figure 5. FTIR spectra of silica spheres at 

different hexane concentrations 

 

As it can be seen from Fig.5, silica shows 

the Si-O-Si fundamental vibration band at 

~1100 cm
-1

.  A strong, broad absorbance 

band is usually observed at 3500 cm
-1

, 

due to O-H stretching vibrations. A 

weaker O-H bending vibration band is 

seen at 1600 cm
-1

. Hexane shows 

characteristic C-H stretches at 2850-3000 

cm
-1

. It indicates that hexane was 

completely removed from silica spheres 

during calcination which lead to the 

formation of hollow spheres. 

 

4. CONCLUSION 

We have designed a new method for 

making hollow nanospheres of silica by 

spontaneous emulsification method. In 

emulsification method, each droplet 

could be regarded as an individual batch 

reactor, a nanoreactor. The emulsification 

technique was capable of producing 

hollow nanospheres in our experiments. 

Particle sizes and shell thicknesses of 

nanospheres increased with increasing 

hexane content. When the concentration 

of CTAB increased, the particles have 

narrower size distribution. These results 

have important implications for the 

design and production of hollow silica 

nanospheres for applications from food 

industry to cosmetics. 
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1. INTRODUCTION: 

In recent years, more efforts have been devoted to incorporate organic laser dyes into various 

host matrices, with the goal of developing solid-state dye laser materials [1-4] that could 

possibly replace liquid dye lasers.   Compared with liquid dye lasers, solid-state dye lasers 

have many advantages such as non-toxic, non-flammable, non-volatile, compact and better 

mechanically and thermally etc. [1-5]. Solid-state tunable dye laser materials can be developed 

by incorporating stable laser dye molecules into solid host matrices like polymers, silica gels, 

xerogels, organically modified silicates (ORMOSILS) and sol-gel glasses [4-25]. 

Coumarin and stilbene-3 (STB-3) laser dyes are very efficient laser dyes for the spectral 

response in the blue-green region of the electromagnetic spectrum 1, 4, 5, 22 -.40. Several 

coumarin laser dyes have been widely studied in various solvents and solid hosts.6, 29-.40 

however; very few reports are available on photophysical properties of STB3 in solid host 

matrices [22.25]. The photophysical properties of laser dyes provide basic information for 

their use in different applications which in turn depend on the molecular structure of the dye.  

The lasing action of dye depends on its photophysical properties 18-.19. The high value of 

extinction coefficient and fluorescence quantum yield of a laser dye is favourable for good 

lasing performance. Therefore, it is necessary to pay more attention to investigate the 

photophysical properties of dye/sol-gel elements. With these objectives of investigating STB3, 

three different types of STB3 impregnated sol-gel solid samples are prepared using three 

distinct methods This paper systematic study on Spectroscopic properties STB3 in sol-gel 

silica prepared by three different methods. 

 

Keywords: Sol-Gel Glass, Laser Dye, Stilbene-3,  

 

2  EXPERIMENTAL: 

2.1   Preparation 

As mentioned in the introduction, the 

preparation of sol-gel is a two step process 

involving hydrolysis and polycondensation 

of metal alkoxide in presence of a catalyst. 

The sol-gel materials are prepared in the 

present work by carrying out hydrolysis and 

polycondensation of tetraethylorthosilicate 

(TEOS) using HCl as catalyst. 

The materials were prepared by employing 

three different methods. 

 

1) Method I: using HCl as catalyst and 

glycerol as DCCA 

 A sol was prepared by mixing 11.2- ml 

TEOS, 6-ml MeOH, 9 ml- H2O, 1.0 ml HCl 

(0.1 N) as catalyst and 10 ml glycerol as 

DCCA to reduce the cracking of monoliths 

during drying under magnetic stirring at 

room temperature.  After 17 hours of 

mailto:laxmanjathar@gmail.com
mailto:jayrajrrane@yahoo.co.in
mailto:aparna.vijay.deshpande@gmail.com
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stirring, 3.5 ml sol was poured in the 

rectangular polystyrene cuvettes of size (4.5 

× 1.0 × 1.0) cm
3
. The cuvettes were sealed 

with teflon tape to ensure slow drying of sol, 

which decreases the probability of cracking 

in solid. Drying and aging of gel were 

carried out at room temperature in clean and 

controlled environment.  

After about 2 months from the date of 

preparation, solid blocks were obtained in 

the form of parallelopipeds with dimensions 

(0.8 × 0. 8 × 2.0) cm
3
. These glass samples 

were immersed in MeOH / H2O (50:50 by 

volume) for 16 hours and then subsequently 

in 15 ml methanolic solution of STB3 dye of 

known concentration for one hour. After 

removing the samples from the solution they 

were dried at room temperature. After 15 

days of drying the surface of the samples 

gets dried so that it is handable and can be 

subjected to various measurements.  

 

2) Method II: using HCl as catalyst at 

60
O

C  and drying at room temperature 

 A sol was prepared by mixing 78- ml 

TEOS, 102 ml- H2O, 2.4 ml HCl as catalyst 

under magnetic stirring at  60
O
C  

temperature for 1 hour.  After 1 hour 

stirring, 3.5 ml sol was poured in the 

rectangular polystyrene cuvettes and then 

sealed with teflon tape. Drying and aging of 

gel were carried out at room temperature in 

clean and controlled environment.  

After about 20 days from the date of 

preparation, solid blocks were obtained in 

the form of parallelopipeds with dimensions 

(0.8 × 0. 8 × 2.8) cm
3
. These glass samples 

were given dip treatment by immersing them 

in MeOH / H2O (50:50 by volume) for 

different intervals of time such as 1 hour, 4 

hours, 8 hours, 12 hours and 16 hours and 

then subsequently in methanolic solution of 

STB-3 dye  of known concentration for one 

hour. After removing the samples from the 

solution they were dried at room 

temperature. After 5 days of drying the 

surface of the samples gets dried so that 

sample is handable and can be subjected to 

various measurements.  

 

3)  Method III: using HCl as catalyst at 

60
O

C  and heated at 600
O

C 

temperature for  3 hours 

A sol was prepared by mixing 78- ml TEOS, 

102 ml- H2O, 2.4 ml HCl as catalyst under 

magnetic stirring at  60
O
C  temperature for 1 

hour.  After stirring, 3.5 ml sol was poured 

in the rectangular polystyrene cuvette and 

then sealed with teflon tape. Drying and 

aging of gel were carried out at 60
O
C 

temperature in heating blocks. After about 4 

days from the date of preparation, solid 

blocks were obtained in the form of 

parallelopipeds with dimensions (0.6 × 0. 6 

× 1.7) cm
3
. These glass samples were given 

heat treatment by heating in programmable 

microwave furnace at 600
 O

C  for 3 hours 

and then subsequently they were cooled and 

kept at room temperature for one day and 

then the blocks were immersed in 15 ml 

methanolic solution of dye of known 

concentration for one hour. After removing 

the samples from the solution they were 

dried at room temperature. After 3 days of 

drying the surface of the samples gets dried 

so that it is handable and can be subjected to 

various measurements.  

The number density of dye doped molecules 

in the solid host was calculated by 

difference method from the optical density 

(OD) of absorption of dye solution before 

and after dipping of the glass sample. The 

desired number density of dye molecules in 

solid host can be obtained by dipping of 

glass samples in varied concentration of 

methanolic solution of STB-3dye. The dried 

solids obtained by all the above methods 

were visually of good surface finish with 

plane parallel side faces. They were used 

directly for spectroscopic and laser studies 

without any polishing of the faces. Three 

types of STB3 impregnated sol-gel samples 
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were prepared by three different    methods 

with the same dimensions as mentioned 

earlier in Chapters 2, 3 and 4.  

 

2.2  Absorption/Fluorescence 

Measurement: 

The absorption spectra of STB-3 dye doped 

samples were recorded with respect to 

undoped glass sample by a conventional 

Spectrophotometer. The fluorescence 

spectra were recorded using an assembled 

fluorimeter with front surface excitation 

emission geometry. Fluorescence spectra of 

STB3 impregnated sol-gel samples prepared 

by various methods and STB3 in methanol 

were scanned at the same excitation 

wavelength (350 nm). All the recorded 

spectra were corrected for the 

photomultiplier and monochromator 

sensitivities. The fluorescence intensity (FI) 

of the dye embedded solid was normalized 

with the fluorescence intensity of the 

methanolic solution of the dye to obtain the 

relative fluorescence intensity.  

After measurement of the photophysical 

properties including fluorescence lifetime, 

the dye impregnated sol-gel samples 

prepared by various methods were subjected 

to laser study under nitrogen laser pumping 

at 337.1 nm at the rate of 1.67 Hz in 

transverse dye laser cavity. 

 

3 RESULTS AND DISCUSSION: 

3.1 Absorption/Fluorescence 

Properties: 

Fig..1(a, b, and c) and 5.2 (a, b, and c) show 

the absorption and fluorescence spectra of  

Stilbene3 dye doped sol-gel glass samples 

prepared by  Method I,  Method II and  

Method III respectively with increasing 

drying time.  It represents the typical 

behaviour of these solids which is observed 

for all the concentrations of the dye studied 

in the present work The shape of the spectra 

are similar to those in alcoholic solution 

suggesting existance of similar forms of dye 

molecule in the solution and solids. All 

STB3 doped solid glass samples prepared by 

Method I, II and Method III having number 

densities of the order of 10
15

/cm
3
 to 

10
17

/cm
3
 show single  absorption peak 

peaking at 345 nm, 344 nm and 348 nm 

respectively. As the drying time increases 

there is a decrease in the optical density 

(OD) value of main absorption peak at 345 

nm and 344 nm for Method I and Method II 

samples respectively. But in case of samples 

prepared by Method III no such change in 

OD value is observed as drying time 

increases.   

Also slight blue shift (2 nm) is observed in 

absorption maximum wavelength after 240 

days of time of drying for all three types of 

STB3 embedded sol-gel glasses. The 

fluorescence intensity (FI) also decreases 

with the lapse of time of preparation for 

Method I and Method II prepared samples, 

while no change in fluorescence intensity is 

observed in samples prepared by Method III 

as the drying time increases as shown in Fig. 

5.2 (c). However the observed changes in 

absorption and fluorescence properties with 

increasing drying time are very less in 

samples prepared by Method II as compared 

to samples prepared by Method I 

 

Table .1: Absorption properties of STB3/sol-gel glass samples in comparison with  

STB3/MeOH  

 No. density (x10
15

 cm
-3

) λa (nm) εx10
-4 

(l mole
-1

 cm
-1

) 

STB3/MeOH  4.93 351 5.89 

Method I 8.69 345 5.16 

Method II 7.32 344 5.49 

Method III 5.20 347 5.96 

Uncertainty 1 nm in (λa)  
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Table 1 lists the absorption properties of 

STB3 in sol-gel blocks as well as in 

methanol with low concentration of the dye 

(number density of the order of 10
15

 per 

cm
3
). The absorption wavelength maxima 

(λa) for sample prepared by all the three 

methods are little blue shifted as compared 

to that in methanol. The extinction 

coefficient (ε) of STB3 in solid prepared by 

Method I and Method II are less compared 

to that in solution, where as in solids 

prepared by Method III it is more than that 

in solution. But the order of magnitude of ε 

value is same for all the samples. 

 

Table 2: Fluorescence properties of STB3/sol-gel glass samples with different concentrations 

 

No. density (cm
-3

) λf (nm) FWHM (cm
-1

) FI (A.U.) 

Method I 

6.78 * 10
15

 431 875 0.20 

8.52 * 10
16

 431 1265 0.59 

3.80 * 10
17

 432 1386 0.82 

5.51 * 10
18

 434 919 0.32 

Method II 

4.96 * 10
15

 430 812 0.30 

9.51 * 10
16

 431 1206 0.78 

7.96 * 10
17

 432 1219 0.75 

6.31 * 10
18

 433 829 0.42 

Method III 

5.18 * 10
15

 432 753 0.51 

7.62 * 10
16

 432 1086 0.88 

5.91 * 10
17

 433 1320 0.97 

4.44 * 10
18

 434 896 0.51 

Uncertainty 1 nm in (λf); 0.05 in (FI) 
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The changes observed in the fluorescence 

spectra of solid glass blocks with 

increasing dye concentrations (number 

densities of dye molecules of the order of 

10
15

-10
18

 per cm
3
 of the solid) are 

depicted in Table 2. The fluorescence 

wavelength (λf) of the dye doped solids is 

between 430-434 nm which is slightly 

blue shifted compared to that in alcoholic 

solution (435 nm). The FWHM increases 

initially as the concentration of the dye 

increases but decreases again for the 

higher number density samples. The 

fluorescence intensity (FI) also first 

increases and then decreases as the 

concentration of the dye in solid increases 

which is due to concentration quenching 

[30-33, 37-40]. 

 

 
Fig. 1: Absorption spectra of STB3 

containing sol-gel glass sample a) 

Method I, b) Method II and c) Method III 

(no. density Method I: 1.12 x 10
16

 per 

cm
3 

; Method II: 7.50 x 10
15

 per cm
3
 ; 

Method III: 6.62 x 10
15

 per cm
3
 ) 
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Fig. 2: Fluorescence spectra of STB3 

containing sol-gel glass samples 

a) Method I, b) Method II and c) 

Method III (no. density Method 

I: 8.52 x 10
16

 per cm
3 

; Method 

II: 6.35 x 10
16

 per cm
3
 ; Method 

III: 1.32 x 10
17

 per cm
3
 ) 

 

 

 

The changes observed in the fluorescence 

spectra of solid glass blocks with 

increasing dye concentrations (number 

densities of dye molecules of the order of 

10
15

-10
18

 per cm
3
 of the solid) are 

depicted in Table 2. The fluorescence 

wavelength (λf) of the dye doped solids is 

between 430-434 nm which is slightly 

blue shifted compared to that in alcoholic 

solution (435 nm). The FWHM increases 

initially as the concentration of the dye 

increases but decreases again for the 

higher number density samples. The 

fluorescence intensity (FI) also first 

increases and then decreases as the 

concentration of the dye in solid increases 

which is due to concentration quenching 

[30-33, 37-40]. 

Samples prepared by method I and II 

show that the FI values are lower than 

those observed for samples prepared by 

Method III. This may be due to the 

presence of some residuals along with 

acid in Method I and Method II samples 

where as most residual solvent/chemicals 

are coming out from the Method III 

samples during heating. The absorption 

and fluorescence spectra suggest the 

existance of single emitting species. 

  Thus the spectroscopic properties of 

samples prepared by Method III are 

superior to those prepared by other two 

methods. The single lifetime values in the 

range of 1.12–1.42 ns of STB3 in these 

samples are an indication of the existence 

of a single fluorescent species.  

 

3.2 Laser Study: 

When the blocks prepared by each 

method containing STB3 dye with varied 

concentrations were subjected to laser 

studies by pumping them with nitrogen 

laser (337.1 nm) in the transverse dye 

laser cavity with pump frequency of 1.67 

Hz, the laser emission was observed from 

samples with higher concentration 

(5.51x10
18

 cm
-3

) Method I samples, but 

the output dies within 4-5 pulses of the 

pump laser. Where as lasing action could 

not be obtained for Method I and Method 

II samples. One of the reasons for not 

obtaining lasing action can be because of 

very short life time; which is very 
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different from 4 ns the pulse duration of 

nitrogen laser. Also the 10
18

 cm
-3 

concentrations of dye molecules may not 

be adequate and pump energy of nitrogen 

laser may not be sufficient for showing 

lasing action. 

 

4 CONCLUSION: 

Laser dye STB3 could be embedded 

successfully in sol-gel glass samples 

prepared by   all three methods. Laser dye 

STB3 incorporated in sol-gel glass 

samples showed extinction coefficient 

and quantum yield values comparable to 

that in methanolic solution. The 

absorption and fluorescence wavelengths 

showed slight blue shift in case of dye 

doped solids as compared to that in the 

solution. This can be combined effect of 

higher refractive index of solids and 

environment surrounding the dye 

molecule.  

Though very poor lasing action was 

observed in case of samples prepared by 

Method I, the photophysical performance 

was found to be best in method III 

samples..  
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ABSTRACT: Over the past two decades, silica nanoparticles are used extensively in high 

end applications such as drug delivery, advanced catalysts, biosensors, cosmetics. Though 

a close control on the size and shape of particles is extremely important, presence of 

several interacting parameters makes such control a state of art and the growth mechanism 

of silica nano particles is still not fully understood. Over the years two extreme case 

models were proposed: growth by monomer addition and growth by aggregation, yet none 

of them comprehensively explains all the experimental observations. In this study, an 

experimental set-up was developed for a real-time study of the growth kinetics of silica 

nanoparticles produced by Stöber Method in a standard geometry cell to provide reliable 

data for such modeling work. However, this work will only present the data generated.  

Silica size distribution (PSD) was determined in-situ as a function of time through SEM 

analysis using an image analysis software. The changes in the amounts of both tetraethyl 

orthosilicate (TEOS) and ammonia and the presence of surfactants were studied to 

illuminate their effect on PSD. It was observed that nearly mono-sized and perfectly 

spherical silica particles could be produced in short times depending on the amounts of 

TEOS and ammonia. The presence of anionic surfactant were also found to affect the final 

PSD. The particle growth rate and the final size distribution were analyzed together to 

elucidate the growth mechanism.  

 

Keywords: silica, nanoparticle(s), Stöber, standard geometry cell

 

1. INTRODUCTION 

Nanomaterials have gained a huge 

interests due to their extensive 

applications in catalysis, chemical 

sensors, chromatography, biological 

images and drug delivery. Since nano 

silica has low density, good thermal and 

mechanical stability, and chemical 

inertia, it has been proven to be a very 

promising material (Gorji et al, 2012).  

The sol-gel methods are the most 

common method to synthesize silica 

nanoparticles. Of particular interest, 

highly monodisperse silica nanoparticles 

can be obtained by the Stöber method. 

Stöber produced monodisperse and 

nonporous  

 

silica spheres by the hydrolysis of 

tetraethyl orthosilicate (TEOS) in 

strongly basic medium. The chemistry of 

the reactions can be described as the 

hydrolysis (Eq 1) and the condensation 

reactions (Eq 2-3) (Lin et al, 2015): 

≡Si–OEt+H2O≡Si–OH+EtOH          (1) 

≡Si–OH+EtO–Si≡ 

≡Si–O–Si≡+EtOH     (2) 

≡Si–OH+HO–Si≡≡Si–O–Si≡+H2O  (3) 

The final size of silica particles from the 

Stöber process can be controlled by the 

relative contribution of nucleation and 

growth processes. The hydrolysis 
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reaction is initiated by the attacks of 

hydroxyl anions to TEOS molecules. 

During the hydrolysis reaction, the 

ethoxy group of TEOS reacts with the 

water molecule to form the intermediate 

with hydroxyl group (silanol) substituting 

ethoxy groups. Ammonia works as a 

basic catalyst for the hydrolysis reaction. 

Following the hydrolysis reaction, the 

condensation reaction occurs 

immediately where the hydroxyl group of 

intermediate reacts with the ethoxy group 

of unreacted TEOS. The hydrolysis and 

condensation reactions provide necessary 

supersaturation for the formation of 

particles (Brinker and Scherer 1990, 

Carcöuet et al, 2014; Ibrahim et al, 2010, 

Rahman and Padavettan, 2012).  

 

The controllability of the silica particle 

size is a big deal because the particle size 

strongly affects the behavior of the silica 

systems. The formation of the nuclei can 

be related with the formation of 

hydrolyzed species of the TEOS, while 

the growth of the particles can be related 

with the condensation of the hydrolyzed 

species (Sato-Berru et al, 2013). 

However, despite many years of 

investigation, the mechanisms of 

nucleation and growth have still not been 

fully understood.  

 

There are number of parameters that 

affect the nucleation and growth process, 

including initial concentration of 

reagents, H2O/Si molar ratio, the feed rate 

of silica source and other reaction 

conditions (Singh et al, 2011). Hence, it 

is important to develop a research method 

for easier adjusting the size of the 

nanoparticles (Carcöuet et al, 2014, 

Zainala et al, 2013). 

In this study, monodisperse silica 

particles were synthesized according to 

the procedure of Stöber, which involves 

the diffusion of TEOS into a stirred 

aqueous solution of 

ethanol/water/ammonia. The aim of this 

study is to investigate the effect of some 

important parameters on the size of silica 

nanoparticles. For this purpose, the 

amounts of both tetraethyl orthosilicate 

(TEOS) and ammonia were varied and 

different types of surfactants were added 

to the system. The addition of TEOS was 

also studied by both direct addition and 

long-time addition by syringe pump.  

 

2. EXPERIMENTAL 

In the experiments, tetraethyl 

orthosilicate (TEOS) (Merck, 98%) as a 

silica source, ethanol (Tekkim, 96%) and 

distilled water as solvents and ammonium 

hydroxide (NH4OH) (Sigma-Aldrich, 

26%) as a basic catalyst were used. 

Cationic charged Hexadecyl trimethyl 

ammonium bromide (CTAB), anionic 

charged sodium dodecyl sulphate (SDS) 

and non-ionic Triton X-100 (TX-100) 

was purchased from Sigma. 

The experimental set-up consisted of a 

mixing cell of standard geometry 

(Holland and Chapman, 1966) as shown 

in Figure 1. The standard cell involves a 

1 liter vessel of standard geometry with 

four baffles and turbine-type stirrer. 

 
Figure 1. Schematic representation of the 

agitation vessel and the turbine type 

stirrer (A standard cell) 

Silica nanoparticles were synthesized in 

this standard cell using Stöber method 

that involves mixing of two different 

types of reagent solutions at room 
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temperature. One reagent solution 

contains ethanol, while the other includes 

water and ammonia mixture. After TEOS 

addition to the mixing solution, silica 

formation started and reaction was 

allowed to continue for 24 h.  

 

TEOS was introduced to the mixture at 

two different feed rates: direct quick 

addition and long-time addition by 

syringe pump. EtOH (12.6 M) and H2O 

(11.6 M) amounts were kept constant 

while TEOS (0.12, 0.25, 0.5 M), and 

NH4OH (0.15,0.30, 0.66, 1.2, 1.8, 2.4 M)  

amounts were changed. Effects of 

surfactants on the formation and surface 

properties of SiO2 particles were studied 

by the types of surfactants while fixing 

the concentrations of TEOS (0.25 M), 

NH4OH (0.66 M), ethanol (12.6 M), and 

H2O (11.6 M) as constant. The size 

distribution of the silica nano particles 

were obtained by Scanning Electron 

Microscopy (SEM) images. Zeta (ζ) 

potential, reflecting surface charge 

density of these particles, was determined 

by dynamic light scattering (DLS) 

analysis. 

 

3. RESULT & DISCUSSIONS 

Initial studies using a standard geometry 

cell have shown that the Stöber recipe 

produces negatively charged (∼55 mV) 

and monodispersed spherical SiO2 

particles with an average diameter of 

∼450 nm. The parameter of mixing speed 

(350 and 810 rpm), was found to not 

affect the final size of particles. 

 

3.1. Effect of TEOS Addition Type 

The experiments were conducted to 

determine the effect of TEOS addition 

type on the final particle size. The same 

amount of TEOS was introduced to the 

mixture (cell) at different feed rates, the 

direct-quick addition and the long time 

addition (in 1 h ) by syringe pump. It was 

observed that the quick addition created 

smaller particles after 1 hour compared to 

the long time or drop wise addition of 

TEOS. The results are presented in 

Figure 2.   This is most probably due to 

the number of nucleation sites created.  

Which is expected to be more in the case 

of direct addition and the residual TEOS 

will be less to hydrolyze and condense 

around these nuclei (growth) and the size 

of particles will be smaller.   
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Figure 2. Comparison of TEOS addition 

rate on final size of silica nanoparticles 

 

3.2. Effect of TEOS Concentration 

In this part of the study, similar 

experiments were conducted to determine 

the effect of TEOS concentration on the 

final particle size by drop wise addition 

and direct addition. The results of the 

average sizes (obtained from SEM 

images) were presented in Figure 3 and 4.  

As it is seen from the figure, the particle 

size is increased with increasing TEOS 

concentration.  Since the addition of 

TEOS was drop wise (that is, the amount 

of TEOS is the same up to a certain time), 

the number of nucleation sites and the 

growth are expected to be similar up to a 

certain time.  Then the growth is 

continued if there is enough TEOS in the 

system. Therefore the size of droplets are 

larger in the case of more TEOS 

concentration.    
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Figure 3. Particle sizes of silica 

nanoparticles at different TEOS 

concentrations introduced by drop-wise 

addition 

 
Figure 4. Particle sizes of silica 

nanoparticles at different TEOS 

concentrations introduced by direct 

addition 

However, there is a critical concentration 

of TEOS (0.25M), the additional increase 

in TEOS do not have an effect on particle 

size.  

 

3.3. Effect of NH4OH Concentration 

The similar type of kinetic experiments 

were also conducted to study the effect of 

initial concentration of NH4OH on final 

particle size and the average size results 

were given in Figure 5. SEM images 

were also given in Figure 6. 

 
Figure 5. Particle sizes of silica 

nanoparticles at different NH4OH 

concentrations 

It is seen that the size of particles goes 

through a maximum as ammonia 

concentration is raised. When ammonia 

concentration is increased, both the rate 

of hydrolysis and condensation are 

expected to be faster. Therefore the size 

of silica particles will be larger at any 

stage of production.  However, there is a 

critical concentration of NH4OH (1.8M), 

further increase in its concentration does 

not affect the final size of particles.   

Figure 6. SEM images of silica 

nanoparticles at different NH4OH 

concentration 

 

So, an increase in the size of silica 

particles with increasing TEOS and 

ammonia concentrations are supposed to 

due to: 1) the affect on the 

supersaturation for the nucleation process 

2) the affect on the faster hydrolysis and 

  

  

0.15 M 0.65 M 

1.2 M 2.4 M 
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condensation and the solubility of 

intermediate. 

 

3.4. Effect of Surface Active Agents  

Effect of surfactants on the mechanism of 

silica production was tested and 

presented in Figures 7 and 8. 

  

  

Figure 7. SEM images of silica 

nanoparticles at different NH4OH 

concentration 
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Figure 8. Effect of different type of 

surfactants on silica particle size  

The presence of surfactants, especially 

anionic ones, can influence the size of 

silica particles and surface charge 

properties. In the case of negatively 

charged SDS, the size of silica particles is 

increased. As it was discussed previously, 

the final size of a growing particle 

population depends on the relative rates 

of their nucleation and growth processes. 

When less nuclei formed after nucleation 

process as in the case of anionic 

surfactant, the residual TEOS will be 

more to hydrolyze and condense around 

these nuclei and thus form larger 

particles. The formation of less nuclei 

may be because of the negative charge of 

head groups of these surfactant. This may 

cause a decrease in the hydrolysis rate of 

the alkoxysilanes. Cationic and non-ionic 

surfactants, on the other hand, did not 

have a significant effect    on the size of 

silica particles. CTAB also decreases the 

negative charge of silica particles down 

to   -28.9 mV.  

 

4. CONCLUSION 

In this study, an experimental set-up was 

used to study the growth kinetics of silica 

nanoparticles produced by Stöber Method 

in a standard geometry cell. Silica size 

distribution (PSD) was determined in-situ 

as a function of time through SEM 

analysis using an image analysis 

software. The changes in the amounts of 

both tetraethyl orthosilicate (TEOS) and 

ammonia and the presence of surfactants 

were studied to illuminate their effect on 

PSD. 

The results of this study show that it is 

possible to obtain a controlled size of 

SiO2 nanoparticles in a very large range 

(from 300 to 700 nm) just by changing 

the initial concentration of TEOS and 

NH4OH, the feed rate of TEOS and 

adding different type of surfactants. The 

size of silica particles increases with 

increasing TEOS and ammonia 

concentrations up to a critical 

concentration.  Increase of the rate of 

hydrolysis (increase in TEOS amount or 

the presence of anionic surfactant), tend 

to produce less nuclei in number during 

the nucleation process and therefore a 

larger particle sizes. The findings clearly 

illustrate the importance of the nucleation 

and growth relative rates on the final 

nanoparticle size. 
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ABSTRACT: In this study mesoporous silica was synthesized via sol-gel methods using 

1-ethyl-3-methylimidazolium bis(trifluormethylsulfonyl)imid ionic liquid as template. 

Silica based sorbents were prepared by following the one-step sol-gel process. The weight 

ratio between the compounds was the same for all experiments TEOS: EtOH: H2O=2:1:1. 

The amount of ionic liquid was varied from 0 to 24 %. The physicochemical 

characterization and surface morphology of materials was investigated using Fourier 

Transform Infrared Spectrophotometer (FT-IR) and Scanning Electron Microscope (SEM), 

respectively. Meanwhile, the effect of ionic liquid on formation of porous structure was 

also investigated by Brunauer-Emmett-Teller (BET) analysis and thermal behavior of the 

obtained materials have been investigated with thermogravimetric analysis (TGA). 

 

1. INTRODUCTION 

Mesoporous materials with well-defined 

geometry have attracted considerable 

attention due to their high surface area, 

pore volume and uniform pore channel 

for use in a wide range of application 

areas such as optic, sensors, catalysis and 

separation processes [1]. Among the wide 

variety of potential application areas, in 

particular, the development of 

functionalized mesoporous silica for 

liquid phase separation application has 

attracted a great deal of interest, due to 

easy tunable surface functionality and 

uniform pore structure [2]. 

In recent years, researchers are widely 

studied on the synthesis and 

characterization of silica materials with 

ionic liquid (IL) combination using their 

some of the advantages of both the ILs 

and the silica materials 

Ionic liquids (ILs) are organic salts which 

has liquid form at room temperature. 

Because of this, they are recognized 

Room Temperature Ionic Liquids 

(RTILs). The large number of possible 

ILs structures and their unique properties 

such as high thermal stability, non-

flammability, negligible vapor pressure 

make it feasible to consider them as an 

opportunity to contribute to greenness in 

the various field in which they can be 

applied [3]. 

The combination of an IL with a solid 

support has been shown to be a promising 

system for the immobilization of 

biological and synthetic catalysts, as well 

as transition metal nanostructures. This 

new technology, called supported ionic 

liquid phase (SILP) systems, combines 

the advantages of ionic liquids with 

porous solid supports, resulting in 

materials of low toxicity, which are 

environmentally benign and have a wide 

range of separation applications. These 

materials are prepared by covalent 

attachment of an IL to a support surface 

or simply impregnation of the IL phase. 

Supports are usually silicates, clay 

minerals (montmorillonite) or polymers 

[4] 

Immobilization or supporting of ionic 

liquids can be carried out in many 

different ways, such as simple 

impregnation, grafting, polymerization 

sol–gel method, encapsulation or pore 

trapping,[5]. Among them, sol-gel 

mailto:nilay.gizli@ege.edu.tr


 

195 
 

method has an incredible attention. The 

advantages of the sol–gel method are; (i) 

easy and inexpensive; (ii) the films are 

readily anchored on the substrate; and 

(iii) it can be used for the deposition of 

substrates that have complex surfaces or 

large surface areas [6]. 

In this study, ionic liquid modified silica 

sorbents (ILMS) are prepared for the 

removal of metal ions from aqueous 

solutions by sol-gel method. The ionic 

liquid [EMIMTf2N] are chosen due to its 

high ionic conductivity and low viscosity 

which are very important factors in both 

preparation step of SILP materials and 

application them in separation processes. 

The effects of ionic liquid on the porous 

structure and thermal behavior of silica 

material have been investigated by using 

several characterization methods.  

2. EXPERIMENTAL  

In this study, supported ionic liquid phase 

adsorbents are prepared and characterized 

for the purpose of the metal removal from 

aqueous solutions. The ionic liquid 

mediated sol-gel method has been used to 

prepare SILP materials. .The 

physicochemical characterization and 

surface morphology of materials have 

been investigated by using Fourier 

Transform Infrared Spectrophotometer 

(FT-IR) and Scanning Electron 

Microscope (SEM), respectively. Surface 

area and pore volume of silica based 

adsorbents have been analyzed by 

Brunauer–Emmett–Teller (BET). Surface 

Area Analysis. Thermal behavior of the 

silica particles have been investigated by 

using Thermogravimetric Analysis 

(TGA).  

2.1 Materials 

In this study, 1-Ethyl3methylimidazolium 

bis(trifluoromethylsulfony) imide is used 

as ionic liquid. It is obtained from Sigma 

Aldrich. Chemical structure of ionic 

liquid is shown in Figure 1.  

 

Figure 1. Chemical Structure of 1-Ethyl-

3methylimidazolium  

bis (trifluoromethylsulfony) imide  

 

Tetra ethoxy silane with the formula 

Si(OC2H5)4 (TEOS) is used as a starting 

silica material. It is colorless liquid and 

insoluble in water, but soluble in ethanol. 

 

Figure 2.Chemical Structure of TEOS 

2.2 METHOD 

2.2.1 Preparation of the Ionic Liquid 

Modified Silica (ILMS) Sorbents 

In this study mesoporous silica was 

synthesized via sol-gel methods using 1-

Ethyl-3methylimidazolium 

bis(trifluoromethylsulfony) imide 

[EMIMTf2N] ionic liquid as template. 

The amount of ionic liquid was varied 

from 0 to 24 wt.%. Silica based sorbents 

were synthesized according to one step 

process. The ionic liquid was dissolved 

under stirring with ethanol (EtOH) at 

room temperature for 10 min. before 

adding TEOS (weight ratio; TEOS: 

EtOH: H2O=2: 1: 1). The resulting 

solution was stirred during 2 hours at 

40°C. Then, while mixing the solution 

2.5 ml of aqueous HCl solution (37 wt %) 

was added dropwise and the solution was 

mixed during 5 hours. Then, the solution 

was poured the petri and it was left to dry 

at ambient conditions. It was washed with 

distilled water and filtered. After drying 

at ambient temperature the final product 
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was dried at 60°C under vacuum and 

powdered. 

2.2.2 Characterization of ILMS 

sorbents  

Chemical structures of prepared 

adsorbents have been investigated by 

Fourier Transform Infrared 

Spectrophotometer (FTIR), (Perkin Elmer 

Spectrum 100) at 4000 – 650 cm 
-1

 wave 

length range. Morphological 

characterizations have been carried out 

by using Scanning Electron Microscope 

(SEM), (Philips XL 30S FEG) at 2.00 

kV. The pore characteristics have been 

examined by Brunauer - Emmet - Teller 

(BET ), (Mikromeritics Gemini V) 

surface area analyzer. The thermal 

behaviours of the SILP have been 

investigated with Thermogravimetric 

Analyzer (TGA), (Perkin Elmer Diomand 

TG/DT) at the temperature range of 20 – 

600 °C.  

3. RESULTS and DISCUSSION  

 

3.1 Characterization 

In this study, silica-based adsorbents are 

prepared by sol- gel method (sg-ILMS). 

Ionic liquid is used in various quantities 

(2 -50 wt.%). The effect of ionic liquid on 

the porous structure of the ILMS are 

evaluated by physical and chemical 

characterization methods. Figure 3 

shows, the images of sg-ILMS materials 

containing various amount of ionic 

liquid. 

 

Figure 3 Effect of IL on sg – ILMS sorbent 

It is clear on Figure 3 that, sol-gel silica 

adsorbents (sg-ILMS) without IL content 

have transparent appearance and 

completely fragile. By increasing IL 

content they are getting semi-transparent. 

Prolong in the gelation time is observed 

with the relative amount of IL in sol-gel 

systems. When the amount of IL is higher 

than 14 wt.%, ILs have been obtained as 

liquid form on the surface of the film.  

3.1.2 Physico-chemical 

Characterization (FTIR analysis) 

FTIR spectrums of the sg- ILMS 

materials having different amount of IL 

are shown in Figure 4. 

  

Without IL 2% 4% 

6% 8% 10% 

12% 14% 16% 

20% 24% 30% 

36% 40% 50% 
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Figure 4 FTIR analysis of sg-ILMS 

(a) IL, (b) without IL, (c) 2 wt.% IL, 

(d) 10 wt. %IL (e) 20 wt. % IL 

 

In the FTIR analysis of silica materials 

without ionic liquid (Figure 4(b)), has a 

peak at 3377.76 cm
-1 

wavelength which 

can be attributed as an indication of 

unreacted –OH structure. At this 

wavelength, –OH peaks are decreased or 

disappeared with the increasing in the 

amount of ionic liquid in the sol-gel 

process. Peaks appeared at 3159-3162 

cm
-1 

wavelength (Figure 4 (c-e))can be 

attributed as the C-H bonds of the 

imidazolium ring. Also, the  bands  

around  1084 and 801  cm
-1

 indicate the 

asymmetric  and   symmetric  stretching  

of  Si—O—Si  vibration,  respectively.  

These data are the important indication, 

for the ionic liquids presence in sg-ILMS 

structure.  

3.1.3 Surface Properties (BET 

Analysis) 

BET surface area [m
2
/g] and pore width 

[A°] values of sg-ILMS adsorbents are 

shown in Figure 5. 

SILP adsorbents with varied IL content 

were characterized to be mesoporous 

with average pore diameter in the range 

of 2–8 nm. [1]. 

 

 

Figure 5 Effect of IL content on the pore 

width and BET surface area 

 

With IL loading was increased from 4 to 

20 wt.%, the average pore width of silica 

increased correspondingly from 21.4 to 

76.6 A
◦
. However, with further increasing 

in IL content, pore width of silica sorbent 

decreased (Figure 5). It can be suggested 

that, the pore structure of prepared silica 

sorbent can be tuned by the variations of 

IL content in the synthesis. It can be also 

seen that, the surface area of silica gel 

was the highest with the lowest IL 

content. 

Figure 6 shows the changes in the 

average pore diameter (nm) of sg-SILP 

by changing amount of IL. 

 

Figure 6: Effect of IL amount on the average 

pore diameter of sg-SILP adsorbents 
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Figure 7 SEM images of sg-ILMS adsorbents (wt.%=0-10) 

 

Figure 7. (continued): SEM images of sg-ILMS adsorbents (wt. % =12-24) 
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3.1.4 Morphological Characterization – 

SEM Analysis 

Morphological structures of silica 

adsorbents containing various amount of 

ionic liquid are shown in Figure 7. 

In the SEM images of silica materials 

having less IL content (<6%), it is 

observed that, the surface area of sg-

ILMSs have nonporous and 

nonhomogeneous structures. Unreacted 

alcohol and other residues are evident on 

the surface. Pore structure formation are 

observed by increasing the ionic liquid 

amounts (>6%). With increasing amount 

of ionic liquid (> 24%) silica-based 

spherical structures are appeared. 

SEM images of this structure are shown 

in Figure 8. From the SEM images it can 

be concluded that ionic liquid acted as 

porogens in the preparation of silica 

adsorbents.  

 
Figure 8 SEM images of spherical sg-ILMS 

As shown in Figure 8 the formation of 

silica particles are observed, but they are 

not intensive. Therefore, it is decided to 

increase the amount of ionic liquids for 

further studies. 

3.1.5 Thermal Behaviour Analysis 

(TGA) 

The effect of IL on the thermal behavior 

of the silica particles have been obtained 

by Thermal Gravimetric Analysis (TGA). 

In TGA analysis (Figure 9), sg-ILMSs 

without IL content is started to 

decompose at low temperatures around 

50 
◦
C. The adsorbents containing 20 wt.% 

IL and 40 wt.%-IL. have a weight loss at 

the higher temperatures because of high 

thermal stability of IL. It can be 

concluded that IL increases thermal 

stability of silica materials.  

 

 

 

 

Figure 9: TGA of sg - SILP adsorbents 

4. CONCLUSION  

In this study, ILMS adsorbents are 

prepared by sol-gel method. For this 

purpose, silica material is used as a 

support material with combining 

advantages of IL. The effect of IL on the 

silica adsorbents have been investigated 

by several physical and chemical 

characterization methods.  

The ionic liquid is used in various 

quantity from 2 to 50 wt.% .sg- .ILMS 

without IL content have transparent 

appearance and completely fragile. By 

increasing IL content they are getting 

semi transparent. Physicochemical 

characterization of silica adsorbents have 

been investigated by using FTIR analysis. 

Peaks appeared at 3159-3162 cm
-1 

wavelength can be attributed as the C-H 

bonds of the imidazolium ring. 

Morphological characterization have 

been carried out by using SEM analysis. 

Pore structure formation is observed by 

increasing the IL amounts and silica 

based spherical structures are appeared. 
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SEM analysis can be concluded that IL 

acted as porogens in the preparation of 

silica adsorbents. Surface area and pore 

volume of silica adsorbents have been 

investigated by BET analysis. The pore 

structure of prepared silica sorbent can be 

tuned by the variations of IL content in 

the synthesis. The effect of IL on the 

thermal behaviour of the silica particles 

have been obtained by TGA. IL has high 

thermal stability and it can be concluded 

that IL increases thermal stability of silica 

materials. 
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ABSTRACT: This study focuses on the purification of natural zeolite tuff and preparation 

of natural zeolite supported TiO
2 

sorbents to remove model pollutant, terephthalic acid. 

Natural zeolite tuff was purified and used to prepare natural zeolite supported TiO
2 

composites. The characterization of adsorbents was carried out via SEM, FTIR, 

Volumetric Adsorption Instrument, X-ray Diffractometer, Induced Coupled Plasma 

Atomic Emmision Spectroscopy, and Thermal Gravimetric Analyzer. It was deduced that 

natural zeolite tuff was clinoptilolite rich low (Ca) silicate.  

The sorption studies of TPA were applied by altering adsorbent amount from 0.2 g/l to 1.5 

g/l and initial TPA concentration from 20 ppm to 60 ppm. It was observed that the amount 

of adsorbed TPA per unit mass of adsorbent decreased with increasing adsorbent amount, 

and sorption percent was unchanged (about 72%).  

 

INTRODUCTION 

Zeolite is the strong candidate to use as 

support material due to being natural, 

inert, porous, and cheap. There are 50 

billion tone zeolite reservoirs in the 

Turkey. Also, it is thought that zeolites 

would gather the organic substance near 

the TiO2 particles due to its high 

adsorption capacity and there would be 

the generation of electron trapping locals 

and Ti-O-Al and Ti-O-Si bonds.  

Terephthalic acid (TPA), the para form of 

pthalic acid is produced by the wet air 

oxidation of p-xylene in the presence of 

acetic acid and is converted to pure 

terephthalic acid via hydrogenation. Pure 

TPA is a raw material in the production 

of polyester, PET bottles, PET films, 

paints, medicines, synthetic perfumes, 

pesticides and other chemicals. The wide 

application fields of pure TPA result in 

the production of large quantities, thus 

very large amount of wastewater arising 

from its production. Wastewater in which 

TPA exceeds its limit flows into springs 

and this causes negative impacts on 

environment and  

 

human health from the point of 

cardiovascular, kidney and respiratory 

systems. Long time exposure to the 

chemical causes damages in the targeted 

organs. In Turkey, pure terephthalic acid 

is produced roughly 70000 tone/year by 

PETKIM A.S in Izmir and 3-4 m
3
 

wastewater per 1 ton is exposed. This 

means that roughly 210,000-280,000 m
3
 

wastewater per year come out. Even 

though, pure TPA achieved by 

precipitation method from wastewater is 

used in varied fields, the high amount 

TPA in supernatant increase chemical 

oxygen demand (COD) of water in the 

wastewater treatment plant. This 

circumstance shows that precipitation is 

inadequate to overcome that problem and 

it is necessary to develop new and 

discrete processes such as adsorption and 

degradation. 

In this study, it is targeted to prepare 

clinoptilolite supported TiO2 composites 

and remove the terephthalic acid 

pollutant via adsorption which is 



 

203 
 

preliminary study for photocatalytic 

degradation. 

 

1. EXPERIMENTAL METHODS 

1.1 Purification of Natural Zeolite Tuff 

Natural zeolite tuff from Gördes (Manisa) 

region was provided by INCAL 

Corporation. Firstly, natural zeolite tuff at 

roughly 10 cm in size was grinded by jaw 

crusher (Fritsch GmbH) to less than 1 

cm. Then the size of the natural zeolite 

tuff decreased to roughly 24 μm via disk 

crusher (Fritsch GmbH). Thereafter, 

classification was applied by wet sieving: 

Natural zeolite tuff was exposed to 

continuously flow water so as to classify 

with respect to sieve opening. 0.05 g 

classified tuff was washed with 100 ml 

sonicated water with homogenizer 

(Sonics VC 505, CV33). Then, 0.1 g 

classified tuff was dispersed into 100 ml 

HCl solution (0.01 M) to remove acid 

soluble impurities present in the pores 

and surface of the natural zeolite. Drying 

at 120 °C for 12 hours (J.P.I, Selecta, 

s.a.) was carried out to avoid 

agglomeration before grinding with disk 

Crusher to maintain its weight before 

washing steps. 

1.2 Preparation of Natural Zeolite Tuff 

Supported TiO2 Composites 

 

Natural zeolite supported TiO2 

composites were prepared by the thermal 

hydrolysis method as given detailed in 

literature (Yener, et. al., 2000). 5 g of 

natural zeolite and 0.5 M TiCl4 solution 

(125 ml) was reacted at 95
o
C for 3 hours. 

TiO2/natural zeolite tuff ratio was 1:1 in 

TiCl4 solution. After the reaction had 

completed, solution in reactor had been 

held until two phases were observed (for 

1 day). 500 ml deionized water was 

added to bottom phase and it had been 

held until precipitation completed. This 

step had been repeated until pH of 

washing water was reached to deionized 

water. After washing steps, natural 

zeolite supported TiO2 composites was 

dried at 60
o
C and kept for 

characterization. 

 

2. RESULTS & DISCUSSION 

In this study, natural zeolite tuff and 

natural zeolite tuff supported TiO2 

composites were prepared and 

characterized. The effects of adsorbent 

amount and initial terephthalic acid 

concentration on removal of terephthalic 

acid were investigated.   

2.1 Characterization of Natural Zeolite 

Tuff  

Figure 1 shows the SEM images of 

classified natural zeolite tuff depending 

on sieve size: <38 μm. Depending on the 

pre-purification steps applied, natural 

zeolites were coded as S, M or P for 

grinded, washed or purified natural 

zeolite tuff, respectively.  

 

As seen from Figure 1 that washing steps 

made the crystalline structure of natural 

zeolite tuff more apparent. On the other 

hand, crystalline structure of as-received 

form of zeolite (Code S) was damaged 

with water and weak acid treatment to 

obtain zeolite M and P, respectively. 

  

 
 

Figure 1. Scanning electron microscopy, 

SEM images of S: Grinded (upper), M: 

Washed (middle) and P: Purified (lower) 

natural zeolite tuff (sieve size: 38 μm) 

(Magnification: 10000X, 25000X, FEI 

Quanta 250 FEG) 

 

Chemical analysis of natural zeolite tuff 

was applied via ICP-AES (Varian Liberty 

Series II). Si/Al ratio of purified natural 
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zeolite (Si/Al:4.25-5.25) and the ratio of 

monovalent to bivalent cation (ΣM
+
/ 

ΣM
++

) was bigger than 1 (Ca
2+

<Na
+≅

K
+

natural zeolite tuff is clinoptilolite rich 

low (Ca) silicate. It is thought that there 

is an interaction between clinoptilolite 

content and theoretical exchange capacity 

(TEC), and clinoptilolite content is also 

high in the natural zeolite tuff. 

2.2 Characterization of Natural Zeolite 

Tuff  Supported TiO2 Composites 

Scanning electron microscopy (SEM-FEI 

Quanta 250 FEG). images of 

clinoptilolite and clinoptilolite supported 

TiO2 composites are given at Figure 2. 

Even the TiO2 had widely covered the 

zeolite crystals, there were still uncoated 

crystals. Due to high titania to zeolite 

ratio used to prepare composites, 

agglomeration of TiO2 on clinoptilolite 

crystals was also observed. The growth of 

TiO2 particles in the pores of 

clinoptilolite was not expected since the 

molecular size of TPA (>6 Å) is bigger 

than the pore size of the clinoptilolite (3 

Å). 

 

          
Figure 3. SEM images of clinoptilolite 

(P38) and clinoptilolite supported TiO2 

composites (TP38) 

 

Crystalline structure were investigated 

using a Philips X’Pert Pro Diffractometer 

with Ni-filtered CuKα (Wavelength 

λ=1.54056 Å) radiation. XRD patterns of 

clinoptilolite had vanished after coated its 

crystals with TiO2 particles; the planes of 

[110], [101], [111], [211] rutile TiO2 

were established at 2θ=27
o
, 35.5

o
, 42

o
, 

and 53
o
, respectively. 

 

 
Figure 3. XRD results of clinoptilolite 

(P38) and clinoptilolite supported TiO2 

composites (TP38) 

 

Textural properties of natural zeolite tuff 

and natural zeolite supported TiO2 

composites were determined by evaluated 

N2 adsorption isotherms at 77 K obtained 

from volumetric adsorption device 

(ASAP2010-Micromeritics). Prior to 

adsorption, the samples were degased 

under vacuum (10
-6

 Torr) for 24 hours at 

300
o
C. Comparison of the textural 

properties of the natural zeolite supported 

TiO2 composites with natural zeolites 

shows that surface areas were increased 

with loading (Table 1). The highest 

increase was observed for external 

surface area. This increase can be 

explained by the phenomenon of 

agglomeration of TiO2 particles onto 

natural zeolite tuff. 

 

Table 1. Change in the textural properties 

of clinoptilolite with TiO2 loading 

Surface Area 

(m
2
/g)* 

P38 TP38 

External 6.41 120.36 

Micropore 16.78 89.97 

Total 23.19 210.33 
*BET and t-plot methods are used to calculate the 

total and external surface area, respectively. 

 

Figure 4 illustrate the Fourier Transform 

Infrared Spectroscopy results of 

clinoptilolite and clinoptilolite supported 

TiO2 composites. Bending vibrations at 

580 cm
-1

 belonging to clinoptilolite had 

vanished after TiO2 loading; whereas 

asymmetric stretching vibrations of 
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framework observed in the range of 

1200-1000 cm
-1

 did not affected. OH 

bending vibrations at 3622 cm
-1

 of 

clinoptilolite weakened after TiO2 

loading. This means that TiO2 loading 

occurred substantially on –OH regions of 

clinoptilolite. Also, asymmetric Ti-O-Si 

bond vibrations formed after loading. The 

possible mechanism for formation of 

clinoptilolite supported TiO2 composites 

might be that -H coming from the TiO2 

colloid particle reacts with the surface –

OH combining with Al being in the 

zeolite so as to form water. 

 
Figure 4. FTIR results of clinoptilolite 

and clinoptilolite supported TiO2 

composite (P38 and TP38) 

 

2.3 The Effects of Adsorbent Amount 

The effect of adsorbent amount on 

adsorption was investigated for both 

clinoptilolite and clinoptilolite supported 

TiO2 composites by changing adsorbent 

amount from 0.2 g/l to 1.5 g/l. 

Simultaneously, terephthalic acid 

adsorption percentage per unit mass of 

adsorbent was calculated to comprehend 

how the adsorbent amount affected the 

adsorption of terephthalic acid. Figure 5 

illustrates the amount of adsorbed TPA 

per unit mass of adsorbent with respect to 

time for P38 (clinoptilolite, its particle 

size is less than 38 μm) with 20 ppm 

initial terephthalic acid concentration. 

 
Figure 5: The effect of adsorbent amount 

on adsorption of TPA (Adsorbent: P38; 

initial TPA concentration: 20 ppm) 

 

As can be seen from Figure 5 that the 

amount of adsorbed terephthalic acid 

decreased with increasing adsorbent 

amount. The molecular size of the 

terephthalic acid (>6Å) is bigger than the 

pore size of the clinoptilolite (appr. 3Å). 

However, terephthalic acid could not be 

transported through the pores of the 

clinoptilolite due to its bigger molecule 

size, TPA would be adsorbed on the 

external surface of the clinoptilolite or in 

the regions between clinoptilolite 

crystals. Moreover, it was known that the 

surface of the clinoptilolite was 

hydrophilic. This means that clinoptilolite 

favors water more than terephthalic acid 

due to its affinity properties. Eventhough 

the amount of adsorbed TPA per unit 

mass of adsorbent altered with time, the 

adsorption percentages were obtained 

roughly similar for all adsorbent amounts 

due to adequate adsorption of TPA. Thus, 

it can be said that adsorbents were 

saturated with terephthalic acid. At the 

end of the adsorption, maximum 

recovered terephthalic acid for increasing 

adsorbent amount were found as 81.32 %, 

79.86 %, 76.19 %, 78.20 % and 79.55 %, 

respectively. 

The effect of adsorbent amount was 

investigated for clinoptilolite supported 

TiO2 composites. The same outcomes as 

obtained for clinoptilolite were achieved 

for the adsorption of TPA onto TP38 

(clinoptilolite supported TiO2 composite, 
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its particle size less than 38 μm). Figure 6 

demonstrates the adsorbent amount effect 

on terephthalic acid adsorption for TP38. 

It can be deduced from the figure that 

TiO2 were not totally covered onto 

clinoptilolite and this result was 

corroborated with the results obtained 

from SEM analysis owing to existence of 

water adsorption. 

 
Figure 6: The effect of adsorbent amount 

on adsorption of TPA (Adsorbent: TP38; 

initial TPA concentration: 20 ppm) 

2.4 The Effect of Initial Terephthalic 

Acid Concentration 

Figure 7 shows the effect of initial 

terephthalic acid concentration for TP75 

(clinoptilolite supported TiO2 composite, 

its particle size bigger than 75 μm) with 

20 and 60 ppm initial TPA concentration. 

The figure indicates that the amount of 

adsorbed terephthalic acid per unit mass 

of adsorbent increased with increasing 

initial terephthalic acid concentration due 

to the excess amount of terephthalic acid 

molecules in the medium. This 

competitive adsorption increased the 

challenge between terephthalic acid 

molecules so did the amount of adsorbed 

terephthalic acid per unit mass of 

adsorbent. 

 
Figure 7: The effect of initial TPA 

concentration on adsorption of TPA 

(Adsorbent: TP75; adsorbent amount: 0.2 

g/l, 0.3 g/l, and 0.75 g/l; initial TPA 

concentration: 20 and 60 ppm) 

 

3. CONCLUSIONS  

The preparation methods and 

characterization results of natural zeolite 

tuff and natural zeolite tuff were 

discussed. The effect of TiO2 loading on 

natural zeolite tuff was investigated. 

Moreover, terephthalic acid adsorption on 

natural zeolite tuff and natural zeolite tuff 

supported TiO2 composites were 

performed. The effects of adsorbent 

amount and initial terephthalic acid 

concentration on adsorption were studied. 

The amount of adsorbed TPA per unit 

mass of adsorbent decreased with 

increasing adsorbent amount due to the 

affinity of adsorbents to water molecules 

more than TPA molecules. 
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ABSTRACT:As an interesting material with high melting point, high modulus, high resistance 

of thermal shock, low CTE (coefficient of thermalexpension) and good high temperature 

strength tungsten(W) based materials has been produced by mechanical alloying technique. In 

the last decade, tungsten and its alloys have received attention with a view of improving the 

high temperature mechanical properties not only for their properties above but radiation 

shielders. Generally, high sintering temperatures over 2500 °C are used in order to get fully 

densed W fabricated by using conventional pressureless sintering techniques which can be 

lowered to the range of 1680–1770 °C with mechanical alloying followed by conventional 

sintering. As dispersion strengtheners, refractory carbides, nitrides and oxide phases, such as 

TiC, VC, ZrC, HfC, TiN, Y2O3, La2O3, Sm2O3, ThO2, ZrO2, etc. Have been mainly used to 

improve the mechanical properties of tungsten and its alloys. In this study, tungsten matrix 

composites reinforced with VC and TiC particles were mechanically alloyed (MA’d) for 

different durations (1h,3h,6h,12h and 24h). Microstructural properties and phase 

characterizations of composite sintered samples were carried out via SEM/EDS, XRD, density 

and hardness measurements. 

1.INTRODUCTION 

Several researches have been investigated 

in the last decades about tungsten based 

matrix composites. It is well known that 

mechanical alloying is decreasing the 

sintering temperatures for fully densed 

samples. On the other hand, every different 

ratio effects the mechanical and 

microstructural properties of the alloys. 

Therefore; duration of mechanical alloying 

and tungnsten:carbide ratio becomes very 

important.[1] 

Tungsten has superior properties such as 

high density,high melting point, high 

resistance of thermal shock and high 

temperature strength. Tungsten based 

materials are also very attractive for 

nuclear applications. Especially in fusion 

reactor applications, tungsten based 

composites can be used as high gamma 

radiation shielding materials. They have 

been identified as a promising candidate 

material for fusion first-wall blanket 

applications in the fusion systems.(2-5] 

Carbides usually increase the mechanical 

properties of tungsten. It is known that 

carbides can be used as grain growth 

inhibitors during sintering since the 

average grain size and size distribution 

effect the mechanical properties. The 

mostly used carbides are VC, NbC, TaC, 

TiC, ZrC and HfC. Each inhibitor has 

different effects on composites. For 

example, it has been proved that vanadium 

carbide is effective in prevent 

inganomalous grain growth but may cause 

brittle products. TiC has good corrosion 

resistance and high hardness with a very 

high melting point. Additionally no 

detrimental new phase will be obtained 

other than (Ti,W)C solid solution. 

Therefore VC and TiC are good 

reinforcements for tungsten composites.[6-

8] 
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2.EXPERIMENTAL PROCEDURES 

W-2wt.%VC-1wt.%C and W-2wt.%VC-

2wt.%TiC-1wt.%C composites were used 

in the experiments. The composites were 

produced by mechanical alloying method 

at different alloying time values shown in 

Table 1. W (99.9% purity, 17 μm average 

particle size),as the matrix of the 

composite Vanadium Carbide (VC) 

powders (99.9% purity, 16 μm average 

particle size), Titanium Carbide (TiC) 

powders (99.9% purity, 15 μm average 

particle size) were used as starting 

materials. Graphite powders (99.9% purity, 

21 μm average particle size) were used as 

process control agent (PCA).  W, VC, TiC 

and C powders were blended as the 

compositions of W-6wt.%VC-1wt.%C and 

W-6wt.%VC-2wt.%TiC-1wt.%C which 

were mechanically alloyed for 1h, 3h, 6h, 

12h and 24h in a Spex™DuoMixer/Mill 

8000D with a speed of 1200 rpm was used.  

WC balls having a diameter of 6.35mm 

(1/4 inch) were used for milling in a 

tungsten carbide (WC) vial. The vials were 

sealed inside a Plaslabs™ glove box under 

Ar gas (99.995% purity) to avoid oxidation 

during MA. The ball-to-powder weight 

ratio (BPR) was 10:1.The composition of 

the sintered samples are given in Table 1. 

Mechanically alloyed powders were cold-

pressed at a pressure of 550MPa in an 

APEX
TM

 3010/4 uni-action hydraulic 

press. Pressed samples were sintered in a 

Linn
TM

 high temperature hydrogen furnace 

at 1750
o
C under inert Ar(introduced 

between room temperature to 800
o
C and 

1100-1750
o
C), and reducing H2 

(introduced between 800-1100
o
C) gas 

flowing conditions for 30 minutes. 

 

 

 

 

 

Table 1.The composition  of  W-

2wt.%VC-1wt.%C and W-2wt.%VC-

2wt.%TiC-1wt.%C composites. 

Materials 
Code 

W 

(wt.

%) 

VC 

(wt.

%) 

TiC 

(wt.

%) 

C 

(wt.

%) 

Time 

(hou

r) 

1V 97 2 - 1 1 

3V 97 2 - 1 3 

6V 97 2 - 1 6 

12V 97 2 - 1 12 

24V 97 2 - 1 24 

1VT 95 2 2 1 1 

3VT 95 2 2 1 3 

6VT 95 2 2 1 6 

12VT 95 2 2 1 12 

24VT 95 2 2 1 24 

Microstructural characterizations were 

carried out using a Bruker
TM

 D8 Advance 

XRD (Cu K Radiation) and a 

Jeol
TM

JCM-6000 Benchtop Scanning 

Electron Microscope equipped with Jeol 

WX-36210DPP EDS apparatus. Sintered 

densities were measured by using  

Archimedes’ method. Vickers 

microhardness tests were conducted on 

sintered samples using a Shimadzu™ 

microhardness tester under a load of 100 g 

for 15 s. Microhardness test result for each 

sample is the arithmetic mean of 10 

successive indentations and standard 

deviations. 

 

3. RESULTS AND DISCUSSIONS 

Mechanical and microstructural properties 

of the sintered composites depend on the 

initial powder densities, pressure and 

sintering temperature. Duration of 

mechanical alloying is very important for 

controlling the grain size of the powders. 

Different alloying times (1h, 3h, 6h, 12h 

and 24h) have been used to obtain  

different grain  sizes in order to investigate 

the effect of grain size to the bulk density 

which were shown in Table 2. [9-10]. 

According to the milling time, Archimed 

densities were increased due to their grain 
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size. Results were almost linear which can be seen in Table2.

Table 2.The densities of the mechanical alloyed W-2wt.%VC-1wt.%C and W-2wt.%VC-

2wt.%TiC-1wt.%C composites 

 

Material code Bulk Density 
Relative 

Density 

W-2wt.%VC-1wt.%C MA’d1h 1V 17,014 94,19 

W-2wt.%VC-1wt.%C MA’d 3h 3V 17,889 99,24 

W-2wt.%VC-1wt.%C MA’d 6h 6V 18,019 99,94 

W-2wt.%VC-1wt.%C MA’d 12h 12V 17,977 99,83 

W-2wt.%VC-1wt.%C MA’d 24h 24V 17,993 99,81 

W-2wt.%VC-2wt.%TiC-1wt.%C MA’d 1h 1VT 16,024 93,55 

W-2wt.%VC-2wt.%TiC-1wt.%C MA’d 3h 3VT 16,28 95,05 

W-2wt.%VC-2wt.%TiC-1wt.%C MA’d 6h 6VT 16,314 95,25 

W-2wt.%VC-2wt.%TiC-1wt.%C MA’d 

12h 12VT 
16,172 

94,42 

W-2wt.%VC-2wt.%TiC-1wt.%C MA’d 

24h 24VT 
16,422 

96 

 

TiC and VC were used as dispersoids in W 

matrix. Effects of the carbides were 

examined by X-ray diffraction patterns and 

SEM/EDS images, which were taken from 

the bulk W-2wt.%VC -1wt.%C and W-

2wt.%VC-2wt.%TiC-1wt.%C samples.  

Due to the milling time distribution of the 

carbides have been changed, which can be 

clearly seen in SEM images. Not only with 

the images but EDS and mapping results 

were also supporting the results. On the 

other hand because of the low amounts of 

carbides; new phases which may be 

obtained after 24 hours of milling time and 

sintering couldn’t have been found with X-

ray. 

Particle sizes decreased during the 

mechanical alloying process; therefore, 

surface areas increased after 24h alloying 

time. Increasing mechanical alloying 

durations are very important to have fully 

densed composites. [11-12] %96 to %99.9 

relative densities have been obtained after 

sintering at 1750°C for 30 min. Vickers 

hardness values have reached maximum 

values after 24 hours of alloying time. But 

it is not very fair to comment the hardness 

values due to just alloying time. By using 

different sintering regimes it is possible to 

have changes at hardness values. 

As seen in figure 1, only W peaks can be 

seen in XRD patterns because of the very 

low weight percentage of carbide phases. It 

is not possible to obtain carbide phases in 

XRD patterns, because ratio of the carbides 

phases are less than %5 . Therefore,  EDS 

mapping used to figure out the VC and TiC 

phases dispersed in W matrix which can be 

seen in Figure 2,3,4 and 5. Increasing 

milling time dispersed the carbide phases 

more homogenously. Point elemental 

analyses on EDS pictures have been used 

to figure out the carbide phases. As seen in 

figure 2, vanadium phase has dispersed 

very homogenously and there are  very 

similar W and V grains.  After 24h milling 

time, different grain types has been 

obtained and can be clearly seen in figure 

5. After 1h milling time,in figure 4 grain 

boundaries can not be seen clearly in W-

%2VC-%2TiC-%1C composite but after 

24h milling time TiC phases at the grain 

boundaries are very clear according to the 

SEM/EDS analyses (3 point elemental 

anayses) which can be seen in figure 5.  
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Fig1. XRD patterns of theW-2wt.%VC-1wt.%C and W-2wt.%VC-2wt.%TiC-1wt.%C sintered 

samples. 
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Fig 2.SEM/EDS micrographs of the W-2wt.%VC-1wt.%C sintered bulk composites mechanically 

alloyed at 1h. 
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Fig3. SEM/EDS micrographs of the W-2wt.%VC-1wt.%C sintered bulk composites mechanically 

alloyed at 24h. 
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Fig4. SEM/EDS micrographs of the W-2wt.%VC-2wt.%TiC-1wt.%C sintered bulk composites 

mechanically alloyed at 1h. 
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Fig 5. SEM/EDS micrographs of the W-2wt.%VC-2wt.%TiC-1wt.%C sintered bulk composites 

mechanically alloyed at 24h. 
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Hardness is one of the major properties of 

tungsten alloys. Especially using carbide 

phases as grain growth inhibitors, 

hardness values usually increases. In 

Figure 6, the results of microvickers 

hardness values has given. The minimum 

hardness values obtained after 1h milling 

time. Hardness values are proportional 

with the milling time but by reaching 12h 

of milling time it decreased for a while 

then started to increase again. The 

hardness values of 6h and 24h milling 

times are very simiar to each other. 

Adding TiC has the same effect as W-

%2VC-%1C, 12 and 24 h of milling time 

has the maximum hardness values. 

 

 

Fig 6. Microhardness of the W-2wt.%VC-

1wt.%C and W-2wt.%VC-2wt.%TiC-

1wt.%C sintered bulk composites 

 

4.CONCLUSION 

The effects of carbide phases during 

mechanical alloying have been 

investigated and the following 

conclusions has been obtained. 

1) Relative densities are proportional to 

the milling time. Increasing milling 

time also increases the relative 

densities. 

2) 24h milling time has the highest 

hardness values while 1h milling time 

has the least. 

3) Adding %2 TiC to the W-%2VC-%1C 

composite increases the hardness 

values. 

4) Carbide phases can only disturbed 

after minimum 6 hours of milling 

time.  

5) Carbide phases located at the grain 

boundaries which can be seen 

according to the SEM/EDS analyses. 

6) EDS mapping proves that increasing 

milling time is very to important to 

have homogen mechanical properties 

after sintering. 
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ABSTRACT: Mesoporous nanocrystalline MgO aerogels possess high surface areas and 

outstanding reactivity with respect to variety of harmful organic substances. The catalytic 

activity of MgO aerogels in dehydrochlorination of 1-chlorobutane substantially increases 

with time due to partial MgO conversion to MgCl2. This increase and decrease of the 

surface area indicate that more active catalytic sites are formed on the surface during this 

reaction. Recently we reported that weak electron-acceptor sites formed due to the MgO 

halogenation may be responsible for the solid-state reaction between MgO aerogels and 

CF2Cl2. In this study we characterized by EPR weak electron-acceptor sites formed during 

this reaction using perylene as a spin probe. The catalytic activity was found to increase 

significantly during the 1-chlorobutane dehydrochlorination reaction, which is 

accompanied by the MgO modification with chloride ions. No electron-acceptor sites were 

observed on the surface of initial MgO samples. They appeared only during the reaction. A 

good correlation was observed between the catalytic activity and the concentration of weak 

electron-acceptor sites tested using perylene. The obtained results indicate that they are 

likely to be the active sites accounting for 1-chlorobutane dehydrochlorination in the active 

state of the catalyst. 

 

1. INTRODUCTION 

One of the most intriguing properties of 

many heterogeneous acid catalysts is 

their ability to generate spontaneously 

organic radical cations upon adsorption 

of aromatic electron donors (Bedilo and 

Volodin 2009). Electron-acceptor sites 

with different strengths can be 

characterized using aromatic probes with 

different ionization potentials. ZSM-5 

zeolites and sulfated zirconia materials 

possessing exceptionally strong electron-

acceptor sites capable of ionizing 

compounds with very high ionization 

potentials, such as  benzene (IP = 9.2 eV) 

or toluene (IP = 8.8 eV) (Bedilo and 

Volodin 2009). The existence of weaker 

electron-acceptor sites with electron 

affinities ~ 7 eV, which are characterized 

using perylene, in large quantities on the 

surface of many conventional oxides is 

no less remarkable.  

 

Aerogel-prepared (AP) nanocrystalline 

MgO has been shown to have small 

average particle size (~ 4 nm), high 

surface area (400-700 m
2
/g) and high 

reactivity. It has been shown to be a 

highly efficient and active sorbent for 

decomposition of many toxic chemicals 

including air pollutants, chemical warfare 

agents, and acid gases, as well as a 

number of catalytic processes  (Klabunde 

et al., 1996; Stoimenov et al., 2002; 

Mishakov et al., 2002; Mishakov et al., 

2005a; Mishakov et al., 2005b; Bedilo et 

al., 2014b). Destructive adsorption takes 

place on the surface of the nanocrystals, 
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so that the adsorbate is chemically 

dismantled and thereby made nontoxic. 

 

It was shown earlier that the catalytic 

activity in dehydrochlorination of 1-

chlorobutane over nanocrystalline MgO 

substantially increases with time on 

stream due to the MgO conversion to 

MgCl2 (Mishakov et al., 2002). This 

increase coupled with a surface area 

decrease indicates that more active sites 

are formed on the surface during this 

reaction. Recently we reported that weak 

electron-acceptor sites formed due to the 

MgO halogenation might be responsible 

for solid-state reaction between 

nanocrystalline MgO aerogels and 

CF2Cl2 (Bedilo et al., 2014b). This 

reaction between nanocrystalline MgO 

and CF2Cl2 is characterized by an unusual 

long induction period when slow surface 

chlorination eventually leads to rapid 

solid-state reaction due to the formation 

of active sites (Mishakov et al., 2005b; 

Ilyina et al., 2013).  

 

In the current publication we studied in 

detail changes in the concentration of 

electron-acceptor sites during catalytic 

dehydrochlorination of 1-chlorobutane 

over the MgO aerogel, compared it with 

the catalytic activity, and found a good 

correlation between them. This is the first 

study where the concentration of 

electron-acceptor sites was monitored in 

the course of a catalytic reaction.  

 

2. EXPERIMENTAL SECTION 

Samples of nanocrystalline magnesium 

oxide synthesized by modified aerogel 

method (AP-MgO) with a surface area of 

385 m
2
/g were used in the experiment. 

The synthesis procedure included 

reaction of magnesium metal ribbon with 

methanol, addition of toluene as a second 

solvent, hydrolysis by small amount of 

water to form a clear gel, drying in an 

autoclave under supercritical conditions 

and heat-treatment under vacuum with 

gradual temperature increase to 500°C as 

described in detail previously (Klabunde 

et al., 1996; Bedilo et al., 2002; 

Mishakov et al., 2002). 
 

 

The samples were placed in an EPR 

sample tube, activated in an argon flow 

for 1 h at the reaction temperature, and 

subjected to reaction with 1-

chlorobutane. 1-Chlorobutane conversion 

to a mixture of butenes was monitored by 

gas chromatography.  

 

Preliminary experiments showed that no 

strong electron-acceptor sites capable of 

ionizing toluene were formed on the 

surface of the samples during the 

reaction. A solution of perylene in 

toluene (2*10
-2

 mol/l) was used as the 

spin probe for investigation of weak 

electron-acceptor sites. After the reaction 

was carried out for the desired time, the 

sample was quickly cooled down to room 

temperature and filled with the perylene 

solution. The concentration of active sites 

was measured by EPR method 

immediately after adsorption and after 

heating for 18 hours at 80°С. The heating 

promotes the polycondensation processes 

and the formation of structures with 

lower ionization potential, showing the 

concentration of the weakest electron-

acceptor sites (Bedilo et al., 2014a).  

 

This technique developed in our group 

allows us to study the concentrations of 

electron-acceptor sites of different 

strengths ex-situ at different stages of the 

reaction (Bedilo et al., 2014b). It can be 

used for testing such sites in the course of 

various catalytic and solid-state reactions. 

 

3. RESULTS AND DISCUSSION 

Changes of the 1-chlorobutane 

conversion over the MgO aerogel with 

time on stream are shown in Figure 1. 

One can see that the conversion increases 

by an order of magnitude after 1 hour at 

these conditions.  
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Figure 1: Concentrations of butene and 1-

chlorobutane vs. time on stream for 1-

chlorobutane dehydrochlorination over 

nanocrystalline MgO at 250°C. 

 

 
 

Figure 2: Scheme of dehydrochlorination 

mechanisms over AP-MgO and Cl/AP-

MgO. 

 

With time on stream, the 1-butene 

selectivity was found to decrease from 

the initial value of 95% to the steady-

state value of ca. 25%. These results 

indicate that pure MgO initiates the E2 

elimination due to the presence of weak 

basic sites on its surface together with 

relatively weak acid sites (Figure 2). 

Then, the 1-butene selectivity goes down 

to the steady-state value as the MgO 

surface is modified with chlorine. In the 

steady state the reaction follows the E1 

mechanism starting with Cl
-
 abstraction 

generating a carbocation, which has a 

certain lifetime and can be subjected to 

rearrangement before it looses a proton in 

the second step. The increase of the 

catalytic activity and change of the 

reaction mechanism suggest that new 

more active acid sites are formed during 

reaction. 

 

According to the EDX and HRTEM data, 

the initial MgO aerogel had typical 

morphology for nanocrystalline MgO 

with 5-20 nm cubic crystals and 

developed pore structure. After reaction 

with 1-chlorobutane the particle size did 

not grow much but the volume of small 

pores substantially decreased (Figure 3).  

 

 
 

Figure 3: HRTEM image of MgO aerogel 

after reaction with 1-chlorobutane for 1 h 

at 250°C. 

 

 
Figure 4: EDX data for the MgO aerogel 

after reaction with 1-chlorobutane for 1 h 

at 250°C. 

 

No crystalline MgCl2 phase was observed 

by HRTEM or XRD. All interplanar 

spacings observed in the HRTEM image 

correspond to MgO. However, substantial 

surface modification with Cl ions was 

observed by EDX. According to the EDX 

data the Mg/Cl weight ration in the 

sample after reactions was 7/3 (Figure 4). 
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These data suggest that Cl is present in 

the amorphous form.  

 

No electron-acceptor sites were observed 

on the surface of initial MgO samples. 

They appeared only during the reaction. 

Their concentration normalized per unit 

mass gradually increased during the 

reaction due to the surface chlorination. 

ESR spectra obtained in 5 minutes after 

perylene adsorption from toluene solution 

on AP-MgO samples after reaction with 

1-chlorobutane for 20 and 50 minutes are 

shown in Figure 5.  
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Figure 5: EPR spectra observed after 

perylene adsorption from toluene solution 

on AP-MgO subjected to reaction with 1-

chlorobutane for different times: 1 – 20 

minutes (6.7% conversion); 2 – 50 

minutes (64% conversion). 

 

The triplet EPR signal dominating the 

spectrum observed for Sample 1 in 

Figure 5 is an intrinsic signal present in 

MgO and is not related to the electron-

acceptor sites. The clear signal attributed 

to perylene radical cations with resolved 

hyperfine structure was observed on the 

sample after 50 minutes on stream, which 

demonstrated nearly 10 times higher 

catalytic activity. 

 

Correlations between the catalytic 

activity and the concentration of electron-

acceptor sites measured after the perylene 

adsorption and after the following heating 

for 18 h at 80 °C are shown in Figures 6 

and 7, respectively.  
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Figure 6: Correlation between the 

catalytic activity and intensities of EPR 

spectra observed immediately after 

perylene adsorption. 
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Figure 7: Correlation between the 

catalytic activity and intensities of EPR 

spectra observed after perylene 

adsorption followed by heating at 80°C. 

 

Although a seemingly better correlation 

was observed immediately after the 

perylene adsorption, the errors in 

measuring intensity here are quite high 

due to weak signals and the presence of 
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the impurity signal. The correlation with 

the concentration of weaker sites 

measured after the heat treatment is also 

quite good even though it does not pass 

through zero.  

 

Overall, a good correlation between the 

catalytic activity and the concentration of 

weak electron-acceptor sites was 

observed. The results obtained for the 

MgO aerogels were compared with a 

commercial MgO sample with low 

surface area. The latter was substantially 

less active and showed much lower 

concentration of electron-acceptor sites. 

 

4. CONCLUSIONS 

This is the first study where the 

concentrations of electron-acceptor sites 

were measured during a catalytic 

reaction. It is shown that the 

concentration of weak elector-acceptor 

sites correlates with the catalytic activity. 

The obtained results indicate that weak 

electron-acceptor sites tested using 

perylene may be the active sites 

accounting for 1-chlorobutane 

dehydrochlorination in the active state of 

the catalysts. It seems to be very 

important to study possible correlations 

between the concentrations of electron-

acceptor sites and catalytic activity of 

various catalytic reactions believed to 

take place on surface acid sites to 

elucidate the possible role of electron-

acceptor sites in these reactions. 
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ABSTRACT: The present study were designed to evaluate activity of AC as catalyst 

support after chemical treatment with acids and bases. Activated carbon material were 

treated with chemicals by refluxing separately with weak acid (acetic acid), strong acid 

(hydrochloric acid), weak base (ammonia) and strong base (potassium hydroxide). 

Platinum depositions on treated activated carbons were performed by impregnation method 

using precursor salt. NaBH4 and thermal treatment were applied reduce platinum on AC. 

Glucose, as a simple biomass model compound, and actual biomass hydrolysates (kenaf, 

wheat straw, sorghum) were used as feeds to evaluate the activity of prepared catalysts for 

production of hydrogen by APR. Chemical treatments highly changed the activities of the 

catalysts, however; untreated AC showed better activity on hydrogen gas production. 

Kenaf hydrolysates showed highest gasification performance among other biomass 

hydrolysates tested for all catalysts.  

 

1. INDRODUCTION 

Activated carbon (AC) is used in many 

fields of industry as an adsorption 

material, catalyst or catalyst support. This 

material exhibited high performance as a 

support for platinum metal catalyst to 

produce hydrogen-rich gas from biomass-

derived compounds by aqueous-phase 

reforming (APR) (Meryemoglu et al., 

2012; Kaya et al., 2012).  

 

Activated carbons can be prepared in the 

laboratory from a large number of 

materials. However there is any 

restriction for raw materials, low 

inorganic, high carbon content cheap 

materials are prefered. But those most 

commonly used in commercial practice 

are peat, coal, lignite, wood, biomass and 

coconut shell. Raw material one of the 

most important parameter is affected end 

product properties.  

 

Activated carbon is a highly porous form 

of solid carbon produced from 

carbonaceous raw materials using 

chemical or physical activation methods. 

Chemical activation has been known as 

an efficient method to obtain carbons 

with high surface area and narrow 

micropore distribution. 

 

The present study were designed to 

evaluate activity of AC as catalyst 

support after chemical treatment with 

acids and bases. 

 

2. EXPERIMENTAL 

 

2.1. Production of Activated Carbon 

Supports 

The activated carbon (Elorit, Norit) was 

mixed with KOH, HCl and CH3COOH 

for impregnation. The impregnation ratio 

was 1:3 (w/w). The mixture was refluxed 

at 60-80°C for 2 h. Then, dried at 100°C 

for overnight. Activation prosess was 

carried out at 700°C in inert atmosphere 

for 1 h. After activation, activated 

carbons were washed with DI water until 
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neutral pH. The resulting activated 

carbons were dried at 100°C for 

overnight.  In the case of NH3,  activated 

carbon was heated 500 and 800°C in 

under 120 ml/dk of NH3.  

The total surface area of prepared 

activated carbons were determined by 

using a Quantachrome-Surface Area and 

Porosity Analyzer. The composition 

analysis of activated carbons were also 

performed by FT-IR (Perkin Elmer 

Spectrum RX-I FTIR System) and 

elementel analysis (Thermo Scientific 

Flash 2000 Organic Elemental Analyzer). 

 

2.2. Preparation of Active Carbon 

Supported Catalysts 

Active carbon supported platinum 

catalysts were prepared via the incipient 

wetness impregnation methodas 

described by Meryemoglu et al., 2012. 

And the solid was treated by thermal 

reduction that was applied after NaBH4 

treatment according to the our previous 

study (Meryemoglu et al.,2012). 

 

2.3. Performance of Catalyts 

The gasification of biomass 

hydrolysates were performanced with 

prepared active carbon supported Pt 

catalysts. The 50 ml of glucose or 

biomass hydrolysate was subjected to the 

aqueous phase reforming (APR) by active 

carbon supported Pt catalyst (0,12 g) at 

250°C in the reactor (Parr 4590 model 

100 ml stainless steel micro bench 

reactor) for 2 h with stirring. After 

gasification, the gas mixture in the 

reactor was measured by a gas buret and 

then all gaseous products were analyzed 

GC-TCD (Varian-450 GC, Varian Inc., 

Netherlands). The total carbon of 

hydrolyzates were determined by a TOC 

analyzer (Tekmar Dohrmann Apollo 

9000 instrument) before and after 

gasification. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Characterization of Chemical 

Treated Activated Carbon Samples 

The activated carbon (AC) was exposed 

to chemical treatment using various 

chemicals (CH3COOH, HCl and KOH, 

NH3). The samples after treatment had 

different physical properties. The 

physical structure characterization results 

of ACs treated with different chemicals 

were illustrated in Table 1.  

 

The total surface areas of activated 

carbons prepared with different chemical 

treatments increased compared to original 

(untreated-as received) one. The use of 

KOH caused highest total surface area 

and pore volume while CH3COOH 

resulted in lowest values for total surface 

area. There was no significant difference 

in average pore size between treated and 

untreated AC samples. Table 2 shows the 

elemental composition of chemical 

treated and untreated activated carbon.

Table 1. Physical structure of characterization of results activated carbons prepared with 

different chemical treatments 

 
Properties Original KOH HCl CH3COOH 

 
NH3-500 °C NH3-800 °C 

Total surface 
area, B.E.T, 

m
2
/g 

618 921 721 670 767 701 

Total pore 
volume, 
cm

3
/g 

0,30 0,46 0,35 0,33 0,37 0,34 

Avarage 
pore size, 

(nm) 
0,98 0,99 0,98 0,98 0,99 0,98 
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Results showed that regardless of the 

chemical used the carbon content of all 

samples increased or unchanged. NH3 

treated activated carbons had highest 

nitrogen and carbon contents. 

 

Table 2. Elemental composition of 

activated carbons prepared with different 

chemical treatments 
 

Activated 
Carbons 

 

 
C 

 
H 

 
N 

 
O

* 

 

Untreated 68,73 0,84 0,00 30,43 

CH3COOH 67,74 0,88 0,09 31,29 

HCl 82,94 1,39 0,11 15,56 

KOH 65,01 1,92 0,45 32,62 

NH3-500°C 84,21 0,82 0,77 14,12 

NH3-800°C 77,76 0,84 0,90 20,5 

 

 

KOH, HCl, CH3COOH and NH3 treated 

AC samples were used as catalyst 

supports for deposition of Pt metals. The 

prepared catalysts were evaluated for 

hydrogen-rich gas production activity 

from glucose. The hydrogen selectivity 

and activity of thermal reduction method 

applied Pt catalysts on chemical treated 

AC were differed based on chemicals 

used. Hydrogen production activity of 

NH3, KOH, CH3COOH and HCl treated 

AC containing catalysts were 53, 6, 46 

and 56 mmol H2/g catalyst, respectively 

(Table 3).  

 

In the reported studies, acid treatment 

was generally used to oxidize the porous 

carbon surface; it enhanced the acidic 

properties by introduction of surface-

bound polar hydroxyl and carboxylic acid 

groups for subsequent anchoring and 

reductive conversion of precursor metal 

ions to metal nanoparticles (Poh et al., 

2008). The recent studyshowed that 

acetic acid modified carbon had more 

microporous structure, narrower Pt 

particle-size distribution, sufficient 

carbonyl functional groups on surface 

(Ye et al., 2009). Some researchers 

reported that increase of carboxylic 

groups on carbon surface enhanced the 

loading number of PtCl6
2-

 while carbonyl 

groups strengthened the adsorption of 

PtCl6
2-

 on carbon support (Rodriguez-

Reinoso, 1998, Yu et al., 2007).  

 

In our study, all the catalysts prepared by 

using CH3COOH treated AC support 

exhibited high catalytic performance 

compared to KOH treated AC ones that 

might mainly be due to the strong 

interaction between Pt particles and 

carbon by carbonyl functional groups. On 

the other hand, HCl treated catalyst had 

highest activity among all chemically 

treated AC supports containing catalysts. 

However, untreated AC had still better 

activity in hydrogen production compared 

to chemical treated AC supports. 

Treatment of the activated carbon with 

HCl left some chlorine chemisorbed on 

its surface, slightly decreasing its 

micropore volume and width (Moreno-

Castilla et al., 1998). These properties 

might be caused an increase in activity of 

the catalyst prepared by use of that 

support. 

 

As a results of glucose gasification, it 

was determined the most effective 

catalyst, AC-Pt and used in the 

gasification of lignocellulosic biomass 

hydrolysates, kenaf, wheat straw and 

sorghum. Kenaf hydrolysates showed 

highest gasification performance (Table 

4).  

 

Compared to the wheat straw and 

sorghum, more carbons turned the gas 

products at the gasification of kenaf 

hydrolysate (Figure 1). Gasification 

efficiency of biomass hydrolysates 

depend on cellulose, hemicellulose and 

lignin content in the structure of biomass. 
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Table 3. Gasification of glucose using Pt catalysts on activated carbons prepared with 

different chemical treatments 

 

 

 

Table 4. Gasification of glucose using Pt catalyst on untreated activated carbon for 

hydrogen production 

Hydrolysates 
Gas 

Volume 
(ml) 

 
Gas composition (%mol) 

 
mmol 
H2/g 

catalyst 
 

H2 

 
CO CO2 CH4 C2H6 

Kenaf 
100 

±2,8 
66,6 
±2,7 

0,7 
±0,2 

28,1 
±1,7 

4,3 
±0,9 

0,3 
±0,2 

23 

Sorghum 52,0 
±11,3 

68,3 
±1,4 

2,1 
±0,2 

27,2 
±1,1 

2,4 
±0,1 

- 12 

Wheat Straw 75,0 
±9,8 

67,8 
±1,6 

0,5 
±0,1 

27,4 
±1,6 

4,1 
±0,2 

0,2 
±0,1 

17 

  

The degree of polymerization of these 

polymers contained in the biomass 

hydrolysate (and hence molecular 

weights) affect the formation of gas yield 

and composition (Öztürk et al., 2010; 

Irmak et al., 2012) . 

Catalysts 

 

Gas 
Volume 

(ml) 

Gas Composition (%mol) mmol 

H2/g 

catalyst 
 

H2 

 
CO CO2 CH4 C2H6 

Original  364 
±16,9 

53,9 
±1,1 

0,1 
±0,0 

39,0 
±1,1 

3,7 
±0,1 

3,3 
±0,1 

67 

KOH 78 
±2,8 

23,3 
±4,2 

1,3 
±0,9 

68,2 
±2,4 

5,1 
±1,8 

2,1 
±0,8 

6 

NH3-500°C 298 
±5,6 

46,6 
±0,1 

- 
43,9 
±0,1 

5,1 
±0,2 

4,4 
±0,1 

46 

NH3-800°C 315 
±21 

48,7 
±0,1 

- 
42,4 
±0,1 

4,6 
±0,1 

4,3 
±0,1 

53 

HCl 
315 
±8 

52,4 
±2,3 

0,1 
±0,0 

38,8 
±3,5 

5,3 
±1,8 

3,4 
±0,6 

56 

CH3COOH 
280 
±10 

48,5 
±0,6 

0,2 
±0,0 

43,1 
±0,6 

4,7 
±0,0 

3,5 
±0,1 

46 
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Figure 1. TOC and gasified carbon values 

of lignocellulosic biomass hydrolysates  

 

4. CONCLUSION 

Catalytic performance on aqueous phase 

reforming of glucose solution and 

biomass hydrolysates for hydrogen 

production on platinum/activated carbon 

catalysts with different chemical 

treatments were carried out. KOH, HCl, 

CH3COOH and NH3 treated AC samples 

were used as catalyst supports for 

deposition of Pt metals. Chemical 

treatments highly changed the activities 

of the catalysts, however; untreated AC 

showed better activity on hydrogen gas 

production. Kenaf hydrolysates showed 

highest gasification performance among 

other biomass hydrolysates tested for all 

catalysts.  
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ABSTRACT: Processing of textile products with TiO2  nanoparticles is not a complex 

process but in sufficient binding efficiency between fibers and TiO2  nanoparticles is the 

major problem which is related to the stability and durability of nanocomposite system 

during exploitation. SiO2 is an ideal binder textile coating since it does not decompose due 

to the strong photocatalytic activity of TiO2. Previous studies have shown the discoloration 

of stains was more efficient for TiO2-SiO2coated samples than TiO2coated ones. In this 

study, branched SiO2  nanoparticles were successfully prepared via surface modification 

method through regular silica nanoparticles to obtain stabilized binders for photocatalytic 

textile coating applications. Diethyleneglycol monomethyl ether was used as the surface 

modifier. The prepared nanomaterials were evaluated using laser diffraction particle size 

analyzer. Untreated polyester samples were coated with the surface modified SiO2 

nanoparticles and various types of TiO2 nanoparticles by using ultrasonic bath. 

Photocatalytic activity   of  coated  polyester  fabrics  with  TiO2   nanomaterials was 

investigated through the disappearance of methylen eblue dye stains under UV light. 
 

 

1. INTRODUCTION 

TiO2   nanoparticles   have  been   widely 

used as an effective photocatalyst due to 

their excellent photocatalytic properties 

and high surface area. TiO2 nanoparticles 

offer various applications as self-cleaning 

surfaces, water and air purification, anti- 

fogging surfaces and photovoltaics [1]. 

Photocatalytic degradation on TiO2 of 

many substances such as formaldehyde, 

3-amino-2-chloropyridine, acid orange, 

phenoland methyleneblue insolution 

phase have been studied and proven to be 

effective in photocatalytic activity [2]. 

During past several years, many studies 

have been performed to immobilize TiO2 

nanoparticles on to the textile materials to 

obtain self-cleaning, anti-bacterial and 

UV-protective products. Processing of 

textile products with TiO2 nanoparticles is 

not a complex process butin sufficient 

binding efficiency between certain fibers 

and  TiO2   nanoparticles  is  the  major 

problem which is related to the stability 

and durability of nano-composite system 

during exploitation. Recently, SiO2 

nanoparticles have been used to improve 

the attachment properties and stability of 

TiO2   nanoparticles.   SiO2   is   an   ideal 

binder since itdoesnot decompose due to 

the strong photocatalytica ctivity of TiO2. 

Previous studies have shown that the 

discoloration of stains was more efficient 

for TiO2-SiO2  coated samples than TiO2 

coated ones [3]. 

Photocatalytic degradation  of molecules 

due  to light illumination of  a 

photocatalyst is based on interaction with 

electrons and molecules adsorbed on the 

surface. Photocatalytic activity of 

unmodified TiO2 nanoparticles occur in a 

wide band gap (anatase3.2 eV, rutile 

3.0eV) and can be utilized only underUV 

light. An improvement of the TiO2 

catalysts photoactivity can be achieved by 

enhancement of the separation of

mailto:Basim@ozyegin.edu.tr
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Photocatalytic 

Solution 

Particle 

Size 

(nm) 

Binder 

%0.1(w/v)p25 21 %3.9(w/w) 

BranchedSilica %0.001(w/v)p25 21 %3.9(w/w) 

BranchedSilica %0.1(w/v) 

Anatase 

73.3 %3.9(w/w) 

BranchedSilica %0.001(w/v) 

Anatase 

73.3 %3.9(w/w) 

BranchedSilica %0.1(w/v)Iron 

DopedTiO2 

73.3 %3.9(w/w) 

BranchedSilica %0.001(w/v)Iron 

DopedTiO2 

73.3 %3.9(w/w) 

BranchedSilica %0.1(w/v)Surface 

ModifiedTiO2 

297 %3.9(w/w) 

BranchedSilica %0.1(w/v) 

Anatase 

73.3 None 

%0.001(w/v) 

Anatase 

73.3 None 

%0.1(w/v)Iron 

DopedTiO2 

73.3 None 

%0.1(w/v)Iron 

DopedTiO2in 

Finishingsolution 

73.3 None 

%0.1(w/v) 

Anatasein 

Finishingsolution 

73.3 None 

%0.1(w/v)p25 21 None 
%0.001(w/v)p25 21 None 
%0.1(w/v)Surface 

ModifiedTiO2 

297 None 

 

 

photo generated electron–hole pairs and 

sensitizing titania for visible-light activity 

by doping with metal ions[4].Therefore, 

in this study, a novel surface modification 

techniqueis introduced to improve the 

surface stability and attachment of SiO2 

and TiO2 nanoparticles  to obtain 

stabilized binders for textile coating 

applications. Diethylene glycol 

monomethyl ether   was  used  as  the 

surface modifier. Functional side chains 

were added to SiO2  particle surfaces to 

obtain branched and stable structures. 

Various combinations of pristine and 

doped TiO2 nanoparticles with surface 

modified SiO2  were coated on polyester 

fabrics to determine the most effective 

type of titania nano particle in the activity. 

 
2. EXPERIMENTAL DETAILS 

TiO2 photocatalyst  (P25,21nmprimary 

particle size), TeOS, DEGME, ethanol, 

methylene blue and NH4OH were 

purchased from SigmaAldrich. TiO2 

nanoparticles  (in  anatase form)  were 

obtained from Nanografi. Distilled water 

was used throughout. %100 polyester 

fabrics were supplied by Kıvanç Textile 

Company. Untreated polyester fabrics 

were immersed in aqueous solutions of 

TiO2 and SiO2. Coating applications were 

performed in ultrasonic bath, by using 

250  ml aqueous solutions of 

photocatalytic nanoparticles, for 15 

minutes. Stain decomposing studies were 

performed under UV light. For surface 

modified SiO2 synthesis 4ml of TeOS and 

180 ml of DEGME were added into 

mixture of C2H6O (50 ml ethanol, 0,44 ml 

water)  and NH4OH (2ml). The mixture 

was stirred to form a milky suspension for 

24 hours. The precipitation formed after 

pH adjustment up to 7. Precipitates were 

oven-dried at 100
o
C more than 18  hours. 

Dispersity and particle size analysis were 

performed using Laser Diffraction 

Particle Size Analyzer (Beckman, Coulter 

LS13320). 

 

Wettability  measurements were 

performed by sessile-drop contact angle 

measurement technique  on textile 

samples coated with different solutions 

with KSVATTENSION ThetaLite Optic 

Contact  Angle Goniometer. 

Measurements   were repeated for tree 

times on each sample. Combinations of 

photocatalytic nanoparticles and binders 

used in this study are listed in Table1, 

namely the P25 pure titania particles, 

anatase form titania, iron doped P25, and 

brached titania. Stain decomposing 

studies  were done by using 0.02M 

concentration methylene blue solution. 

 
Table 1. Selected binders and 

photocatalytic nanoparticles for %100 

polyester textile coating applications
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3. RESULTSAND DISCUSSION 
After along  series of experiments,  the 

most efficient discoloration of methylene 

blue stain on the polyester was observed 

with surface modified TiO2–SiO2  coated 

fabrics. Fig. 1 and Fig.2 represent the 

discoloration of methylene blue, which 

was added onto the polyester fabric 

surfaces as a drop. The discoloration 

performance was  more pronounced  on 

the textile coated with modified TiO2– 

SiO2 polyester as compared to the 

unmodified TiO2 coatedones. 

 
Day0    Day1   Day2   Day3 Day4  Day7 

 

 

 

Fig.1. Discoloration of polyester samples 

stained with methylene blue on surface 

modified TiO2 coated cotton textiles 

irradiated after 7 days under UV light. 

 
Day0    Day1   Day2   Day3 Day4  Day7 

 

 

 

Fig.2. Discoloration of polyester samples 

stained with methylene blue on surface 

modified TiO2-SiO2 coated cotton textiles 

irradiated after 7 days under UV light. 

 
SiO2 was modified and a highly branched 

structure was created using novel surface 

modification technique. Results showed 

that SiO2   with branches increase the 

photocatalytic activity    by    increasing 

attachment of TiO2   nanoparticles and 

stability when it was used as binder. 

Stability of TiO2 nanoparticles and SiO2 

were   also   investigated   with   Laser 

Diffraction    Particle    Size    Analyzer 

(Beckman,     Coulter      LS     13320). 

Differential volume and number based 

particle size analysis were performed for 

different forms of TiO2  and SiO2. The 

particles  size  measurement  results  as 

given  in  Table  1.  showed that  the 

agglomeration is significantly decreasing 

with addition of branches to the main 

structure. Uniform volume distribution 

 

graphics were obtained from the analysis 

of modified SiO2 nanoparticles. Results 

of wettability measurements also 

indicated that the surface modified SiO2- 

TiO2 coatings significantly increased the 

hydrophobicity of  fabric  surfaces. High 

hydrophobicity contributes to self- 

cleaning by reducing the spotting 

proportion due to decreasing attachment 

properties of fabric surfaces. 

 

4. CONCLUSIONS 

In   this   study,   surface  modified   SiO2 

binder was produced by chain addition to 

enhance titania attachment to the textile 

surface. Examination of the binder 

efficiency of the surface modified SiO2 

nanoparticles by stain degradation tests 

revealed that the branched structure of 

SiO2  provided  better attachment 

properties and increased photoactivity of 

the applied textiles. The Coulter particle 

size analysis showed that the addition of 

the branches to the main structure also 

increased the stability for aqueous 

solutions of modified SiO2. The effectof 

different textile surfaces on binding 

capacity needs further investigation. 
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ABSTRACT: The transfer of catalytically active powder materials into mechanically stable 

shaped catalyst bodies often requires a co-agglomeration with binders. We developed a novel 

aluminium phosphate hydrate (APH) binder employable for the forming of very strong 

catalyst bodies with tailored macropores. APH is a colorless, X-ray-amorphous powder that 

can be precipitated from aqueous Al2(SO4)3 and Na2HPO4 solutions. Calcination above 

500C results in viscous sintering and a phase transformation into dense, crystalline AlPO4 

with tridymite structure. If co-agglomerated with refractory catalyst particles, e.g. zeolite 

crystals, a pore structure evolves, formed by the embedded refractory particles and the sinter 

necks of the AlPO4 matrix in-between. This contribution reports on the preparation and 

characterization of APH binder, and on its use in the extrusion of zeolite catalysts with 

superior properties. 

 

1. INTRODUCTION 

In most catalytic reactors in chemical 

processes and refining, fixed-beds of 

granular catalysts are employed. To form 

catalyst bodies with suitable shape, 

beneficial mass transport properties and 

high mechanical strength, catalysts or the 

respective precursor materials need to be 

agglomerated. Extrusion and pelleting are 

the most widely used techniques for the 

agglomeration and shaping of fixed-bed 

catalyst bodies [Kraushaar-Czarnetzki and 

Müller, 2009]. 

 

Because adhesive forces between the 

catalyst powder particles themselves are 

usually not strong enough to form stable 

agglomerates, it is usual to add inorganic 

binders. Industrially used binders are 

alumina- or silica-based meta-hydroxides 

like e.g. bayerite, (pseudo-)boehmite, 

silicagel or silica-alumina composites. 

Upon calcination of the formed catalyst 

greenbodies, interstitial and chemically 

bound water is removed. The resulting 

mechanical strength is low to moderate; it 

is mostly provided through adhesive forces 

and, to a lesser extent, by crosslinking of 

some terminal hydroxyl groups between 

neighboring binder crystals. Catalyst 

bodies formed with such particulate 

binders typically exhibit mesopores with 

diameters of about 8 – 35 nm. 

 

For many catalytic applications, it is 

desirable to have catalyst bodies with 

macropores to enhance the diffusional 

transport of reactants. According to the 

IUPAC notation, macroporous materials 

exhibit pore diameters of greater than 

50 nm. Unfortunately, the mechanical 

strength of agglomerates generally 

decreases with increasing porosity and 

with increasing portion of macropores. 

However, the bonding force between 

particles in an agglomerate is a decisive 

magnitude. Van der Waals and attractive 

electrostatic forces are weaker than 

chemical bonds, for example, formed by 

dehydroxylation. The highest tensile 

strengths of above 10 kN/cm
2
 can be 

achieved when particles are connected by 

solid bridges [Rumpf, 1962]. Hence, novel 

binders providing strong bonding forces 

between agglomerated particles are 

required to manufacture catalyst bodies 
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which are both, macroporous and 

mechanically stable. 

 

In a previous publication, we reported on a 

commercially available amorphous 

aluminium phosphate hydrate powder with 

interesting properties in the context of 

catalyst forming [Freiding et al., 2007]. 

Through viscous sintering and a phase 

transition, this aluminium phosphate 

hydrate transforms into AlPO4-tridymite 

upon heating at 500 - 550 C. The pure 

AlPO4-tridymite is a dense, non-porous 

ceramic. However, in the presence of 

refractory catalyst particles (e.g. zeolite 

crystals), it can form a porous network of 

sinter-necks which connect the catalyst 

particles as strong solid bridges. 

Unfortunately, the manufacturer of the 

aluminium phosphate hydrate does not exist 

anymore, and the compound disappeared 

from the market several years ago. So, we 

made efforts to find out more about the 

chemical nature of this material and to 

develop a synthesis procedure. 

 

Numerous aluminium phosphates are 

described in the literature; with the 

specifications amorphous hydrate and 

atomic ratio Al/P = 1, even, the selection 

remains very large. However, a key 

property of the phosphate searched for is its 

ability to undergo a phase transition into 

AlPO4 with tridymite structure. This was 

described in a few papers, only, but the 

transition temperatures were found to be at 

900 C [Ikeue et al., 2010; Palacios et al., 

2013]. We applied the "calcination test" at 

the desired, much lower  temperature of 

550 C to many other different synthesis 

products. In this way, a suitable synthesis 

procedure was finally developed based on 

old works by Wrangell [Wrangell, 1926]. 

 

2. EXPERIMENTAL 

 

2.1. Preparation 

The preferred and optimized synthesis 

method for the desired aluminium 

phosphate hydrate (APH) is surprisingly 

fast and easy. It succeeds with cheap 

ingredients and simple equipment at room 

temperature. APH is precipitated from 

aqueous solutions of aluminium sulfate, 

acetate buffer (pH = 4.5) and sodium 

phosphate (Table 1).  

 

Table 1: Optimized synthesis mixture. 

Solution Composition 

Aluminium 

sulfate 
20 g Al2(SO4)318 H2O 

+ 200 mL H2O 

Buffer 

(pH = 4.5) 

2.53 g NaOH + 50 mL 

H2O + 9 mL glacial acetic 

acid 

Sodium 

phosphate 

22.66 g Na2HPO4 + 450 

mL H2O 

 

The solutions of aluminium sulfate and 

buffer should first be combined. 

Subsequently, the phosphate solution is 

added within a few seconds and under 

vigorous stirring. Intense mixing is 

essential because the precipitation of APH 

proceeds very fast and because growth of 

large APH particles should be prevented. 

For use as a catalyst binder, small particles 

are preferable. After about 3 minutes under 

vigorous stirring, the synthesis is complete, 

and the solid is separated by filtration, 

followed by washing with water and 

drying in air at 60 C for 12 h. 

 

It should be noticed that scale-up of this 

synthesis can easily be achieved in batch 

operation by using manifolds of the 

solutions mentioned in Table 1, or in 

continuous operation by combining the 

respective solutions in a static Y-mixer at 

high flows. 

 

Dried APH powder was applied as a binder 

in the forming of catalysts. Here, we show 

examples of extruded catalysts made of 

zeolite ZSM-5 and APH. The crystal 

diameter of the zeolite was 0.3 – 0.6 m. 

Details on extrusion were reported earlier 

[Freiding et al., 2007]. The cylindrical 

extrudates (8-10 mm length, 2 mm 

diameter) were dried at 120 C for some 
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hours before they were calcined by heating 

in air (rate: 2 K/min) at 550 C for 3 hours.   

 

2.2. Characterization 

Scanning electron micrographs were taken 

on a Gemini LEO 1530. Crystal structures 

of APH and of calcined samples were 

inspected by means of XRD using a 

Siemens D-500 diffractometer (Cu K). 

Specific surface areas were determined by 

means of nitrogen adsorption according to 

the BET method (ASAP 2010, 

Micromeritics). Porosities and pore size 

distributions were determined by means of 

mercury porosimetry (Autopore III, 

Micromeritics). It should be noticed that 

mercury does not penetrate pores with 

diameters smaller than 4 nm. Hence, values 

reported refer to the meso- and/or 

macropores present in the samples. Bulk 

crush strengths of calcined extrudates were 

measured according to the standard method 

ASTM D 4179 (Zwick 

Universalprüfmaschine). 

 

3. RESULTS AND DISCUSSION 

The aluminium phosphate hydrate powder 

has, after drying, a water content of 24 

mass-%. Thermogravimetric analyses (not 

shown) indicated that adsorbed and 

chemically bound water is completely 

evolved at temperatures below 200 C. 

 

The powder is composed of large 

agglomerates with diameters of several 

microns. A closer inspection by means of 

scanning electron microscopy shows, 

however, that the primary particles in these 

agglomerates have sizes of less than 100 

nm (Fig. 1). 

 
 

Figure 1: SEM micrograph of APH 

(aluminium phosphate hydrate) powder. 

 

Their shapes suggest a crystalline nature 

but, actually, these particles are X-ray-

amorphous. In Figure 2, XRD patterns 

before and after calcination are depicted. 

This series clearly shows the amorphous 

character of the APH binder (bottom 

pattern) and its transformation into 

crystalline AlPO4 with tridymite structure 

upon heating, which is completed after 3 

hours at 550 C. A lower calcination 

temperature (500 C) may also suffice, but 

requires a considerably prolonged duration 

of the heat treatment. 

 

 
 

Figure 2: Series of XRD patterns of 

uncalcined APH, and of samples after 

calcination at 550 C for 1, 2 and 3 hours, 

respectively. 

 

AlPO4-tridymite is a dense material of 

vitreous appearance, thermally stable up to 

temperatures around 1200 C. Its surface 

area is negligibly small. If the APH 

powder is mixed with other solid particles, 
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a pore structure can be formed upon 

calcination and concomitant phase 

transition into AlPO4-tridymite. An 

example is shown in Fig. 3. The dense 

tridymite phase (smooth area) is present as 

solid bridges connecting the zeolite crystals 

(cauliflower morphology). Large voids and 

macropores are clearly observable in-

between the sinter-necks. 

 

 
Figure 3: SEM micrograph of an extrudate 

calcined for 3 h at 550 C consisting of 50 

mass-% AlPO4-matrix and 50 mass-% 

zeolite ZSM-5.   

 

At first sight, it appears that the zeolite 

crystals could completely perish in the 

AlPO4-matrix. However, the zeolite 

micropores are fully accessible as long as 

the zeolite content in the extrudates is not 

less than 10 mass-%. 

 

AlPO4-tridymite exhibits an extremely low 

surface area (0.08 m
2
/g) as compared to the 

zeolite used in our extrusion experiments 

(395 m
2
/g). In Fig. 4, these extreme values 

of the pure compounds are connected by a 

dotted line. The fact that the surface areas 

of the mixed extrudates are falling almost 

exactly on this dotted line indicates that the 

AlPO4-matrix does not affect the 

accessibility of the zeolite pores. An even 

more convincing proof for the absence of 

any pore blockage would be a successful 

catalytic application. 

 
Figure 4: Specific surface areas of calcined 

AlPO4 extrudates versus zeolite content. 

The data point relating to 100% zeolite 

does not stem from an extrudate but rather 

from a powder sample of pure ZSM-5. 

 

Using the commercial APH powder as a 

binder, we showed that  AlPO4/ZSM-5 

extrudates exhibit superior activity, 

selectivity and coke resistance in the 

conversion of methanol to olefins as 

compared to conventional extrudates with 

alumina or silica matrices [Freiding and 

Kraushaar-Czarnetzki, 2011]. So far, we 

have not performed a similar catalytic 

study with the APH synthesized by 

ourselves as described in this contribution, 

but we anticipate similar results as the 

physico-chemical properties are almost 

identical. 

 

Table 2: Comparison of calcined zeolite 

extrudates produced with different binders. 

Composition: 50 mass-% ZSM-5 (crystal 

diameter  = 0.3 – 0.6 m) and 50 mass-% 

matrix.  

 Matrix type 

 Silica 
-

Alumina 

AlPO4-

tridymite 

Porosity 0.6 0.54 0.65 

Mean 

diameter 

of pores 

> 4 nm 

34 nm 14 nm 280 nm 

Bulk 

crush 

strength  

18 N 36 N 35 N 

As reported earlier, porosities and pore 

size distributions of zeolite extrudates 
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depend on many different factors [Freiding, 

2007]. Because the mass ratio 

matrix:zeolite and the crystal size of the 

zeolite have a dominant influence, these 

magnitudes should be the same when 

matrix effects are to be extracted. In Table 

2, we compare zeolite extrudates containing 

the same ZSM-5 sample in equal amounts. 

Binders used in the preparation of the 

extrusion paste were silicagel, 

pseudoboehmite (transforming into -Al2O3 

upon calcination at 550 C) and APH 

(transforming into AlPO4-tridymite upon 

calcination at 550 C), respectively. The 

data show that the extrudates with AlPO4-

matrix exhibit the highest porosity and by 

far the largest pores while the mechanical 

stability is comparable to that of 

conventional alumina-bound extrudates. To 

put these results in perspective, it should be 

noticed that bulk crush strengths of 30 N or 

higher are typically requested, if catalyst 

bodies are to be applied in industrial fixed-

bed reactors. 

 

4. CONCLUSIONS 

We have reported on the synthesis of an 

aluminium phosphate hydrate which can be 

used as a ceramic binder in the forming of 

catalyst bodies. The synthesis procedure is 

simple, and scale-up can easily be realized. 

The most prominent feature of the novel 

binder is its ability to undergo viscous 

sintering and transformation into AlPO4 

with tridymite structure at relatively low 

temperatures of 500 - 550 C. Such 

temperatures are also employed for the 

calcination of conventional silica- or 

alumina-bound catalysts. In catalyst bodies 

with AlPO4-matrix, however, the catalyst 

particles are not held together by adhesive 

forces but rather by strong solid bridges 

which are formed upon shrinkage and 

sintering of the hydrate binder particles. 

Due to this particular bonding "mechanism" 

in agglomerates with AlPO4-matrix, it is 

possible to furnish catalyst bodies with two 

highly desirable, but normally conflicting 

properties: macroporosity and high 

mechanical stability. 
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ABSTRACT: In this work we investigate the role of silver supported on ordered 

mesostructured silicas materials SBA-15C with adjustable and different diameter pore size 

in the reaction of ethylene epoxidation. As reference, silver supported on nonporous silica 

(SiO2) calcined at 350°C was also tested for comparison.The starting structure of silica 

play only a small role on the activity; in all cases, a maximum conversion of 60% is 

obtained. The formation of three product is observed, ethylene oxide at low temperature (≈ 

200°C), small amounts of methane (<1%) at high temperature (> 350°C) and CO2 

throughout the temperature range, but selectivity of ethylene oxide is low (max. 10%). 

Less selectivity obtained in partial oxidation of ethylene is affected by the presence of 

weak Bronsted acid sites (surface hydroxyl groups).  

Keywords: Mesostructured silica (SBA-15); SiO2; Ethylene oxide; Epoxidation; Silver; 

Selectivity; Partial oxidation. 

 

1. INTRODUCTION 

The selective oxidation of ethylene to 

ethylene oxide is one of the most 

important catalytic processes for the 

production of additives petrochemical 

with great value. In industrial, the 

reaction of epoxidation is carried under 

air or oxygen at high atmospheric 

pressures over silver supported low 

specific surface area catalysts. The only 

effective catalyst for this reaction is 

silver. 

Very low surface area –Al2O3 (0.1-

1m
2
/g) remains in the current state very 

selective catalytic support. This is due to 

its inertness for the isomerization of 

ethylene oxide to acetaldehyde. In these 

commercial silver catalysts, silver is 

poorly dispersed over an alumina support 

[Matar et al. 1989]. A maximum 

selectivity of 80% can be achieved by 

adding alkali metals and chlorine 

(ethylene dichloroethane, NaCl) to the 

catalysts; otherwise selectivity was 30-

50%.  

The partial oxidation of ethylene to 

ethylene oxide over silver catalyst is 

widely studied in previous work [Serafin 

et al. 1998], [Verykios et al.1980], [Van 

Santen et al.1987]. The reaction 

mechanism is based on triangular 

network where the ethylene is converted 

to ethylene oxide followed by CO2 or by 

a parallel path, can be oxidized directly to 

CO2. 

Many scientists believe that the 

interaction between the type of oxygen 

species and silver atoms plays an 

essential role in understanding ethylene 

epoxidation. Four types of oxygen 

species have been proposed, physisorbed 

species (O2), molecularly adsorbed 

species, superoxide (O
-
) and peroxide 

(O
2-

), and atomically adsorbed species (O 

and/or O
2-

), [Nakatsuji et al. 1997], a 

great research effort has been devoted to 

the silver–oxygen system. Previous 

theoretical studies have suggested that the 

active species for epoxidation is atomic 

oxygen. Previous theoretical studies have 

suggested that the active species atomic oxygen. 

mailto:hguerba@yahoo.fr
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In this study, the effect of support 

material (SBA-15) on partial ethylene 

oxidation reaction over Ag catalysts was 

determined, in comparison with 

nonporous silica SiO2. 

 

2. EXPERIMENTAL  

 

2.1. Synthesis of Mesoporous Silica 

Supports- Preparation of Ag Catalysts 

The mesostructured silica SBA-15 

materials were prepared using the 

hydrothermal procedure as reported by 

[Zhao et al. 1998].  

The four mesostructured materials 

synthesized  by  Guerba et al. 2014 were 

denoted as SBA-15C1 (0 h, 35 °C), SBA-

15C2 (24 h, 100 °C), SBA-15C3 (72 h, 

100 °C), SBA-15C4 (24 h, 130 °C), 

corresponding to the duration and the 

temperature of hydrothermal treatment, 

respectively. The series of samples are 

noted SBA-15C.  

The supported Ag/SBA-15C catalysts 

were prepared according to the ‘‘two-

solvent’’ technique reported else-where 

[Imperor-Clerc et al. 2004, Lopes. I et al. 

2006 and Guerba et al. 2014], the desired 

amount of silver nitrate was dissolved in 

distilled water and the quantity 

corresponding exactly to the pore volume 

of SBA- 15C determined by N2 sorption 

was added. The targeted value of silver 

loading was 10%. An equivalent loading 

of Ag was also impregnated on fumed 

silica (Sigma-Aldrich, S = 380 m
2
.g

-1
). 

This last sample is labeled as Ag/SiO2. 

[Guerba et al. 2014]. 

 

2.3. Catalytic Tests-Epoxidation of 

Ethylene 

The catalytic tests were carried out in a 

fixed bed micro-reactor operating under 

atmospheric pressure packed with 200mg 

of catalyst. Before catalytic tests, the 

catalysts were reduced in situ with H2 

flow at 350 °C for 2 h. The reactant feed 

consisted of 1.5% C2H4, 4.5% O2 diluted 

in He with total flow rate of 75 cm
3
 min

-

1
. Hydrocarbons were analyzed by Riedel 

chromatograph ionization flame. CO and 

CO2 formed were quantified by an 

Infrared Rosemount detector. The 

catalytic tests were performed from 

100°C and 500°C. The experiment was 

repeated several times in order to 

determine the reproducibility. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Catalytic Activity in Ethylene 

Epoxidation Reaction  

 

3.1.1 Effect of Supports  

SBA-15 can be synthesized with varying 

framework pore size, as is described in 

the experimental and the catalysts 

characterization in more detail in Ref 

[Guerba et al. 2014]. A list of the Ag 

catalysts prepared with the nonporous 

and porous supports is shown in Table 1. 

 

Table1: Structural characteristics of prepared silver catalysts on different support materials. 

Supports 
SBET 

(m
2
/g) 

Pore size 

(nm) 

V Porous  

(cm
3
/g) 

Ag (%) 

Ag catalyst 

SBET 

(m
2
/g) 

V Porous 

(cm
3
/g) 

SiO2 

 

380 - - 11,29 251 - 

SBA-15C1 (0h35C°) 527 4.31 0.41 10,30 366 0.26 

SBA-15C2 (24h100C°) 718 8.17 0.86 10,78 492 0.66 

SBA-15C3 (72h100C°) 651 9.25 0.96 11,18 540 0.79 

SBA-15C4 (24h130C°) 547 8.42 0.94 9,77 441 0.75 
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The effect of the different catalysts 

supports on the selectivity towards 

ethylene oxide (EO) was studied with the 

catalysts contained 10 % Ag and the 

results are shown in Figure 1.  

EO selectivity was extremely low, the 

epoxidation activity of all catalysts 

decreases significantly at reaction 

temperature 500°C (Figure 1.a), and it 

should be pointed out that this 

temperature is considered as relatively 

high for ethylene epoxidation, especially 

in industrial processes where the catalysts 

usually operate at lower ethylene 

conversion and higher EO selectivity. On 

the other hand CO2 selectivity increases 

(Figure 1.b) and the production of small 

amount of methane is observed (Figure 

1.c).  

For all studied catalysts, the ethylene 

conversion gradually increased with 

increasing temperature in the range of 

100–500°C, a maximum (50-60%) of 

conversion is obtained.  

 
Figure 1: Selective oxidation of ethylene over silver catalysts a) Selectivity of EO, 

b) Conversion of C2H4 to CO2, c) Selectivity of methane d) Total conversion of ethylene. 

 

The samples with high porosity are 

expected to improve framework access 

by decreasing diffusion limitations, 

mainly of relatively big reactant 

molecules, and to enhance the transfer of 

products to the main gas stream, thus 

preventing undesirable secondary 

reactions on the active sites. In the 

present study, the sizes of reactants, 

products and intermediates species are 

considered to be sufficient smaller than 

the porosity (sizes of pore up to 9nm) of 

SBA-15C materials. As a consequence, 

10% silver supported on all supports 

(absence, low and high textural porosity) 

silicates exhibited similar epoxidation 

activity.  
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SBA-15C and SiO2 based catalysts show 

very high ethylene conversion activity 

(up to 50%) at relatively low 

temperatures (200 °C), with less ethylene 

oxide selectivity.   

For the desired high selectivity the 

conversion is held at 10–15% per pass. In 

Experimental studies the selectivity is 

lower than 55% except at high oxygen 

and ethylene pressures due to the parallel 

combustion. [Stegelmann et al.  2004]. 

What is also more important is that the 

surface hydroxyls of the mesoporous 

silicate supports have a limited effect on 

the selectivity towards EO, resulting in 

Ag catalysts with selectivity comparable 

to that of the SiO2 based catalysts.  

The activity of the supports in EO 

isomerisation/oxidation was found to be 

proportional to their surface acidity. It is 

generally believed that the selectivity 

towards EO or CO2 is strongly affected 

by the acidic properties of the support. 

The EO intermediate species initially 

formed on silver sites isomerise to 

acetaldehyde on Lewis or Bronsted type 

acid sites of the support. Acetaldehyde is 

finally oxidized on silver sites producing 

CO2. 

In literature, catalysts supported on the 

Al-MCM-41mesoporous alumino silicate 

sample gave negligible EO selectivity, 

although its ethylene conversion activity 

was similar to that of the catalysts 

supported on siliceous MCM-type, first 

reported by Mobil researchers [Beck et 

al. 1992]. 

All SBA-15C based catalysts with 

10%Ag were less active than commercial 

catalyst. This can be attributed to the 

formation of metallic Ag nanowires 

within the tubular mesopores of SBA-

15C, which renders a significant fraction 

of active Ag sites inaccessible to C2H4 

reactant molecules since the surfaces of 

the Ag wires are covered by the silicate 

walls of the mesopores. 

 

3.1.2. Study of Deactivation 
The partial oxidation of ethylene was 

carried out in two or three successive 

cycles in the temperature range from 100 

to 500°C, (Figure 2), in order to evaluate 

the stability of the Ag catalysts, on 

different studied supports. 

However, for any cycle all catalyst 

provided nearly the same ethylene 

conversion (50-60%), (not shown). 

In comparison, among these five 

supports, both catalysts AgSBA-15C4 

and SiO2 provided increase selectivity to 

EO than the others catalysts in the second 

cycle of reaction, for SBA-15C4 

selectivity increase from 2 to 12%. The 

improvement of 1% selectivity is 

estimated to produce a beneficial effect of 

several tens of million dollars annually 

[Takada. 1996].  

The rise in selectivity for both catalysts 

SBA-15C4 and SiO2 as compared to the 

others catalysts can be explained by an 

increase in the number of accessible 

active sites. A second explanation can be 

attributed to changes in the structure and 

morphology of the silver crystals 

affecting the surfaces available for 

catalytic reactions after the first cycle of 

reaction.  

The size of silver particles is also another 

important parameter that affects both 

activity of ethylene conversion and EO 

selectivity. Selectivity towards EO 

increases with silver size of up to 40 nm. 

[Lee et al. 1989]. 
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Figure 2: Selectivity of ethylene epoxide over silver supported catalysts 

(The reaction was carried out in two or three successive cycles) 

 

Figure 3 reveals the presence of the Ag 

particles as dark spots with highly 

uniform dispersion in nanosizes on SBA-

15C4 support.  

From the results, good dispersion of 

silver particles with nanosizes can be 

obtained from all studied support, in 

more detail see Ref. [Guerba et al.  

2014], as expected, on SBA-15C4 silver 

particle is well dispersed; this is clearly 

verified by the existence of nanowire 

particles in catalyst, as it is shown in 

Figure 3. 

Before reaction, no Ag peak was 

detectable by XRD because the crystallite 

sizes of the Ag particles present on all of 

the studied supports were too small (<2 

nm), (Figure 4).  
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Figure 3: TEM images for 10%Ag SBA-15C24h130°C catalyst before reaction. 

 

20 40 60 80

TwoTheta= 23° 

 10% AgSiO
2

 10% Ag SBA-15C0h35°C

 10% Ag SBA-15C24h100°C

 10% Ag SBA-15C72h100°C

 10% Ag SBA-15C24h130°C

Two Theta (deg)
 

Figure 4: XRD patterns of Ag catalysts before reaction. 

 

The increase in catalytic activity of SBA-

15C4 catalyst in the second cycle can be 

explained by the sintering of the silver 

nanoparticles occurring during the first 

catalytic test up to 500 °C. Sintering is 

the loss of dispersion of the active phase 

in which the particles grow by 

coalescence, this process being directly 

related to the reaction temperature after 

more than cycle of reaction on the same 

catalyst (show TEM image in Figure 5 

and XRD pattern in Figure 6).  

 

  
 

Figure 5: TEM images for 10%Ag SBA-15C24h130°C catalyst after reaction.  
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Increased selectivity is probably the 

result of a modification of the electronic 

properties of silver, which goes from a 

relatively inactive to an active state. 

However, this increase in activity is more 

complex to explain. 

In all studied catalysts, after more than 

cycle of reaction on the same catalyst, we 

observed the formation of great particles, 

as it is shown in Figure 5, it is also 

proved by the presence of peaks in XRD 

pattern (Figure 6), the indexing is 

possible, references tell us, it is the 

metallic silver (JPDS 01-089-3722), this 

can explain the less ethylene oxide 

selectivity obtained. In literature, the 

isomerisation of ethylene oxide to 

acetaldehyde and further oxidation can 

also proceed on metallic silver sites. 

20 40 60 80
Two Théta (deg)

 10% AgSiO
2

 10% AgSBA-15C0h35°C

 10% AgSBA-15C24h100°C 

 10% AgSBA-15C72h100°C

 10% AgSBA-15C24h130°C 

 
Figure 6:  XRD patterns of Ag catalysts after reaction. 

 

It should be pointed out that lower or 

without temperature of  hydrothermal 

treatment  the  samples  does not result 

only to lower surface areas but also to 

relatively higher concentration of acidic 

surface hydroxyls (Bronsted acid sites) 

that lead to complete oxidation of EO 

intermediates to CO2, as described above. 

It is thus clear, that the low number of 

acid sites of 10%AgSBA-15C4 is 

detrimental for the epoxidation reaction, 

as it was expected. 

Although the Ag catalysts supported on 

SBA-15C and SiO2 materials appear to 

be relatively unstable and selective to EO 

at low reaction temperatures, further 

characterization studies of the fresh and 

used catalysts are required in order to 

draw secure conclusions regarding their 

performance in ethylene epoxidation 

reaction. 

 

 

4. CONCLUSION 

We have prepared and characterized high 

surface area with narrow pore size 

distributions of mesopores of SBA-15C 

materials, loaded to 10% of Ag, in 

comparison with nonporous silica SiO2, 

in order to control the deposition of silver 

and make these active and selective for 

ethylene epoxidation reaction. The 

structures and morphologies of silver 

crystals obtained by two-solvent 

technique and heat treatment (calcination 

at 350°C) plays an important role for a 

good dispersion of silver on all studied 

samples. More or less stable species 

obtained, that are active and selective for 

the ethylene partial oxidation reaction at 

low temperatures. Literature has shown 

that the reaction is promoted for large 

particle size of silver and weak acid sites. 

These conditions were met in the case of 

SBA-15, which justified our initial 

choice. Selectivity obtained is low, the 
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problem results probably in diffusion 

phenomena or in the size of particles of 

silver inside porosity. In the future, we 

envision a deposition of high metal 

loadings in SBA-15 having larger pore 

and avoid the diffusion limited regime 

that would reduce selectivity, so as not to 

get clogging of pores and thus facilitate 

the diffusion of reactants and products in 

order to increase selectivity of ethylene 

oxide.  
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ABSTRACT:Hydrothermal synthesis of lithium iron phosphate (LiFePO4) particles in 

sub- and supercritical water was investigated in a batch reactor system. The effect of 

process parameters including temperature (400-450 °C), pressure (200, 275 and 350 bar) 

and reaction time (10 and 60 min.) were examined on particle size, size distribution, purity, 

crystalline structure, and morphology of the synthesized LiFePO4 in the presence of 

sodium sulphite (Na2SO3) as reducing agent. Highly crystalline LiFePO4 particles was 

synthesized at supercritical conditions (400 °C, 350 bar and 60 min.). 

 

1. INTRODUCTION 

Renewable energy sources (wind, sun, 

etc.) can be considered as alternative 

solutions instead of using fossil fuels that 

cause formation of the greenhouse gases 

and their reserves getting limited. Storage 

of renewable energy in continuity and the 

use of the energy storage system, when 

energy supply is interrupted, is a 

requirement. Rechargeable batteries are 

widely used for the storage of energy. 

Lithium-ion batteries (LIBs) with high 

energy density are used in portable 

electronic devices, hybrid vehicles, 

electrical hybrid vehicles, and back-up 

power system applications. 

 

The cost and performance of the lithium-

ion batteries are mainly depended on 

active material of cathode. Lithium cobalt 

oxide (LiCoO2) is mostly used cathode 

active material, which is not appropriate 

for large scale applications due to 

instability at high temperatures, toxicity 

and high cost. Relatively high toxicity of 

LiNiO2 and LiMn2O4, directed interests 

to synthesis of LiFePO4 that are also 

promising because of low cost of starting 

materials, intermediate voltage (3.4-3.5 

V) and high theoretical capacity (170 mA 

h g
-1

). 

 

LiFePO4 particles are generally produced 

by solid-state synthesis [Franger et al., 

2002], which is expensive and has several 

processing steps; more rapid and 

economical production possibilities have 

been investigated in this respect. In recent 

years, sol-gel method [Choi et al., 2007], 

co-precipitation [Arnold et al., 2003], 

mechano-chemical activation [Kim et al., 

2007] and spray technologies [Konarova 

et al., 2009] were developed for 

preparation of electrode materials of 

lithium batteries. But, these methods have 

many restrictions for practical 

applications. Hydrothermal [Meligrana et 

al., 2006], solvothermal [Saravanan et al., 

2009], ion-exchange [Wu et al., 2014] 

and supercritical fluid methods 

[Rangappa et al., 2009] are widely 

investigated as these methods have some 

superiority to pre-mentioned methods. 

Especially, electrode material synthesized 

by supercritical fluid method attracts 

much attention as this method provides 

particles being in various size and 

morphologies with one-pot synthesis 

[Devaraju et al., 2009]. Cathode material 
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that was obtained by hydrothermal 

synthesis has smaller particle size (micro 

or nano), higher performance and higher 

theoretical capacity compared to other 

methods. In addition, supercritical fluid 

method is commercially viable process 

due to relatively low energy consumption 

and opportunity of large-scale synthesis. 

 

Supercritical water (SCW) is a promising 

reaction medium for synthesis of high 

quality nano-sized metal oxide particles 

[Adschiri et al., 1992]. Solubility of 

inorganic species suddenly decreased at 

critical point of water and this lead to 

high supersaturation in nucleation stage 

at which nanoparticles are formed. The 

sizes, morphologies, compositions and 

structures of the synthesized particles can 

be successfully tuned and improved by 

varying process parameters such as 

temperature, pressure, pH, reactant 

concentration, etc. 

 

Possible impurities (Fe2O3, Fe3O4, 

Li3Fe2(PO4)3, Fe2P2O7 etc.) were usually 

prevented by addition of an antioxidant 

(ascorbic acid, citric acid etc.) in the 

reaction medium [Rangappa et al., 2009]. 

Sodium sulphite (Na2SO3) was selected 

as antioxidant for LiFePO4 synthesis. 

 

This study investigates the effect of 

process parameters such as temperature 

(400-450 °C), pressure (200, 275 and 350 

bar) and reaction time (10 and 60 min.) 

on the particle size, size distribution, 

purity, crystalline structure, and 

morphology of the synthesized 

LiFePO4particles in the presence of an 

antioxidant (Na2SO3). In the literature, no 

evidence of any studies examining the 

effect of reaction pressure on the 

formation of LiFePO4 particles in SCW.  

 

2. EXPERIMENTAL SECTION 

2.1. Materials 

Lithium hydroxide monohydrate 

(LiOH.H2O, purity of ≥98 wt%) was 

supplied by Sigma–Aldrich (St. Louis, 

MO, USA). Iron sulfate heptahydrate 

(FeSO4.7H2O, purity of ≥99.5 wt%), 

ortho-phosphoric acid (o-H3PO4, purity 

of ≥85 wt%), and  sodium sulphite 

(Na2SO3, purity of ≥95 wt%) were 

supplied by Merck (St. Louis, MO, 

USA). Nitrogen gas (purity of 99.9%) 

was purchased from Erma Gaz A.S. 

(Izmir, Turkey). Distilled and deionized 

(DDI) water was prepared using a Milli-

Q Ultrapure water purification system 

with a 0.22 m filter (Billerica, MA, 

USA). 

 

2.2.Apparatus and Procedures 

The hydrothermal synthesis of LiFePO4 

was performed in a stainless steel batch 

reactor (SS316) with a volume of 100 

mL. The reactor was designed to 

withstand a maximum temperature and 

pressure of 650°C and 50 MPa, 

respectively. The reactor assembly 

included a rotating shaker with an 

eccentric and a temperature controller 

with a PID controller.Schematic 

presentation of batch reactor has been 

described previously [Gungoren et al., 

2007]. 

 

In order to avoid oxidation of Fe
2+

 to 

Fe
3+

, the solution of reactants (o-H3PO4, 

Na2SO3 and FeSO4·7H2O) were 

premixed in the reactor. LiOH was also 

mixed with deionized water and the 

resulting solution added to the previously 

prepared solution. 

FeSO4 + H3PO4 + 3LiOH → LiFePO4
+ Li2SO4 + 3H2O 

The final solution (o-

H3PO4/FeSO4.7H2O/LiOH/Na2SO3=0.1/0

.1/0.3/0.01 M with pH=9), which was 

grayish blue in color, was quickly 

transferred to reactor for degassing with 

nitrogen to prevent Fe
2+

 from being 

oxidized to Fe
3+

. The degassed solution 

was then heated at a rate of 6 K min
−1 

until the temperature reached a set point 

value, when the shaker and a timer were 
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switched on. The temperature was 

maintained at this set point value for 

specified reaction times (10 and 60 min) 

and the reactor was then cooled to room 

temperature by using fans. The solid 

contents of the reactor were then washed 

with water and centrifuged (at 5000 rpm 

for 40 min) to separate solid product. The 

filter cake was dried in a vacuum oven at 

60°C for 12 h, and then comminuted to 

obtain LiFePO4 powder. 

 

2.3.Characterization 

The synthesized LiFePO4particles were 

characterized by Fourier Transform 

Infrared (FT-IR), powder X-ray 

diffraction (XRD) and field emission 

scanning electron microscopy (SEM). 

The compound was prepared as a KBr 

pellet and FT-IR absorption spectra were 

recorded with a Fourier transform in 

spectrometer (Perkin Elmer, Spectrum 

100 model, USA) in the wavenumber 

range 400 - 1400 cm
–1

 at a spectral 

resolution of 2 cm
–1

. A X-ray 

diffractometer with a Cu K (=1.5406 

Å) radiation source (Philips X’Pert Pro, 

MA, USA) was used to find purity, 

crystal size and unit cell parameter (Ɵ-

2Ɵ=15-65° with a scanrate of 

2.5°/min).The morphology of the 

particles was investigated using a field 

emission scanning electron microscopy 

(SEM; QUANTA 250 SEM, USA) with 

energy dispersive X-ray spectroscopy 

(EDX; FEI QUANTA 250 FEG, USA). 

Average particle size was calculated from 

SEM micrographs. 

3. RESULTS AND DISCUSSION 

FT-IR absorption spectra of synthesized 

LiFePO4particles are described in two 

regions which are low-wavenumber 

region (400 - 600 cm
–1

) involving 

bending modes and in the high-

wavenumber domain (600 - 1400 cm
–1

) 

involving stretching vibrations. Well-

resolved doublet at 468 - 502 cm
–1

 for the 

synthesized LiFePO4 was observed in 

low-wavenumber region of the active 

asymmetric (ν4) bending mode of P-O 

bonds. Possible impurities such as Li3PO4 

(424 cm
–1

) and LiFeP2O7 (762 and 1180 

cm
–1

) were not detected in the 

synthesized LiFePO4. The band at 762 

cm
–1

 is due to the symmetric stretching 

mode of P2O7pyrophosphate groups, 

while the high-frequency band at 1180 

cm
–1 

is assigned to the vibration of the 

PO3 terminals. Also, the bands at 942 and 

974 cm
–1

 associated to symmetric 

stretching modes of PO4 units. 

 

Experimental conditions and average 

crystal size of synthesized LiFePO4 are 

given in Table 1. Average crystal size of 

particles changes between 36.3-63.5 nm. 

 

Table 1: Experimental conditions and 

average crystal sizes for synthesized 

LiFePO4. 

Run 

Code 

T  

(°C ) 

P  

(bar) 

Time 

(min) 

Average 

Crystal 

Size (nm) 

A1 400 200 10 48.0 

A2 400 275 10 47.9 

A3 400 350 10 54.9 

B1 450 200 10 63.5 

B2 450 275 10 50.8 

B3 450 350 10 59.1 

C1 400 200 60 48.0 

C2 400 275 60 50.7 

C3 400 350 60 36.3 

D1 450 200 60 43.1 

D2 450 275 60 47.9 

D3 450 350 60 55.0 

 

X-ray diffraction patterns of all samples 

are given in Figs. 1 and 2. The crystalline 

structure of synthesized LiFePO4particles 

can be attributed to the orthorhombic 

olivine type phase of LiFePO4 with Pnma 

space group. All diffraction lines in Figs. 

1 and 2 show good correspondence with 

the reference LiFePO4 spectrum (JCPDS 

Card No. 40-1267). The XRD patterns 

also revealed that impurity of Fe3O4 (2 

of 30°, 43°, and 57°) formed at all studied 

conditions. 
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Figure 1:X-ray diffraction patterns of 

synthesized LiFePO4 particles at different 

temperatures and pressures (reaction 

time=10 min.). 

 
Figure 2: X-ray diffraction patterns of 

synthesized LiFePO4 particles at different 

temperatures and pressures (reaction 

time=60 min.). 

 

The effects of reaction temperature and 

pressure on the particle size and 

morphology of the synthesized LiFePO4 

particles are shown in Figs. 3 and 4 for 

reaction times of 10 and 60 min., 

respectively. 

 

 

Figure 3:SEM micrographs (25.000X) of 

synthesized LiFePO4particles at different 

temperatures and pressures (reaction 

time=10 min.). 

 

 

Figure 4:SEM micrographs (25.000X) of 

synthesized LiFePO4particles at different 

temperatures and pressures (reaction 

time=60 min.). 

 

3.1.Effect of Temperature 

As the temperature increases from 400 to 

450 °C at constant pressure, particle size 

(samples A1-A3 and B1-B3) decreases at 

short reaction time (10 min.) that are 

given in SEM micrographs in Fig. 3 with 

wide range of particle size distribution. 

(A1) (B1) 

(A2) (B2) 

(A3) (B3) 

(C1) (D1) 

(C2) (D2) 

(C3) (D3) 
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Reverse effect of temperature on particle 

size (samples C1-C2 and D1-D3) was 

observed at longer reaction time (60 

min.), except sample C3 as given in Fig. 

4. At subcritical condition of water 

(samples A1, B1, C1, D1), particles were 

heterogeneous mixture of rod-like, 

spherical and cubic shapes. Prevailing 

morphology of particles were mostly in 

cubic shape at supercritical conditions of 

water (samples A2, B2, C2, D2 and A3, 

B3, D3). The particle sizes of all samples 

(except sample C3) ranges between 50 

nm and 2 m. Differing from other 

samples, sample C3 was in spherical 

shape with estimated average particle size 

of 165 nm. 

 

3.2.Effect of Pressure 

Particle size increases (except sample C3) 

for both of reaction times (10 and 60 

min.) when the pressure increases from 

200 to 350 bar at constant temperature. 

Reaction pressure controls particle size 

and morphology. Thus higher pressure 

increases growth rate and also prevents 

agglomeration of particles. As seen in 

Figs. 3 and 4, particle sizes are bigger and 

not agglomerated at higher pressure (350 

bar). The results show that particle sizes 

are better controlled at 400 °C, 350 bar 

and 60 min., and there is no obvious 

agglomeration with the smallest particle 

size in the studied range. 

 

3.3.Effect of Reaction Time 

No significant differences in morphology 

were observed with changing reaction 

time, on the other hand, the particle size 

was strongly affected by the reaction 

time. Particle size is smaller at 60 min. 

compared to 10 min. 

 

4. CONCLUSION  

Highly crystalline LiFePO4 particles was 

synthesized at supercritical conditions 

(400 °C, 350 bar and 60 min.). The 

particle sizes are bigger and not 

agglomerated at higher pressure. 
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ABSTRACT: In chemical reaction, the catalyst usage has a critical value in terms of 

reaction efficiency and duration. The reactions with catalyst have some challenges such as 

shorter reaction time and higher conversion. Several years, catalytic membrane serves as 

heterogeneous catalyst. It is easy to recycle and reuse the membrane without significant 

activity lost.  In this study, zeolite NaY filled poly (vinyl alcohol)(PVA) catalytic 

membrane was prepared by solution-casting method. The activity of catalytic membrane 

was tested by producing ethyl valerate. Membrane was used inside the reactor as broken 

particles.  At the end of the six hours, 42% valeric acid conversion was achieved by 

catalytic membrane.  

 

1. INTRODUCTION 

Beside the process performance and 

reaction yield, it is also important to 

produce the end product by using more 

effective input. Most of chemical 

reactions are carried out by catalytically, 

so the catalyst cost consist of 

nonignorable part of the total cost. 

Basically, chemical catalysts can be 

divided into two main parts as 

homogeneous and heterogeneous catalyst. 

Because of the mass transfer limitations 

are very low, homogeneous catalyst is 

widely used due to the higher chemical 

activity than that of heterogeneous ones. 

However, the recycle of homogeneous 

ones requires complicated separation and 

purification techniques. Zeolites, ion 

exchange resin and clays are frequently 

used for this purpose.  

 

The catalytic membrane as heterogeneous 

catalyst has been studied and it has been 

received positive results by researchers 

[Zhu et al.2010]. Beside the lots of 

technical advantages such as recycle and 

reusability, it is defined as green catalyst. 

With catalytic membrane, high purity 

end-product can be produced without any 

further separation step. Esterification 

reactions, hydrolysis, biodiesel 

production, wastewater treatment are the 

well known process in which catalytic 

membrane was used [Zhu et al.2010; 

Caeteno et al., 2009; Oguzer et al. 2004].      

 

The important factor is the membrane 

matrix selection in order to produce 

stable and durable catalyst. According to 

the process type and operation conditions, 

polymeric or inorganic matrix can be 

used. If the reaction temperature and 

pressure is very high, zeolit matrix should 

be used due to the thermal, mechanical 

and chemical stability. Otherwise, there is 

no benefit using inorganic. Polymeric 

materials are cheap and it is easy to form 

them as desired membrane module. Also 

the catalyst incorporation to polymer is 

easy compared to inorganic ones.  

 

There is lots of method to produce 

catalytic membrane. One of the most 

widely used is the "coating or dipping" 

method [Peters et al. 2005a, 2005b]. In 

this method a pure polymeric membrane 

is prepared and the catalyst is adhered to 

the upper surface of the membrane with 

this technique. The concentration of 

catalyst or membrane can be changed 

with immersion time or immersion 
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number. The catalytic membrane has 

been shown in Figure 1.1 

 

 

 
Figure 1.1 One layer catalytic membrane 

 

 Also this kind of membrane can be 

consist of two layer as shown in Figure 

1.2 

 
Figure 1.2 Two layer catalytic membrane 

 

 

Second type of membrane is mostly used 

in a reactive separation system such as 

pervaporation membrane reactor. If the 

membrane will be used in classical 

reactor, then the first type is appropriate 

in order to increase the contact area 

between the reactant and catalyst. 

Another easier method is the adding the 

catalyst into polymer solution and 

producing the membrane by using 

solution casting method.   

 

Catalytic membranes are particularly 

preferable to prevent the dissolution of 

the homogeneous catalyst in the reaction 

medium. If a homogenous catalyst is 

immobilized, reuse and recycle of 

catalyst becomes possible. In order to 

prevent the extraction of a catalyst -that 

can be dissolved in the reaction medium-  

a cross-linking process is applied.  

 

The main goal of producing the catalytic 

membrane is obtaining an ideal catalyst. 

It should be selective, stable, non-toxic, 

green and reusable. [Drioli ve 

Fontananova, 2010] It should be firstly 

noted that the compatibility of the 

polymeric material and catalyst is very 

important. Because the both structures 

varies after insertion. Polymer matrix 

type, catalyst type and preparation 

technique should be selected carefully for 

preserving the catalyric activity of 

reaction. [Vankelecom, 2002, Dioos ve 

diğ. 2006]. 

 

In this study NaY loaded catalytic PVA 

membranes have been prepared by 

solution casting method. In order to 

determine the catalytic activity of 

membrane esterification reaction between 

ethyl alcohol and valeric acid has been 

carried out in batch reactor. Ethyl 

valerate production efficiency has been 

evaluated as function of valeric acid 

conversion. Ethyl valerate, also known as 

the green apple flavor is well known for 

its wide applications in the areas of food, 

pharmaceuticals and cosmetics industries 

[Raghavendra et al. 2010; Bayramoglu et 

al. 2011; Fan et al., 1998] 

 

2. MATERIALS and METHODS 

 

2.1 Material 

NaY zeolite, PVA, gluteraldehyde, ethyl 

alcohol (97 % purity) have been purchased 

from Aldrich chemicals. Ethyl valerate 

and valeric acid have been supplied from 

Merck Chemicals.  

 

2.2. Membrane Preparation 

Catalytic membrane was prepared using 

solution casting method. Wt. 5% PVA-

water solution was prepared and stirred 

for 10 hours at 80 C. after a homogenous 

solution had been obtained, desired 

amount of NaY was added to the solution 

and stirred for four hours. Polymer-

catalyst mixture was poured into a glass 

petri dish and dried three days at room 

temperature. After the membrane had 

formed, it was taken to a cross-linking 

bath for five hour in which was contained 

GA, HCl. Finally, the cross-linked 

catalytic membrane was taken to a 
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vacuum oven to vaporize remain acid and 

to activate zeolite particle.  

 

2.2 Membrane Characterization 

Zeolite distribution and membrane 

structure were analyzed by using a JEOL 

JSM-6335 F Field Emission Scanning 

Electron microscope. The samples were 

coated with gold before the analysis and 

broken into pieces with liquid nitrogen. 

 

2.3. Esterification Reaction 
Reactions were carried out in catalytic 

membrane reactor for five hours. 

Catalytic membrane was cut into pieces 

and used as heterogeneous catalyst. Ethyl 

alcohol: valeric acid feed molar ratio was 

6:1 and reaction temperature was 55 C. 

An hour interval, samples were taken 

from the reactor and analyzed by using 

titration method and Gas 

chromatography.  

 

Free valeric acid content was calculated 

as equation 1, conversion was calculated 

as shown in equation 2. 
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F; free valeric acid concentration, NKOH ; 

normality of consumed KOH solution, 

VKOH ; volume of consumed KOH 

solution, MWLA ; molecular weight of 

valeric acid, Wsample; weight of analyzed 

sample, nA0 and nA; initial and final mol 

of valeric acid respectively.  

 

 

3. RESULTS AND DISCUSSION 

 

3.1. SEM Results 

Catalytic membrane surface and catalyst 

distribution in membrane have been 

shown in Figure 3.1a and Figure 3.1b. 

As seen in Figure 3.1b light phase 

represent the NaY particle and the dark 

phase belongs to PVA matrix. 

 

 
 

(a) 

 

In Figure 3.1b, zeolite status has been 

clearly seen. Due to the slow evaporation 

process when membrane is formed, 

catalyst orientated upper surface of 

catalytic membrane.  

 
 

 

(b) 

 
Figure 3.1: SEM micrographs of catalytic 

membrane surface (a) and cross-section (b) 

 

3.1. Esterification Reaction 

Valeric acid conversion result has been 

seen in Figure 3.2. Almost a linear trend 

is observed from the figure.  
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Figure 3.2 Valeric acid conversion results 

(catalytic membrane) 

 

At the end of the five hour 0.42 acid 

conversion has been obtained by catalytic 

membrane. However this result is not 

meaningful without any comparison with 

different catalyst usage. Figure 3.3 shows 

the conversion result of three different 

catalyst using at same operation 

conditions. It can be clearly obtained that 

the conversion value of catalytic 

membrane very close to the free catalyst.  

 
Figure 3.3. Comparison of acid conversion 

 

Higher reactant-catalyst surface area can 

be achieved by using free catalyst. It does 

not mean it always gives higher 

conversion. The free catalyst form 

agglomerate under improper conditions 

such as inadequate mixing speed. Hence, 

a mass transfer limitation occurs. If the 

catalyst homogeneously distributed into 

polymer, agglomerations may not occurs 

in catalytic membrane. Moreover, NaY 

loaded PVA catalytic membrane directly 

contributes to enhance the conversion in 

this reaction due to the selective sorption 

ability of PVA. When the water forms 

with reaction, PVA selectively absorbs it. 

Therefore conversion increases until the 

membrane swell sufficiently.    

 

4. CONCLUSIONS 

In this study catalytic membrane forming 

ability of NaY incorporated PVA 

membrane has been studied and the 

catalytic activity has been tested. It was 

seen that the membrane gave very close 

result compared to free catalyst. So it can 

be concluded that the catalytic activity of 

immobilized catalyst can be higher than 

free catalyst. When this membrane is 

used in a reactive separation system, then 

better results can be achieved. Therefore 

the availability of catalytic membrane has 

been proved with this study.  

 

REFERENCES 
B.M. L. Dioos, I. F. J. Vankelecom, and Pierre A. 

Jacobs, 2006. Aspects of Immobilisation of 

Catalysts on Polymeric Supports, Adv. 

Synth. Catal. 348, 1413 – 1446 

C. S. Caetano, L. Guerreiro, I. M. Fonsec,  A .M. 

Ramos, J. Vital, J. E. Castanheiro, 2009.  

Esterification of fatty acids to biodiesel over 

polymers with sulfonic acid groups, Applied 

Catalysis A: General, 359, 41–46 

E. Drioli and E. Fontananova P. Barbaro and F. 

Liguori (eds.), Heterogenized Homogeneous 

Catalysts for Fine Chemicals Production, 

Catalysis by Metal Complexes 33, Springer 

Science Business Media B.V. 2010. 

G.Bayramoglu, B.Hazer, B. Altıntas, M. Y. Arıca, 

2011. Covalent immobilization of lipase 

onto amine functionalized polypropylene 

I.F. J. Vankelecom, 2002. Polymeric Membranes 

in Catalytic Reactors, Chem. Rev. 102, 3779-

3810. 

M. Zhu, B. He, W. Shi,  Y. Feng, Ding, J., Li, J., 

Zeng, F. 2010. Preparation and 



253 
 

characterization of PSSA/PVA catalytic 

membrane for biodiesel production, Fuel, 

89, 2299–2304. 

membrane and its application in green apple 

flavor (ethyl valerate) synthesis, Process 

Biochemistry 46, 372–378 

O. Oguzer. Screening and characterization of 

catalytic composite Membranes for 

ethyllactate production. pHD thesis. Middle 

east technical university, 2004,Turkey. 

T. A. Peters, J. Van Der Tuin, C. Houssin, M. A. 

G. Vorstman, N. E. Benes, Z. A. E. P. 

Vroon, A. Holmen and J. T. F. Keurentjes, 

2005b. Preparation of zeolite-coated 

pervaporation membranes for the integration 

of reaction and separation, Catal. Today, , 

104(2-4), 288-295. 

T. A. Peters, N. E. Benes and J. T. F. Keurentjes, 

2005a. Zeolite-coated ceramic pervaporation 

membranes; pervaporation- esterification 

coupling and reactor evaluation, Ind. Eng. 

Chem. Res. 44(25),  9490-9496 

T. Raghavendra, D. Sayania, D. Madamwar, 

2010. Synthesis of the ‘green apple ester’ 

ethyl valerate in organic solvents by Candida 

rugosa lipase immobilized in MBGs in 

organic solvents: Effects of immobilization 

and reaction parameters, Journal of 

Molecular Catalysis B: Enzymatic 63, 31–38 

X.Fan, J. P. Mattheis, and D. Buchanan, 1998. 

Continuous Requirement of Ethylene for 

Apple Fruit Volatile Synthesis, J. Agric. 

Food Chem. 46, 1959-1963 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



254 
 

ESTER PRODUCTION IN A PERVAPORATION AIDED 

CATALYTIC MEMBRANE REACTOR 
 

Filiz Ugur Nigiz
1,a

, Nilufer Durmaz Hilmioglu
1 

 

1. Kocaeli University, Chemical Engineering Department, Kocaeli, Turkey 

a. Corresponding Author (filiz.ugur@kocaeli.edu.tr) 

 

 

ABSTRACT: In this study, boric acid incorporated carboxy methylcellulose membrane 

has been prepared and used for ethyl lactate synthesis at 65 C in pervaporation aided 

catalytic membrane reactor (PVCMR). In order to compare the system efficiency, reactions 

were also carried out in classical batch reactor with free boric acid and catalytic membrane 

reactor (CMR) with broken catalytic membrane at same condition. As 26 % acid 

conversion was obtained in batch reactor, 28 % conversion was determined in CMR with 

broken membrane. In PVCMR 52 % conversion was achieved in the same condition. 

 

1. INTRODUCTION 

Membrane reactor (MR) is one of the 

sustainable and green reactive separation 

systems that play a key role to optimize 

the process requirements. In active 

contactor type MR, membrane has 

catalytic features. Either membrane 

material includes functional chemical 

catalytic groups or catalyst is loaded top 

surface or inside the membrane pore 

[Jose et al., 2002; Hasanoglu et al., 2008; 

Baker, 2000]. This group of membrane 

reactor is also classified as catalytic 

membrane reactor (CMR).  

 

Catalytic membrane reactor is an 

emerging reactive separation technology 

that can be used in wastewater treatment, 

hydrogenation, and esterification. It is 

possible to specify the benefits of this 

system such as easy operation, catalyst 

recycle possibility, lower energy 

consumption, fewer operation steps. Due 

to the single step operation type, plant 

volume and operation cost reduce with 

CMR [Drioli and Fontananova, 2004; 

2010]. Pervaporation aided catalytic 

membrane reactor (PVCMR) is an 

innovative CMR method that combines 

the reaction and pervaporative separation 

in one stage.   When reaction occurs on 

the top surface of catalytic membrane, 

one of the products is selectively 

separated by force of the concentration 

gradient. Pervaporation (PV) technique is 

the key stage of this hybrid system. 

Because, selectively product separation 

increases the conversion and reaction 

yield. Hence, it is important to produce 

appropriate membrane module and type. 

Nonporous membranes are used in PV 

and the separation characteristic is based 

on solution-diffusion model. This model 

can be defined into three step. Selected 

component solves on the top surface of 

the membrane, diffuses through the 

membrane and desorbes to permeate side 

[Schaetzel et al., 2010; Baker and 

Wijmans, 2010].  

 

In case of catalytic reactor, the top 

surface of the membrane has catalytic 

activity. Thereby, catalyst distribution, 

membrane durability, reactant penetrating 

ability, membrane affinity play very 

important role on reaction performance 

[Drioli and Fontananova, 2010]. 

 

Catalyst can be integrated to nonporous 

membrane in different ways. Membrane 

can be produced from reactive polymer 

[Patel et al. 2009; Yang et al. 2011a, 

2011b], functional chemical groups can 

be attached to the membrane bond or it 

can be coated by chemical catalyst by 

using different technique such as phase 
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inversion [Tanaka et al. 2002; Peters et 

al. 2005]. More importantly subject is the 

recycle and reusable of the catalytic 

membrane without significant activity 

lost.  

 

A basic PVCMR system has been shown 

in Figure 1. 

 
 

Figure 1: Experimental PV system 

 

Basically, it consists of a membrane cell 

included a catalytic membrane, cold 

traps, vacuum pump and control devices.  

 

In this study ethyl lactate was produced 

by using three different methods. 

Classical batch reactor with free boric 

acid, membrane batch reactor with 

catalytic membrane pieces and 

pervaporation catalytic reactor with flat 

sheet catalytic membrane were used. 

Reaction was carried out at 65 
o
C as 

equal molar ratio ethanol and lactic acid.  

 

2. MATERIALS and METHODS 

 

2.1 Material 

Boric acid (BA), carboxy methylcellulose 

(CMC), gluteraldehyde, lactic acid (80% 

purity), ethyl alcohol (97 % purity), ethyl 

lactate (%99 purity) have been purchased 

from Aldrich chemicals.  

2.2. Membrane preparation 

Boric acid loaded CMC catalytic 

membrane was prepared by solution-

casting method. Catalytic membrane 

consists of two layers as separation layer 

and catalytic ones. Separation layer 

included wt. 1.5 % CMC-water. The 

polymer solution was stirred at room 

temperature for 24 hours. After a 

homogeneous solution was obtained, it 

was poured on a melamine plate. Then it 

was dried at room temperature for three 

days. Catalytic layer included wt. 0.5 % 

CMC-water solution and desired amount 

of boric acid (3.2 wt. % g cat/L acid). 

This layer was prepared as dilute solution 

in order to allow the reactant penetration 

to catalyst. The solution was stirred for 

24 hours at room temperature. And it was 

poured onto the separation layer of 

membrane. Then, two layered catalytic 

membrane was dried at room temperature 

for two days. Dried membrane was 

peeled off and immersed in cross-linking 

bath. Flat sheet catalytic membrane was 

used in PVCMR and CMR. For the usage 

of CMR, membrane was cut into equal 

pieces. 

 

2.2 Membrane Characterization 

Boric acid distribution was analyzed by 

using a JEOL JSM-6335 F Field 

Emission Scanning Electron microscope. 

The samples were coated with gold 

before the analysis and broken into pieces 

with liquid nitrogen. 

 

2.3. Esterification Reaction 
Reactions were carried out in classical 

batch reactor, catalytic and PVCMR in 

the same conditions. In PVCMR, 

effective membrane area was 19.6 cm
2
, 

the reaction volume was 100 ml. 

Upstream of the membrane was kept at 

atmospheric pressure and downstream of 

membrane was kept 30 mbar. Water was 

continuously separated from the reaction 

media simultaneously as the reaction 

carried out. The performance of the 

PVCMR was evaluated by acid 

conversion (X), flux (J) and selectivity 

(α). Performance parameters were 
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calculated as seen in equation (1), 

equation (2). 

 

J = Wp/A.t    (1) 

α = (Pw/Pet) / (Fw/Fet)   (2) 

 

Free lactic acid content and lactic acid 

conversion was calculated as eq. 3 

[Oguzer, 2004], conversion was 

calculated as shown in eq. 4. 
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F; free lactic acid concentration, NKOH ; 

normality of consumed KOH solution, 

VKOH ; volume of consumed KOH 

solution, MWLA ; molecular weight of 

lactic acid, Wsample; weight of analyzed 

sample, nA0 and nA; initial and final mol 

of lactic acid respectively.  

 

Wp represents the total permeate weight 

of mixtures, A is the effective area of 

membrane and t is the time. Pw and Fw are 

weight % of water in permeate and feed 

respectively. Pet and Fet are the weight % 

of ethanol in permeate and feed 

respectively [Nunes et al., 2006]. 

Permeate and feed composition was 

obtained with Gas Chromatograph. 

 

3. RESULTS AND DISCUSSION 

 

3.1. SEM Results 

Boric acid distribution and catalytic layer 

has been seen in Figure 3a and 3b.  

 
(a) 

 

 
(b) 

 

Figure 3.1: SEM micrographs of catalytic 

membrane surface (a) and cross-section 

(b) 

 

In Figure 3.1 a smooth surface has been 

seen. Boric acid is water soluble catalyst. 

So it was expected to obtain homogenous 

catalytic surface as it was observed in 

figure. The catalytic BA-CMC thin layer 

was seen in Figure 3b. 

 

3.2. Esterification Results 

Lactic acid conversion values for three 

reactor type has been seen in Figure 3.2. 

As it is presented in the figure, the lactic 

acid conversion results obtained by 

PVCMR is higher than thar of classical 

batch reactor and CMR. 
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Figure 3.2: Conversion results 

 
Due to the continuous removal of water, 

conversion increased as expected. In 

conventional reactors, it is need to 

increase reactant ratio, catalyst amount or 

operation conditions for highest reaction 

yield. As it is proved from the Figure 3.2 

that the PVCMR system improved the 

chemical reversible reaction conversion 

without any additional and costly 

solution.  

 

Figure 3.2 also shows the batch reactor 

results. At the end of the six hours, 

almost the same values were achieved by 

classical batch reactor and CMR. The 

usage of encapsulated catalyst can be 

seen as difficult due to the mass transfer 

limitations. If the concentration of 

coating solution is well designate, the 

penetration of reactant to catalytic layer 

can not be prevented. In CMR system, 

catalytic membrane acted as 

heterogeneous catalyst. Althought the 

conversion of CMR results are very close 

to the classical reactor results, there are 

some challenging reason to use the 

catalytic membrane. It is well known that 

the homogeneous catalyst is hardly 

separated and recycled from the reaction 

media. In case of CMR, membranes can 

be recycled by filtration and reused after 

washing process.  

 

Thi figure 3.3 shows the flux values of all 

component. Both BA and CMC is 

hydrophilic, so the highest flux value 

should be water as can be observed in 

Figure 3.3.  

 
 

Figure 3.3: Flux results of CMC 

 

The polarity of ethanol is close to the 

water. Hence, second higher flux  value 

belongs to ethanol. Due to the wide 

moleculer size of ethyl lactate, it was 

retained at reaction media. 

 

Hydrophilic and water selective character 

of CMC membrane is also seen in Figure 

3.4. Highest selectivity values obtained 

with water followed by etnaol and lactic 

acid respectively. 
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Figure 3.4: Selectivity results of CMC 

 

4. CONCLUSIONS 

In this study a reactive separation 

membrane reactor system has been used 

to produce ethyl lactate and the system 

performance has been compared with 

classical batch and catalytic membrane 

reactor. In PVCMR, two times higher 

conversion has been obtained than that of 

batch system at same condition. It is also 

seen that the BA loaded CMC membrane 

represented good water selective 

character. This study proved the 

availibity of one stage pervaporation 

aided membrane reactor.   
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ABSTRACT: Malachite Green (MG) is a poisonous dye which must be removed from 

waste water before disposal. Silica gel,clay, luffa cylidrica, activated carbon, bentonite, 

bottom ash, natural zeolite were used to remove MG from industrial waste water. In the 

present study silicahydrogel which had a porous structure and might be formed in any 

shape by gelation of silica hydro sol was employed for the adsorption of MG from water. 

Silica hydrogel in slab form was obtained from aqueous sodium silicate and sulphuric acid 

and purified by water. The equilibrium and kinetics of MG adsorption was investigated by 

insitu measurements with a fibre optic spectrophotometer. Adsoption isotherm fitted to 

Langmuir model. MG was adsorbed to the interphase of silica hydrogel and solution and 

than moved at a very slow rate in silica hydrogel. The initial period of adsorption rate fitted 

to first order model, whereas  the later period correlated to intraparticle diffusion. It was 

revealed that MG could be removed by silica hydrogel and the rate of diffusion in silica 

hydrogel could be used as a time indicator for paint and food industries.  

 

1. INTRODUCTION 

Adsorption of malachite green on silica 

gel from aqueous solutions was 

investigated by Samiey and 

Toosi[Samiey and Toosi, 2010]. Sodium 

chloride, pH and propanol effected the 

adsorption. 8.3 mg g
-1

 monolayer 

capacity and  774194 dm
3
 mol

-1
( 0.83 

dm
-3

 mg) b value were observed  for 

Langmuir model with r
2
 value of 0.99 for 

adsorption from water. Adsorption of 

MG on clay [Dhair et al., 2013], luffa 

cylidrica [Altınışık et al., 2010], carbon 

from borassus bark [Hema et al, 2009], 

bentonite [Bulut et al,2008], bottom ash 

[Gupta et al. , 2004], natural 

zeolite[Ariyonta,2009] were investigated 

in recent studies.. Carbon nano tube 

polyaniline composites had higher 

adsorption capacity for malachite green 

than polyaniline due to increased surface 

area[Zeng et al., 2013]. 

 

Silicahydrogel which had a porous 

structure and might be formed in any 

shape by gelation of silica hydro sol can 

be used for adsorption of malachite 

green. The rigid silica hydrogel will not 

allow the colloidal silica particle to the 

solution phase and turbidity in solutions 

will be prevented.   

 

Diffusion coefficient of malachite green 

in water was reported as D = 4×10
–4

 

cm
2
/s by Kirner and Jaschinky[2004]. 

Simultaneous diffusion and adsorption of 

dyes in silica hydrogel was investigated 

by Perrulluni et al Error! Reference source 

not found.. The diffusion coefficients of  

Xylenol Orange and Malachite green 

were determined by acquisition of 

experimental data using a desk scanner 

and solution of the second Fick’s law. 

Diffusion coefficients were in the range 

of 2.5 to 2.9x10
-10

 m
2
s

-1
 for Xylenol 

Orange and 1.1 to 1.4x 10
-10

 m
2
s

-1
 for 

Malachite green in silica hydrogels 

having pore volume fraction of 0.88- 

0.92. While xylenol orange was not 

adsorbed, experimental data are fitted to 

the Freundlich model for the adsorption 

of Malachite green. 

mailto:devrimbalkose@gmail.com
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In this paper determination of adsorption 

isotherm and the diffusion coefficient of 

malachite green in silica hydrogel was 

aimed to be investigated. Silica hydrogel 

in slab form was prepared and kinetics of 

adsoption was examined in situ. 

  

2. MATERIALS AND THE METHOD 

 

2.1.Preparation of Silica Hydrogels 

50 cm
3
 of sodium silicate solution was 

mixed with 50 cm
3
 of deionized water.  

While a 1.5 M of H2SO4 solution was 

being mixed by a magnetic stirrer, the 

sodium silicate solution was added drop 

by drop into H2SO4 solution in order to 

control pH. When pH was equal to 1, 

addition process was stopped. 20 cm
3
 of 

solution was taken into Schott bottles. 

The silica hydrogels were kept for a day 

thus; the solid and liquid phases were 

separated. pH and amount of the water 

was measured. Deionized water was 

added in each Schott bottles as the 

amount water was equal to the amount of 

silica hydrogel while the pH of silica 

hydrogels was equal to 1.6 by washing 

ten times.   

 

2.2. Dye Solution Preparation  

The dye, Malachite Green, CI=42,000, 

chemical formula= C50H52N4O8, was 

supplied by Merck. A 20 ppm stock 

solution was prepared by dissolving 20 

mg dye in the distilled water in a 1000 

cm
3
 measuring flask. Working solutions 

of the desired concentration were 

obtained by successive dilution. The pH 

values of Malachite Green solutions were 

measured by Jenco 6173 pH meter. 

  

2.3. Kinetic Studies 

70 cm
3
 of 2 ppm, 4 ppm and 6 ppm 

Malachite Green solutions were poured 

onto silica hydrogels in Schott bottles. 

Absorbance values of solutions were 

measured by the fiber optic 

spectrophotometer (Aventes-2048 

Spectrophotometer). All the experiment 

data were taken while the solution was 

circulated with a pump (Masterflex C/L), 

that has a flow rate as 0.3cm
3
/sec, in 

order to have even concentration at every 

point. The absorbance values were 

recorded for 1 minute up to 25 minutes, 5 

minutes up to 125 minutes and then, for a 

week up to they reached the equilibrium. 

The photographs of the solutions were 

taken for each week. 

  

2.4.Determination of Adsorption 

Isotherm of Malachite Green  

Silica hydrogels were crushed and ground 

to a fine powder using a porcelein mortar 

for the equilibrium adsorption isotherm 

experiment. 5 g of silica hydrogel was 

taken into Schott bottles and 50 cm
3
 of 2 

ppm, 4ppm, 6 ppm, 10 ppm and 15 ppm 

Malachite Green solutions were poured 

onto silica hydrogels. Solutions were kept 

for one week at 25
o
C in order to reach the 

equilibrium. After they reached the 

equilibrium, the solutions were taken into 

centrifuge (Rotofix 32 hettich) in order to 

separate solid and liquid phases. Thus 

clear solutions were obtained. The visible 

spectra of Malachite Green solutions 

were measured by using Jenco 6173 and 

Perkin Elmer UV/VIS spectrometer, 

respectively. 

 

3. RESULTS AND DISCUSSION 

The silica hydrogel contained 9.4 % SiO2 

and 90.6% H2O. The hydrogel 

composition has been found as 97.9 % 

water phase and 3.1 % the silica particles 

by volume considering the density of the 

washed silica hydrogel as 1.1 g cm
-3

 and 

the density  of the amorphous silica 

fraction as 2.2 g cm
-3

. 
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Figure 1. Visible spectrum of malachite 

green solutions at different concentrations 

for 1. 2 mg dm
-3

 2. 4 mg dm
-3

  3.6 mg 

dm
-3

 4.10 mg dm
-3

  5. 15 mg dm
-3

  

The visible spectra of malachite green 

solutions measured with Pekin Elmer 

UV/vis spectrophotometer are seen in 

Figure 1. The absorbance of malachite 

green solutions at 617 nm was used for 

measuring the initial and equilibrium 

concentrations of solutions used for 

adsorption isotherm determinations using 

the ground silica hydrogel. 

For the kinetic studies fiber optic 

spectrophotometer was used. The probe 

of the spectrophotometer immersed in the 

solution as seen in Figure 2.a used for 

monitoring the malachite green 

concentrations. The measured absorbance 

values with fiber optic spectrophotometer 

were much higher than the ones obtained 

by Perkin Elmer spectrophotometer. Thus 

a new calibration of absorbance versus 

concentration was made for fiber optic 

spectrophotometer.  As seen in Table 1 

during adsorption of malachite green, 

there was proton transfer from the silica 

hydrogel phase to aqueous phase.  

Malachite green is a pH indicator which 

turns from blue to yellow at pH lower 

than 1.8.Thus the measurement of 

malachite green concentration by its color 

intensity involves some negligible errors 

due to slight change of color in the pH 

range of the study.  

Table 1. pH values of the malachite green 

solutions at the start and end of the adsorption 

process 

Concentration (mg 

dm
-3

) 

Initial pH Final pH 

2 4.91 2.15 

4 4.93 2.11 

6 5.2 2.11 

 

3.1. Adsorption equilibrium 

Malachite green was adsorbed from the 

aqueous solution to silica hydrogel phase 

as seen in Figure 1.  

  
(a) (b) 

Figure 2. Adsorption kinetic experiment 

for 2 mg dm
-3

  initial concentration at a. 0 

time  b. 2 weeks 

The adsorption equilibrium was 

determined from the experiments with 

ground silica hydrogel.  Adsorption of 

malachite green to silica hydrogel was 

fitted to both Langmuir (Equation 1) and 

Freundlich (Equation 2) models with r
2
 

values of 0.986 as seen in Figure 3. 

 

)1/( bxCxbxCqq m                            (1) 

 

q =kx C
n
                                               (2)  

 

Where q (mg g
-1

) is the methylene blue 

concentration in solid, qm  (mg g
-1

) is the 

methylene blue concentration in solid at  
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Figure 3. Adsorption isotherm of 

malachite green on silicahydrogel 

 

equilibrium, C  (mg dm
-3

) is   the solution 

concentration and  b is constant. 

Langmuir constants were qm = 0.303 mg 

g
-1

 , b = 0.12 and Freunlich constants 

were k = 0.032, n = 0.87. Considering 

malachite green was adsorbed on the 

silica fraction the monolayer capacity of 

the silica phase was 3.22 mg g-1. This 

value was lower than that reported for 

silica gel by Samiey and Toosi[Samiey 

and Toosi, 2010]. This could be due to 

lower pH of the silica hydrogel in the 

present study.  The structural formula of 

malachite green in Figure 4 indicated that 

it had a positive charge. The silica 

hydrogel in the equilibrium state at pH 2 

was close to its isoelectric point of pH 

1.4. Thus the slightly negative charged 

silica particles attracted the malachite 

green cations. The Vander Waals 

attractions also contributed to the 

adsorption.  

 

 

Figure 4. Malachite green 

 

 

3.2. Initial Rate of Mass Transfer 

The dye concentration versus time was  

measured by the fiber optic 

spectrophotometer and used in 

determination of diffusion constant. As 

seen in Figure 5 the fractional uptake 

versus square root of time was linear and 

from the slope of the linear fits the 

diffusivity of malachite green in silica 

hydrogel was determined for 2, 5 and 6 

mg dm
-3

 initial concentrations using 

Equation 3.  

 

𝑀𝑡/𝑀𝑒𝑞 =
4

𝑙
𝑥(

𝐷𝑡

𝜋
)0.5                       (3) 

 

Where Mt is amount adsorbed at time t , 

Meq is amount adsorbed at equilibrium, l 

thickness of the silica hydrogel layer, D is 

the diffusion coefficint of malachite 

green in silica hydrogel. The D values are 

reported in Table 2 and they changed 

with initial malachite green 

concentration.  

 

They were at the order of 10
-10

 m
2
 s

-1
 . 

 

 
 

Figure 5. Fractional uptake versus 

squareroot of time   

 

 

3.4. Long Time Period Mass Transfer 

Long time mass transfer was examined 

by the movement of the adsorbed 

malachite green in silica hydrogel. The  
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Figure 6. Thickness of the green layer 

vesus square root of time  

 

thicknesses of the green layer, x versus 

square root of time was linear as seen in 

Figure 6. From the slopes of the lines 

diffusion coefficient of adsorbed 

malachite green in silica hydrogel was 

calculated using Equation 4.  

 

 5.0)2( Dtx                                      (4) 

 

They were tenfold smaller, at the order of 

10
-11

 m
2
s

-1
 than determined from short 

time period mass transfer as reported in 

Table 1.  From the intensity distribution 

of the colored region in a thin layer of 

silica hydrogel the diffusion coefficient 

was found in the range of   1.1 to 1.4x 10
-

10
 m

2
s

-1
 .  

 
Table 1. Diffusion coefficient of malachite greeen 

in silica hydrogel for differnt initial 

concentrations  

 
Initial C,  

mg dm
-3

 

1.8 5.6 6.1 

Dx10
10

 m
2
s

-1
 

in short period 

28 5.6 5.8 

Dx10
11

 m
2
s

-1 
, 

in long period 

2.6 

 

3.6 4.1 

 

4. CONCLUSION 

A transparent silica hydrogel with 9.4 % 

silica content was produced from water 

glass and sulfuric acid aiming its 

valorization in removal of basic dyes 

from aqueous solutions. Adsorption 

equilibrium data of malachite green to 

silica hydrogel has fitted to Langmuir 

model giving a monolayer capacity of 

0.303 mg g 
-1

. The diffusivity was at the 

order of 10
-10

 m
2
 s

-1
 and 10

-11
 m

2
s

-1
 from 

solution concentration and movement of 

the colored region. Both were smaller 

than the diffusion coefficient of malachite 

green in water indicating the resistance to 

mass transfer in silica hydrogel. MG can 

be removed successfully by using silica 

hydrogel. 
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ABSTRACT:In hot roll mill process, oily scale occurs naturally. It is one of the most 

important waste in iron and steel works. Deoiling of oily hot roll mill scale has been 

studied for years all around the world. In these studies, it is both important to prevent 

formation of new wastes and solve the problem by using the most economical way. In the 

TEYDEB project (project no:3130407) which is supported by TUBİTAK, the aim was to 

decrease the oil content under 1% by using green chemical agents. Flotation method and 

Hydro guard 3304 solution which is specially manufactured for this purpose are used in the 

tests. The natural hydrophobicity of oil and suitable particle size distribution (mean 

diameter 30 µm) of the scale are the main reasons for applying flotation as a separation 

method for this material. Effects of pH, solid ratio, frother dosage and agitation speed on 

flotation efficiency were studied. 

 

1. INTRODUCTION 

In iron and steel work there are too many 

emissions released and most of them can 

recycle or reuse. Some of the solid wastes 

need a special recycling technic 

according to the amount of waste in the 

current factory, oily hot roll mill scale is 

one of those. Integrated steel works use 

their own waste treatment technics 

according to their waste amount. For 

example, rotary hearth furnaces 

technology [EC, 2011] can be feasible for 

one million tons per year mill scale but 

not for annual 10 000 tons.     

 
Figure 1. (a) Descaling of a 

Slab[lechlerusa, 2013] 

 

It is important to understand how the oily 

mill scale is occurred. During the rolling 

mill process the slabs which has been 

heated to 1200°C (approx.), descaled 

with pulverized water, having the 

pressure of 210 bars. As shown in Figure 

1 (b) highly pressurized water not only 

removes the scale from the surface of the 

slab, but washes away the rolling grease 

as well.  

 
Figure 1. (b) Rolling Mill Snapshot 

 

The waste water runs through the flume 

channel and reaches to the sand filter, and 

then the clean water returns to the 

descaling system. The solid waste is hold 

in the filter tanks and then removed from 
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the system and collected in back wash 

pool, as shown in Figure 2.  

 

 
Figure 2. (a) Filter Tanks 

 

 
Figure 2. (b) Back Wash Pool 

 

Oily hot rolling mill scale is the major 

solid waste of the hot rolling mill 

process. The ratio of the oil content is 

over 1%, and the combustion of oil 

causes intolerable PAH emissions [EC, 

2011]. Because of that, oily materials are 

classified as hazardous waste in EU 

regulations, and in Turkish regulations as 

well.  

 

2. RESULTS AND DISCUSSION  

In Turkey, there are many hot roll mill 

works. But almost none of them could 

reuse the back wash scale. As ERDEMİR 

Co., a project supported by TÜBİTAK 

(TEYDEB project)is performed to 

separate the grease from the surface of 

the scale and reuse the cleaned mill scale 

in the steel process [3130407, 2015]. The 

aim of the project is to reuse the cleaned 

scale in the steel making process by the 

cheapest and the most environmentalist 

way.    

 

 
Figure 3. Optic Microscope Image of the 

Oily Mill Scale Particles 

 

 
Figure 4. Particles Size Distribution of 

Oily Mill Scale 

 

The particle size distribution of oily mill 

scale varies according to many factors. 

Some of them are caused by the steel 

quality and the hot roll mill working 

conditions. The other factors can be the 

recirculation process conditions and 

water quality [3130407, 2015]. The 

particle size distribution is shown in 

Figure 3 and Figure 4.  

 

Flotation is a physicochemicalseparation 

technique utilizing the differences in 

surface properties of materials Oil is a 

naturally hydrophobic material and can 

be separated from scale when stripped 

from the surface of scale during 

conditioning and also flotation.  

 

In order to strip the oil from the scale 

surface efficiently, a chemical (Hydrosis) 

is used during conditioning and flotation. 

HydroGuard 3304 is an optimized, 

biodegradable; zero VOC surfactant 

blend intended for use in water based 

degreasing cleaners. HydroGuard 3304 is 
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a combination of a nonionic and cationic 

surfactant. VOC value is measured as 0 

% with EPA method 24. HydroGuard 

3304 is “Readily Biodegradable (69.4% 

day 28)” according to results by Terra 

SOP 903.06.  HydroGuard 3304 is a 

water based formulation and it is solvent 

free which makes the product even more 

user and environmentally friendly. 

 

 
Figure 6. Flotation of oily mill scale 

 

There are several parameters effecting the 

separation efficiency (S) and recovery 

(R). The list of the parameters tested and 

their influence on flotation efficiency are 

given in Table 1.  

 

Table 1. Effect of flotation parameters on 

separation and recycling ratio of oily hot 

roll mill scale 

Parameters Effects 

pH (9-11) S    R- 

Temperature (20-50°C) S    R 

Flotation Time(15-30 min) S    R 

Conditioning time (5-15 min) S    R- 

Surfactant type 
HydroGuard 

3304 

Surfactant Dosage (1-4 ml/kg) S    R 

Depressant type 
Na-silicate 

Depressant Dosage(0,5-2 ml/kg) S -  R 

Number of Flotation stages(1-3) S    R - 

Number of Cleaning Flotation(1-

3) 

S -  R 
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ABSTRACT: Development of active destructive sorbents capable of decomposing 

halocarbons without harming the environment is of substantial practical interest. Particular 

interesting nanocrystalline mesoporous materials with high reactivity are alkaline-earth 

metal oxide aerogels prepared by sol–gel method followed by autoclave drying. This 

method yields samples with high specific surface areas and developed mesoporous 

structure due to the release of organic solvents under supercritical conditions. It was found 

that addition of vanadium had a promoting effect on the reaction of nanocrystalline MgO 

aerogels with halocarbons, accelerating the formation of the active sites on the surface of 

the nanoparticles. A good correlation was observed between the rate of the halocarbon 

destructive sorption and the concentration of weak electron-acceptor sites characterized by 

EPR using perylene as a spin probe. These results clearly demonstrate that weak electron-

acceptor sites are accumulated on the MgO surface during the induction period of its 

reaction with CF2Cl2. This process is a rare example where surface active sites are shown 

to be responsible for a bulk solid-state reaction. 

 

1. INTRODUCTION 

The reactivity of metal oxides 

substantially increases when the 

dimensions of their particles decreases 

down to several nanometers due to the 

increased ratio of their surface area to the 

bulk volume and high concentration of 

various active sites on the surface. 

Particularly remarkable in this respect are 

nanocrystalline mesoporous aerogels of 

alkaline earth metal oxides, which have 

been reported to possess high surface 

areas and outstanding reactivity with 

respect to variety of harmful organic 

substances, bacteria and spores 

(Klabunde et al., 1996; Stoimenov et al. 

2002; Mishakov et al., 2005; Bedilo et 

al., 2014b). 

 

Halocarbons containing no hydrogen 

atoms are extremely stable and contribute 

to the ozone layer destruction. So, 

development of active destructive 

sorbents capable of their decomposition 

without harming the environment is 

important. Earlier we reported that 

nanocrystalline MgO aerogels react with 

CF2Cl2 starting from 325°C, and this 

reaction is characterized by an unusual 

long induction period (Mishakov et al., 

2005; Ilyina et al., 2013).  

 

As the surface area of the nanocrystalline 

sorbent is very high and only decreases 

during the induction period, the 

beginning of the active phase must be due 

to the formation of some new active sites. 

Recently we reported the first results 

suggesting that the activity of 

nanocrystalline MgO aerogels in CF2Cl2 

destructive sorption correlates with the 

concentration of weak electron-acceptor 

sites (Bedilo et al., 2014b). These are 

sites capable of generating a radical 
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cation by abstracting an electron from a 

donor molecule (Bedilo and Volodin, 

2009; Bedilo et al., 2014a). In the current 

publication we studied in detail changes 

in the concentrations of electron-acceptor 

sites at different stages of the CF2Cl2 

reaction with MgO and VOx-MgO 

aerogels.  

 

2. EXPERIMENTAL SECTION 

Nanocrystalline magnesium oxide 

synthesized by modified aerogel method 

(AP-MgO) with a surface area of 385 

m
2
/g was used in the experiments. Its 

synthesis procedure included reaction of 

magnesium metal ribbon with methanol, 

addition of toluene as a second solvent, 

hydrolysis by a small amount of water to 

form a clear gel, drying in an autoclave 

under supercritical conditions and heat-

treatment under vacuum with gradual 

temperature increase to 500°C as 

described in detail previously (Klabunde 

et al., 1996; Bedilo et al., 2002; 

Mishakov et al., 2002). VOx∙MgO 

aerogels were prepared by a similar 

method following a previously reported 

procedure (Ilyina et al., 2012). Vanadium 

(V) triisopropoxide oxide was added to 

the freshly prepared Mg(OH)2 gel in 

desired proportion and mixed for 30 

minites prior to supercritical drying. 
 

 

AP-MgO samples containing 0, 1, 5 wt. 

% (normalized for V2O5) of vanadium 

were studied in the reaction with CF2Cl2. 

The experimental installation is shown in 

Figure 1. The sample was loaded into a 

tube used for EPR measurements and 

activated in 30 ml/min nitrogen flow for 

1 hour at 350°C. Then the reaction with 

the halocarbon was carried out for desired 

time followed by the spin probe 

adsorption. This technique developed in 

our group allows us to study the 

concentrations of electron-acceptor sites 

of different strengths ex-situ at different 

stages of the reaction (Bedilo et al., 

2014b). It can be used for testing 

electron-acceptor sites during various 

catalytic and topochemical reactions. 

 

 
Figure 1: Scheme of the experimental 

installation: 1 – metal capillary; 2 – glass 

ampoule; 3 – sample; 4 – furnace. 

 

Preliminary experiments showed that no 

strong electron-acceptor sites tested with 

toluene are present on the surface of the 

samples. A solution of perylene in 

toluene (2∙10
-2

 mol/l) was used as the 

spin probe for investigation of weak 

electron-acceptor sites. The concentration 

of active sites was measured by EPR 

method immediately after adsorption and 

after heating for 18 hours at 80°С. This 

heating promotes the polycondensation 

processes and the formation of structures 

with lower ionization potential, showing 

the concentration of the weakest electron-

acceptor sites (Bedilo et al., 2014a). 

 

3. RESULTS AND DISCUSSION 

An HRTEM image of the AP-MgO 

sample in shown in Figure 2. One can see 

that the sample consists of 1-5 nm 

crystallites arranged into chains forming 

a very porous secondary structure. The 

abundance of pores of different sizes 
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gives AP-MgO a high value of accessible 

surface area. 

 

 
Figure 2: HRTEM image of AP-MgO 

 

The effect of vanadium concentration on 

the AP-MgO reaction with CF2Cl2 is 

shown in Figure 3. This reaction is 

characterized by a prolonged induction 

period preceding fast MgO conversion to 

MgF2. The introduction of only 1% V led 

to a substantial shortening of the 

induction period from 70 to 43 min. The 

MgO conversion increased to 69%.  

 

Further increase of the vanadium 

concentration to 10 wt.% led to even 

more significant shortening of the 

induction period down to 5 min (Figure 

3). The vanadium doping also led to the 

appearance of a typical hump on the 

kinetic curve. The maximum weight 

obtained after the active phase of the 

reaction somewhat decreased in the 

following several minutes. In our 

installation we observed this feature only 

if vanadium was present in the samples. 

In a different installation with higher 

sensitivity it was also observed for pure 

MgO (Ilyina et al., 2013). 
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Figure 3: Effect of vanadium 

concentration on reaction of aerogels 

with CF2Cl2 at 400 °C: 1 – AP-MgO, 2 – 

1%V/AP-MgO, 3 – 10% V/AP-MgO. 

 

This hump is related to substitution of 

chlorine atoms introduced into MgO due 

to reaction (1) during the active phase for 

fluorine atoms according to reaction (2). 

Fluorine is lighter than chlorine, so this 

reactions results in some weight loss. 

Substitution may either take place during 

the active phase of the bulk reaction or 

following it. In the latter case a hump on 

the kinetic curve is observed. Overall 

process characterized by reaction (3) 

results in the formation of MgF2 as the 

only solid product with CO2 and CCl4 

formed as the main gaseous products. 

 

2MgO+CF2Cl2→MgCl2+MgF2+CO2     (1) 

MgCl2+CF2Cl2→MgF2+CCl4     (2) 

2MgO+2CF2Cl2 2MgF2+CO2+CCl4 (3) 

 

EPR spectra obtained in 5 minutes after 

perylene adsorption from toluene solution 

on AP-MgO samples with 5% VOx are 

shown in Figure 4. Obviously, the 

intensity of the spectra increases during 

the induction period and reaches a 

maximum in the active state. The EPR 

signal observed before the reaction and 

responsible for the initial intensity in 

Figure 4 is an intrinsic signal present in 
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MgO and is not related to the electron-

acceptor sites. 
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Figure 4: EPR spectra observed after 

perylene adsorption from toluene solution 

on 5%V2O5/AP-MgO subjected to 

reaction with CF2Cl2 for different times. 

 

The data on the concentration of electron-

acceptor sites on the surface of AP-MgO 

samples as a function of the reaction time 

are presented in Figure 5. Electron-

acceptor sites were not found on the 

surface of the initial sample. Such sites 

appear during the reaction with the 

halocarbon due to the MgO chlorination 

and fluorination. Their concentration 

gradually increased during the induction 

period, reaching a clearly defined 

maximum in the active state when the 

rapid topochemical destructive sorption 

reaction occurred.  

 

A similar graph for the sample with 

vanadium content of 5% is shown in 

Figure 6. Before the reaction, there are 

also no electron-acceptor sites on the 

surface of the sample. Their 

concentration quickly increases during 

the reaction with CF2Cl2 and reduces 

sharply after passing active state.  
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Figure 5: Dependence of the intensities of 

EPR spectra observed after perylene 

adsorption from toluene solution on AP-

MgO on time of their reaction with 

CF2Cl2. 
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Figure 6: Dependence of the intensities of 

EPR spectra observed after perylene 

adsorption from toluene solution on 

5%V2O5/AP-MgO on time of their 

reaction with CF2Cl2. 

 

Comparing these two graphs (Figures 5 

and 6) one can see that the induction 

period on the sample with 5% of 

vanadium is much shorter than that on 

pure AP-MgO. This result is in a good 

agreement with the kinetic data. 

Moreover, the concentration of stronger 

sites tested immediately after adsorption 

(black line with square symbols on the 

graph) is much higher. Overall, the 

results obtained in this study prove that 

there is a good correlation between the 

formation of weak electron-acceptor sites 

and the activity of nanocrystalline AP-

MgO and V2O5/AP-MgO aerogels in the 

reaction with CF2Cl2.  
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Simplified models of the electron-

acceptor sites suggested by us are 

presented in Figure 7. We believe that the 

electron-acceptor sites on the modified 

MgO surface are Bronsted acid sites 

originating from separation of the 

charged fragments of chemisorbed HCl 

resulting in the surface polarization 

(Figure 7A). Alternatively, Lewis acid 

sites with the surface polarization (Figure 

7B) also can act as weak electron-

acceptor sites.  

 

 
Figure 7: Suggested structures of weak 

electron-acceptor sites. 

 

4. CONCLUSIONS 

A method for characterization of 

electron-acceptor sites during solid-state 

and catalytic reactions has been 

developed in our group. Using this 

method we found a good correlation 

between the rate of the halocarbon 

destructive sorption on AP-MgO and 

V2O5/AP-MgO and the concentration of 

weak electron-acceptor sites. Vanadia 

addition to nanocrystalline MgO was 

found to shorten both the induction 

period in the reaction with CF2Cl2 and the 

time required to reach the maximum 

concentration of electron-acceptor sites. 
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ABSTRACT: Clay raw materials and the agricultural olive mill waste as a pore making 

additive were used for brick manufacturing. Porous clay bricks lightened by adding olive 

mill waste were produced. Factors influencing the brick manufacturing process were 

optimized by an experimental design to find out the most favorable conditions for the 

production of bricks. The optimum process conditions for brick preparation were 

investigated by studying the effects of mixture ratios (0, 5 and 10 wt.%) and firing 

temperatures (850, 950 and 1050°C) for 2 h. Bulk density, porosity, water absorption and 

compressive strength of the fired brick samples were evaluated to determine the optimum 

preparation conditions. Also, the microstructural analysis of fired bricks was performed. It 

was found that the use of waste addition reduced the bulk density of the samples, whereas 

their porosities increased with rising of waste addition. As the porosities increased, the 

strengths decreased. Increasing of the firing temperature also affected their mechanical and 

physical properties. This study showed that the olive mill waste could be used as a pore 

maker in brick production at certain ratios.  

 

1. INTRODUCTION 

Fired bricks are one of the durable and 

strong building materials. Nowadays, 

they are widely used in building 

applications. They are mainly produced 

from mixtures of clay materials. 

Sometimes, they may include pore 

making additives to produce microporous 

bodies. The porous structure in the brick 

body leads to good thermal insulation of 

the wall. Since clean clay resources are 

consumed quickly, reusing of some 

industrial and agricultural wastes can also 

be an alternative gain in brick production 

[Zhang 2013]. 

In literature, many works have been 

reported about the evaluation of several 

kinds of wastes in the brick production 

for different aims such as mechanical, 

decorative and thermal insulation 

[Valesco et al. 2014]. Organic and 

inorganic pore making additives such as 

straw, sawdust, fly ash, paper residues, 

coal powders widely used in brick 

production [Sutcu 2009, Gencel et al. 

2013, Gorhan 2013, Munoz et al. 2014, 

Valesco et al. 2014].   

 

The aim of this work is to investigate the 

use of olive mill waste as a pore forming 

additive in clay brick and its effect on the 

physical and mechanical properties of the 

clay based bricks. An experimental 

design was selected to optimize the 

manufacturing process of porous bricks 

with olive mill waste. 

 

2. EXPERIMENTAL 

 

2.1. Materials and Method 

The production of fired bricks from 

mixtures of brick clay and olive mill 

waste additive was studied. The olive 

mill waste was obtained from a local 

olive oil processing factory in Izmir, 

Turkey. The clay was obtained from a 
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brick manufacturer in Manisa, Turkey. 

The raw materials were dried, milled and 

sieved under 100 mesh for brick 

production. The chemical composition of 

the clay was determined by the X-ray 

fluorescence (XRF) spectrometer. The 

thermal analysis of olive mill waste was 

performed by thermo-gravimetric 

analysis (TGA). Also, the powder 

morphology of the olive mill waste was 

investigated by scanning electron 

microscopy (SEM) analysis. 

 

The brick clay mixtures with or without 

olive mill waste addition were prepared 

in a mechanical mixer. The mixtures with 

sprayed water up to 15 wt.% of total 

mixture weight were mechanically mixed 

for 30 min to get a uniform consistency. 

Semi-dry mixtures were compressed with 

a pressure of 20 MPa. Cylindrical pellets 

of 20 mm were dried in an oven 

maintained at 40°C for 12 h and then at 

110°C for 24 h. Dried samples were then 

fired in an electrical furnace at the rate of 

2.5°C/min until 600°C, and then 

10°C/min until elevated temperatures for 

2 h to achieved strength. 

 

Bulk density, apparent porosity and water 

absorption values of the fired samples 

were measured by Archimedes method 

[ASTM C67]. The compressive strengths 

were tested. Microstructure of fired brick 

samples was investigated by SEM 

analysis.  

 

2.2. Statistical experimental design 

The 3
2
 factorial design is a factorial 

arrangement with 2 factors each at three 

levels. Factors and interactions are 

denoted by capital letters. The three 

levels of the factors are referred as low, 

intermediate and high. In a 3
2
 design, 00 

denotes the treatment combination 

corresponding to A and B both at the low 

level, and 01 denotes the treatment 

combination corresponding to A at the 

low level and B at the medium level 

[Montgomery, 2004]. 

  

In this study, 3
2
 factorial design with 

single replicate was adapted. It has two 

factors each at three levels. The 3
2
=9 

treatment combinations for this design 

were given in Table 1. Two factors are 

thought to influence compressive strength 

of brick; adding olive mill waste (A), and 

firing temperature (B). Three olive waste 

adding ratios (0-5-10 wt.%) and three 

firing temperatures (850-950-1050
o
C) 

were chosen. 

 

Table 1: Factor ranges used in 3
2
 full 

factorial experiments. 

Factor 

Low 

level 

Medium 

level 

High 

level 

A: Olive mill waste 

addition (wt.%) 
0 5 10 

B: Firing 

Temperature (°C) 
850 950 1050 

 

3. RESULTS AND DISCUSSION 

 

3.1. Characterization of the raw 

materials 
Chemical composition of the clay is 

57.2% SiO2, 15.3% Al2O3, 5.2% FeO or 

Fe2O3, 2.3% K2O, 1.6% Na2O, 3.1% 

MgO, 2.5% CaO and 10.6% loss on 

ignition. TGA analysis of olive mill 

waste is given in Fig 1. According to this 

analysis, total weight loss of about 70% 

was observed at 600°C. The first 9% 

decrease in the mass occurred in between 

25 and 100°C due to the evaporation of 

physical water. The second mass loss of 

60% was observed in the 200–500°C 

range which is due to the burning of 

organic parts. 
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Figure 1: TGA result of olive mill waste. 

 

SEM image of olive mill waste that has 

the particles smaller than 100 µm is 

shown in Fig.2. 

  

 
Figure 2: SEM image of olive mill waste. 

 

3.2. Physical properties of the fired 

bricks 

Physical properties such as apparent 

porosity and bulk density of the fired 

bricks were investigated by Archimedes 

method. According to the results in Table 

2, porosity values increased with rising of 

olive mill waste addition, whereas the 

bulk density decreased. As firing 

temperature increased, porosity values 

decreased and the bulk density increased. 

 

Fig. 3 shows SEM image of fired brick 

with 10% waste addition. Brick body has 

a micro-porous structure due to the 

removing from body and burning of olive 

mill waste during firing.  

 

Table 2: Archimedes test results of fired 

samples. 

Properties Temp. 

Olive mill waste 

addition 

0wt% 5wt% 10wt% 

Apparent 

porosity, % 

850°C 31.4 40.1 46.7 

950°C 30.8 40.1 47.0 

1050°C 27.8 37.2 44.9 

Bulk 

density, 

g/cm
3
 

850°C 1.84 1.62 1.45 

950°C 1.86 1.63 1.45 

1050°C 1.92 1.68 1.49 

 

 

 
Figure 3: SEM image of porous brick 

with 10 wt% waste addition after firing at 

1050°C. 

 

3.3. Compressive strength of the fired 

bricks 

The nine runs were made in random 

order. The designed set of experiments 

for the compressive strength of the fired 

bricks is demonstrated and the effects of 

factors on the response variable are 

shown in Table 3. 

 

Table 3: Compressive strength results of 

experiments for fired bricks (MPa). 

 Olive mill waste addition  

0wt% 5wt% 10wt% 

Firing 

temperature  

(°C) 

850 32.7 16.7 8.9 

950 36.3 20.3 10.4 

1050 56.1 32.5 16.2 

 

 

Fig. 4 shows response surface plot of 

compressive strength versus firing 
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temperature; olive mill waste. The three-

dimensional response surface plot 

provides more useful perspective of the 

compressive strength response surface. 

Examination of this response surface 

indicates that maximum compressive 

strength is achieved at firing temperature 

around 1050°C and 0 wt.% olive mill 

waste addition.  

 

 
Figure 4: The response surface plot of 

compressive strengths of fired porous 

bricks. 

 

The statistical analyses results (ANOVA 

table) for the fired bricks compressive 

strength data are given in Table 4. Mean 

square values were obtained by dividing 

the sum of squares by the degrees of 

freedom. The model F-value of 23.24 

implied that the model was significant. 

There was only a 0.50 % chance that a 

‘‘model F-value’’ this large occurred due 

to noise. Values of ‘‘Prob > F’’ (P-Value) 

less than 0.05 indicated that model terms 

were significant at the 95% confidence 

level. In other words we are 95% 

confident that the particular effect was 

significant. In this case, the main effect 

Olive mill waste had the largest influence 

on the compressive strength of fired 

bricks since the value of Prob > F was the 

smallest for model term A (P-value = 

0.003). 

 

 

 

 

 

Table 4: Analysis of Variance for brick 

compressive strength data. 

Source of 

variation 

Sum 

of 

square

s 

Degree

s of 

freedo

m 

Mean 

squar

e 

F0 
Prob 

> F 

Model 1773.6

5 
4 

443.4

1 

23.2

4 

0.00

5 

A: Olive 

mill waste 

addition 

1366.3

5 
2 

683.1

8 

35.8

1 

0.00

3 

B: Firing 

temperatu

re 

407.30 2 
203.6

5 

10.6

7 

0.02

5 

Error 76.32 4 19.08   

Total 1849.9

6 
8    

 

The normal probability plot is shown in 

Fig. 5a. A normal probability plot of the 

residuals is an extremely useful 

procedure to check the assumption of 

normality. In the analysis of variance, it 

is usually more effective to do this with 

the residuals. If the underlying error 

distribution is normal, this plot is 

resemble a straight line. The general 

impression from examining this display is 

that the error distribution is 

approximately normal.  

 

Fig. 5b plots the residuals versus the 

fitted values for the compressive strength 

data. No unusual structure is apparent 

Thus if the model is correct and if the 

assumptions are satisfied, the residuals 

should be structureless; in particular, they 

should be unrelated to any other variable 

including the predicted response. 

 

Fig. 6 shows main effects plots for 

response compressive strength versus the 

factors. A main effect is present when 

different levels of a factor affect the 

response differently. A main effects plot 

graphs the response mean for each factor 

level connected by a line. According to 

Figs. 6a and 6b, the lines are not 

horizontal, therefore there are main 

effects present. The steeper the slope of 

the line, the greater the magnitude of the 

main effect. Firing temperature appears to 
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affect the compressive strength of bricks 

because the line is not horizontal. Firing 

temperature at 1050°C has a higher mean 

compressive strength than the others. 

Olive mill waste addition also affects the 

compressive strength. 0 wt.% addition 

had a higher compressive strength mean 

than the others. The reference line 

represents the overall mean. 

 

Figure 5: The compressive strength data 

a) normal probability plot and b) plots the 

residuals versus the fitted values. 

 

 
Figure 6: The main effects on the 

compressive strength of a) firing 

temperature and b) waste addition factors. 

 

4. CONCLUSIONS 

According to results, the brick without 

olive mill waste addition and firing at 

1050°C has the highest compressive 

strength (56.1 MPa). On the other hand 

firing the brick at the same temperature 

with 10wt% waste addition only get 16.1 

MPa compressive strength. Thus addition 

of waste decreases the strength of brick. 

But these obtained compressive strength 

results are still above the standard 

[ASTM C62]. Moreover,   the porosity of 

brick increases with addition of olive mill 

waste. Porosity of bricks strongly effect 

the thermal conductivity behaviour. 

Therefore thermal conductivity of mixed 

bricks probably will be higher than 

additive-free bricks.   
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ABSTRACT: White rot fungi, Phanerochaete chrysosporium and Trametes versicolor 

wereimmobilized on walnut shell powder to prepare biocatalysts and employed in 

degradation and decolorization of Procion Red MX-5B which was selected as the model 

azo dye. In the experimental study, firstly the more suitable fungus was determined in the 

microorganism selection experiments. Then the optimum reaction conditions were 

determined varying the glucose concentration and microorganism concentration. 

According to the results, Trametes versicolor was determined to be more effective in 

decolorization in comparison with Phanerochaete chrysosporium and 52.7% 

decolorization and 5.1% degradation were observed under optimum reaction in the 

presence of this fungus. The toxicity was evaluated as 0.7% in terms of growth inhibition 

of Lepidium sativum roots after the biological treatment. 

 

1. INTRODUCTION 

Textile dyes are one of the most 

commontoxic and carcinogenic 

hazardous compounds constituting threat 

to the environmental health. Up to 20% 

of these dyes released in the industrial 

effluents during the dying processes 

[Akpan et al., 2009]. The textile effluents 

are deeply colored and affect aquatic life 

by blocking sunlight penetration, which 

significantly decreases the amount of 

dissolved oxygen [Yoon et al., 2012]. 

The eco-friendly biotechnological 

approaches were proven to be effective in 

treatment of contaminated wastewaters at 

low cost. Microbial decolorization 

methods offer complete cleanup of dye 

wastewater in a natural way as it 

generally reduce the dyes to carbon 

dioxide, ammonia, and water [Singh and 

Pakshirajan, 2010].  

White-rot fungus has received significant 

attention in recent decades because of 

their natural ability to degrade lignin, 

which could also be useful in the 

treatment of organic pollutants, pulp and 

paper wastewater, and azo dye 

wastewater [Liang et al. 2012]. The white 

rot fungus are superior to most of the 

biological methods because the use of 

bacteria in the treatment of dye effluents 

may lead to the formation of colorless 

aromatic amines, which are more toxic 

than the parent compounds resulting in 

limitation of the application areas of the 

bacterial treatment [Rodriguez-Couto, 

2009]. The white-rot fungi, particularly 

P.chrysosporium and T. versicolor have 

been extensively studied for their ability 

to degrade a broad range of organic 

pollutants. They secrete nonspecific 

lignin-degrading enzymes such as lignin 

peroxidase (LiP), manganese peroxidase 

(MnP), laccases, and other oxidases 

which degrade the dyes almost non-

selectively [Keharia and Madamwar, 

2001].  

Lignocellulosic wastes, which contain 

significant concentrations of soluble 

carbohydrates and inducers of enzyme 

synthesis, has been used as support 

materials for the fungi to be immobilized 
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on them and resource of nutrient in order 

to decrease the cost of the biological 

treatment recently[Erden et al., 2009]. In 

literature there is large number of 

alternatives to be used as immobilizing 

agent and nutrient resource. In this frame, 

the aim of this study is to remove the 

hazardous azo dyes from the aqueous 

solutions using economical and 

environmentally friendly biological 

methods. Immobilization of the white rot 

fungi, P. chrysospoium and T. 

versicoloron walnut shell powder to 

degrade and decolorize an azo dye 

constitutes the innovative approach of 

this study. In order to choose the most 

suitable microorganism firstly the 

microorganism selection experiments 

were carried out. Then, the optimum 

reaction conditions were determined in 

the presence of the selected 

microorganism. 

2. EXPERIMENTAL 

 

2.1. Growth of the Microorganisms 

P. chrysospoium and T. versicolor culture 

were maintained on potato dextrose agar 

(PDA) and malt extract agar plates at 37 

℃ and 26 ℃, respectively, in darkness for 

3 days. Agar plates were prepared by 

dissolving 39 g potato dextrose agar or 50 

g of malt extract agar in 1 liter distilled 

water. Potato dextrose agar plates were 

sterilized at 121℃ for 15 minutes and 

malt extract agars were sterilized at 

115℃ for 10 minutes. P. chrysospoium 

and T. versicolor cultures cultivated on 

the agar plates are presented in Figure 1. 

 

Figure 1: Fungi cultures cultivated on 

agar plates 

Inoculation and immobilization of the 

microorganism on walnut shells were 

carried out in 1 L of round bottom glass 

flasks containing 2% malt extract broth 

by weight and sterilized walnut shell 

powder. The process was maintained 

under air atmosphere, in darkness, at 

37℃ for P. chrysospoium and at 26 ℃ for 

T. versicolor, for 7 days. At the end of 7 

days the immobilized microorganisms are 

filtered and stored in laboratory jars.  

2.2. Experimental Set-up 

The batch experiments were carried out 

in an orbital shaker at room temperature 

and 150 rpm using 50 mL of 100 ppm 

Procion Red MX-5B solutions. Samples 

are taken from the reaction medium at 

every 2 days.  

2.3 Biocatalyst Selection Experiments 

In order to compare the oxidation abilities 

of the P. chrysospoium and T. versicolor, 

the microorganisms are added into 50 mL 

of Procion Red-MX-5B solutions 

separately at a concentration of1 gram of 

immobilized microorganism/100mL. The 

initial concentration of Procion Red MX-

5B solutions were kept constant at 100 

ppm. Besides using microorganisms 

alone, three sets of experiments also 

performed for both of the 

microorganisms, adding microorganism 

and 2 g/L of glucose; microorganism and 

1 mM of H2O2; and, lastly, 

microorganism, 2 g/L of glucose and 1 

mM of H2O2. The batch experiments 

were maintained at room temperature and 

200 rpm of orbital shaking for 7 days. 

2.4. Parametric Study 

The influences of microorganism and the 

glucose concentration were investigated 

in the presence of the selected 

microorganism varying the 

microorganism and the glucose 

concentrations in the range of 0.5-2 

g/100mL and 1-4 g/L, respectively.  
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2.4 Analysis 

The dye removal efficiencies were 

evaluated using a UV-VIS 

spectrophotometer. The degradation 

efficiencies were calculated from the 

absorbance values at 330 nm indicating 

the degradation of the aromatic part of 

the azo dyes while the decolorization 

efficiencies were calculated from the 

absorbance values at maximum 

wavelength (538 nm for Procion Red 

MX-5B) corresponding to the breakage 

of chromophore containing azo linkage. 

2.5. Toxicity Tests 

Toxicity tests were carried out in order to 

determine whether any toxic end products 

were generated during the biological 

oxidation of the Procion Red MX-5B. 

These tests were performed by the 

comparison of the root lengths of the 

Lepidium sativum growing in the treated 

dye solution and distilled water. The 

toxicity was evaluated according to 

formula given below[Jonstrup et al., 

2011; Almeida and Corso, 2014]: 

Growth Inhibition (or Root Elongation) = 

(Lo - Lt) / Lo 
Lo: Average root elongation in control medium, cm 

Lt: Average root elongation in treated medium, cm 

3. RESULTS AND DISCUSSION 

 

3.1. Biocatalyst Screening 

Prior to determination of the optimum 

reaction conditions, the most suitable 

microorganism was selected in the 

biocatalyst screening experiments. Azo 

dye degradation and decolorization 

performances of the T. versicolor and P. 

chrysosporium were compared both in 

the presence and in the absence of 

glucose and H2O2. The initial Procion 

Red MX-5B concentration was fixed at 

100 ppm and the experiments were 

carried out at room temperature and 200 

rpm shaking. The results are shown in 

Figure 4. 

 Using microorganism alone 

T.versicolor and P. chrysosporium were 

added into the dye solutions separately, at 

a concentration of 1g microorganism/100 

mL dye solution. According to the 

results, at the end of the 1 week, neither 

aconsiderable degradation nor 

decolorizationefficiency was observed.  

 

Figure 4:Degradation and decolorization 

efficiencies evaluated in biocatalyst 

screening experiments in the presence of 

T.versicolor and P. chrysosporium. 
Reaction conditions: [Dye]o=100 ppm,at room 

temperature and 200 rpm shaking. 

 Using microorganism and glucose 

Addition of 2 g/L glucose into reaction 

medium improved the decolorization 

efficiencies remarkably though the 

degradation of the dye did not enhance. 

52.7% and 11.7% decolorization 

efficiencies were achieved with T. 

versicolor and P. chrysosporium, 

respectively. The white rot fungi secrete 

several lignin degrading enzymes such as 

peroxidases.  It is reported that during the 

lignin degradation reactions the white rot 

fungi produces H2O2 [Kelley and Reddy, 

1986]. Some of enzymes they secrete 

have iron at the catalytic center, which 

slowly decomposes of hydrogen peroxide 

resulting in generation of hydroxyl 

radicals [Kato et al., 2014]. 

 Using microorganism and H2O2 

In biological systems, hydroxyl radicals 

can be produced by one-electron 

reduction of H2O2 in two types of 
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reactions which are Fenton reaction and 

iron-catalyzed Haber-Weiss reaction 

[Forney at al., 1982]. In order to increase 

the hydroxyl radical formation, 1 mM of 

H2O2 was added into the reaction medium 

the presence and in the absence of 

glucose. However, the extra addition of 

H2O2 decreased the decolorization 

efficiencies, probably, due to the 

scavenger effect of excess H2O2.  

Because the highest dye removal 

efficiencies were accomplished in the 

presence of T. versicolor, this fungus was 

selected as the most suitable biocatalyst 

in oxidizing of Procion Red MX-5B. The 

parametric study was performed using the 

selected fungus. 

3.2. Parametric Study 

The influence of glucose and 

microorganism concentration on the dye 

removal was investigated in the presence 

of T. versicolor immobilized on walnut 

shells. Prior to determination of the 

optimum microorganism concentration, a 

set of experiments was performed 

varying the glucose concentration from 1 

g/L to 4 g/L keeping the microorganism 

concentration at 1 g/100 mL. 50 mL of 

dye solutions at 100 ppm concentration 

were used. The experiments were carried 

out at room temperature and 200 ppm 

shaking for 1 week. The glucose impact 

on dye removal efficiencies is presented 

in Figure 5. 

Glucose is a very important carbon 

source for white rot fungi. The dye 

decolorization enhanced up to 2 g/L of 

glucose concentration as expected. 

However, a further addition of glucose 

resulted in decrease in dye removal 

efficiencies due to the reduced pH in the 

surrounding medium through 

abioconversion to organic acids[Chen et 

al., 2003]. 

Because the maximum dye removal 

efficiencies were evaluated when the 

initial glucose concentration was 2 g/L, 

this value was determined to be the 

optimum glucose concentration.  

 

Figure 5:The influence of glucose 

concentration on dye removal 

efficiencies. Reaction conditions: [Dye]o=100 

ppm, 1 g/100 mL microorganism concentration, at 

room temperature and 200 rpm shaking. 

The influence of the microorganism 

concentration on dye removal efficiencies 

was assessed changing the 

microorganism concentration between 1 

g/100 and 2 g/100 mL fixing the glucose 

concentration at 2 g/L. The results are 

shown in Figure 6. 

 

Figure 6:The influence of microorganism 

concentration on dye removal 

efficiencies. Reaction conditions: [Dye]o=100 

ppm, 2g/L  glucose concentration, at room 

temperature and 200 rpm shaking. 

The decolorization efficiency of Procion 

Red MX-5B was increased up to 33.3% 

and 52.7% when the microorganism 

concentration was 0.5 and 1 g/100 mL, 

respectively, while the presence of the 

microorganisms was not effective in 

degradation of Procion Red MX-5B. 

Above 1 g/100 mL microorganism, the 
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dye removal was decreased due to the 

possible scarce of nutrient source or toxic 

products generated in during the 

enzymatic reactions. Therefore, 1 g/100 

mL was determined to be the optimum 

microorganism concentration. 

3.3. Toxicity Tests 

According to the assessment of the 

toxicity tests no toxic by-products were 

formed at the end of the biological 

treatment in the presence of T. versicolor 

since the growth inhibition of the 

Lepidium sativum roots growing inthe 

treated dye solution is negligible(0.7%) 

with respect to the growth rate evaluated 

in the distilled water. 

4. CONCLUSIONS 

The white rot fungi, T. versicolor and P. 

chrysosporium immobilized on walnut 

shells was used to degrade and decolorize 

the Procion Red MX-5B. In the 

microorganism selection experiments, T. 

versicolor was determined the most 

suitable fungus. In the parametric study 

the optimum microorganism 

concentration and glucose concentration 

were determined as 1 g/100 mL and 2 

g/L, respectively, at room temperature 

and 200 rpm shaking. Though the 

biological oxidation was not effective in 

dye degradation, T. versicolor was 

effective in dye decolorization, 52.7% of 

Procion Red MX-5B was decolorized at 

the end of 1 week. The low growth 

inhibition rate (0.7%) evaluated for the 

Lepidium sativum roots growing the 

treated dye solution indicated that the dye 

was decomposed into harmless products. 
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ABSTRACT: Due to eutrophication process, phosphate has been known as water 

pollutant. In this study, phosphate removal from synthetic water has been investigated 

using activated carbon. For determination of removal percentage, CCD method in 

Response surface package was applied to extract a model predictor versus process 

parameters (pH, initial concentration and adsorbent dosage). Based on the obtained model, 

the optimum conditions were 10.6 g L
-1 

of adsorbent dosage, pH=4, and C0 = 11.62 mg L
-1 

for having 95.41% of phosphate removal. Kinetic and equilibrium studies of phosphate 

removal were carried out. Equilibrium data were analysed using Langmuir, Freundlich and 

Dubinin–Radushkevich equations and data followed Langmuir model better. Kinetic data 

were analysed using pseudo-first-order, pseudo-second-order and intra-particle diffusion 

equations and data followed pseudo-second-order model. 

 

1. INTRODUCTION 

The health of water is the most concern 

of all communities and water treatment is 

crutial to provide this goal. Phosphate is 

not toxic but its presence in water 

promotes eutrophication process which 

consumes the dissolved oxygen in water 

[Mehrabi et al.,  2015].  

There are different processes which 

reduce the amount of phosphate in water 

such as membrane, chemical treatment, 

biological treatment, ion exchange and 

adsorption [Mehrabi et al.,  2015, 

Mulkerrins et al., 2004, de-Bashan and 

Bashan, 2004, Blaney et al., 2007]. 

Adsorption is the most effective process 

to remove impurities especially in low 

concentration because not only does it 

have simple design and operation, but 

also it is an economic process. So, in this 

study it was used to phosphate removal. 

Adsorbents play significant role to have a 

good removal process. A good adsorbent 

should have high surface area and 

provide a good driving force for the 

pollutants towards itself. There are 

different adsorbents that have been used 

for phosphate removal [ÇEÇEN and 

Aktaş, 2011]. Activated carbon which is 

one of the most common adsorbents for 

removing organic and inorganic 

pollutants from water was used in this 

work [Srivastava et al., 1989]. 

In order to find a predicted model which 

is able to predict the removal percentage 

of phosphate versus process parameters, 

experiments were designed and data were 

analysed statistically.  

In the presented study, at first 

experiments were performed according to 

the designed order. In addition, data were 

analysed using Design Expert software 

and a prediction model was extracted. 

Finally, different isotherm and kinetic 

models were investigated to determine 

the best fitted model. 

 

2. MATERIAL AND METHODS 

 

2.1. Reagents 

Adsorbent was an Activated carbon with 

specific surface area of 922 m
2 

g
-1

. 

Adsorbents were sieved to 16-35 mesh 

size. Phosphate solution was made by 

mailto:Soleimanim@aut.ac.ir
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KH2PO4. pH of the solutions were 

adjusted using NaOH and HCl. All the 

solutions were made by deionized water 

produced by milli-Q deionized water 

package. 

 

2.2. Analytical Procedure 

After adsorption time, phosphate solution 

was filtered thorough Whatman filter 

paper. Then Lovibond’s package and 

procedure was used to determine 

phosphate concentration. 

 

2.3. Experimental Procedures 

Adsorbents were dried at 120
°
C and kept 

in a desiccator for further experiments. 

Experiments were performed at 25 °C. 

The samples were shaken for 1 h with 

constant speed of 100 using a shaker 

(FINEPCR, model SH30). The pH of the 

solutions was set using a pH-meter 

(GenWay, model 3345). Removal tests 

were performed at different rang of pH, 

concentration and adsorbent dosages in 

50 mL of solution. All tests were 

performed in duplicate. 

The removal percentage of phosphate 

was obtained using the equation (1). 

Phosphate Removal % =  (1)          

where Ci and Cf are the initial and final of 

phosphate concentration (mg L
-1

) in 

solution. 

 

2.4. Isotherm Studies 

Equilibrium isotherms were studied at 

three different temperatures (25, 35 and 

45 
◦
C). 50 mL of phosphate solutions 

with different initial concentration (25- 

200 mg/L) were shaken for 24 h at 100 

rpm. pH and adsorbent dosage were set as 

their optimum conditions which had been 

obtained by CCD method. After 

equilibrium time, the phosphate solution 

was filtered and the residual was 

analyzed for phosphate concentration. 

The amount of phosphate adsorbed qe, 

was calculated using Eq. (2): 

m

VCC
q ei

e




)(
                                (2)          

where Ci and Ce are initial and 

equilibrium of phosphate concentration 

(mg L
-1

), respectively, V is the volume of 

phosphate solution (L), and m is the 

amount of adsorbent (g). 

 

2.5. Kinetic Studies 
In order to analyse kinetic of adsorption, 

adsorbents were suspended in 50 mL of 

phosphate solution and concentration was 

measured at different contact times 10 to 

60 minutes and shaking speed of 100 

rpm. Initial concentration of solution, pH 

and amount of adsorbent were set in their 

optimum amounts which obtained from 

Design expert optimization. The amount 

of phosphate adsorbed by adsorbent after 

elapsing t min, qt, was achieved by 

equation (3). 

m

VCC
q ti

e




)(

                                (3)  

 

where Ci and Ct are initial phosphate 

concentration and concentration at time t 

(mg L
-1

), V is the volume of phosphate 

solution (L), and m is the amount of 

adsorbent (g). 

              
 

3. EXPERIMENTAL DESIGN 

Design expert (version 7.0.0) software 

was used to design experiments and 

analyze experimental data. CCD package 

in Response Surface Methodology 

(RSM) was used to design experiments. 

Statistic method was performed to 

propose a relation between response 

(phosphate removal percentage %) and 

parameters (pH, initial concentration and 

adsorbent dosage). Final obtained model 

reduced by removing unimportant factors 

to improve the model’s prediction. The 

final model used to optimize the process 

parameters [Mehrabi, et al., 2015].  

100



iC

f
CiC
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The parameters namely pH (X1), initial 

concentration (X2) and adsorbent dosage 

(X3) were selected as variables and 

introduced to Design Expert. According 

to (2
k
+2k+6) which k is the number of 

factors, the number of experiments is 

twenty. CCD method has got five factors 

coded as –α, -1, 0, 1, +α which α is equal 

to 1.68179. The actual and coded forms 

of variables have been listed in Table1. 

 

Table 1. Actual and coded form of selected parameters.. 

Independent variables 
Actual form of coded levels 

-α -1 0 +1 +α 

X1 (pH) 3.0 4.0 5.5 7.0 8.0 

X2 (initial 

concentration, mg L
-1

) 
11.48 20 32.50 45 53.52 

X3 (adsorbent dosage, 

gr L
-1

) 
2.29 4 6.50 9 10.70 

 

Table 2. Response values for experimental 

conditions. 

Run pH 
C0 

(mgL
-1

) 

Adsorbent 

dosage 

(g L
-1

) 

%Removal 

1 5.50 32.50 6.50 56.00 

2 8.00 32.50 6.50 39.39 

3 5.50 32.50 6.50 56.92 

4 7.00 45.00 9.00 51.89 

5 5.50 32.50 2.29 28.00 

6 7.00 45.00 4.00 30.00 

7 7.00 20.00 9.00 68.00 

8 5.50 32.50 6.50 56.80 

9 5.50 11.48 6.50 77.35 

10 7.00 20.00 4.00 45.00 

11 4.00 20.00 9.00 85.00 

12 4.00 45.00 4.00 41.56 

13 4.00 45.00 9.00 64.87 

14 5.50 53.52 6.50 45.07 

15 5.50 32.50 10.70 66.77 

16 3.00 32.50 6.50 25.66 

17 5.50 32.50 6.50 56.81 

18 5.50 32.50 6.50 56.55 

19 4.00 20.00 4.00 58.00 

20 5.50 32.50 6.50 56.81 

 

 

 

 

4. RESULTS AND DISCUSSIONS 

Table 2 shows the removal percentage of 

phosphate at different amounts of 

variables. According to the results, 

removal percentages of phosphate varied 

between 25.66 to 85.00. 

 

4.1. Analysis of Variance 

The analysis of variance (ANOVA) of 

regression parameters of the predicted 

model was performed and results have 

been presented in Table 3. According to 

the table, the model F-value of 241.43 

and very low probability value (<0.0001) 

indicate that the model is significant and 

can be used for prediction. In addition, 

Adequate Precision of the model was 

56.982 which is an adequate signal for 

the model (Adequate precision > 4). The 

model R-squared is 0.9893, indicating 

just only 1.07% of the total dissimilarity 

might not be explained by the empirical 

model [Mehrabi et al., 2015]. Based on 

the presented reasons, this suggested 

model is reasonable for predicting 

phosphate removal percentage.  

In order to determine the optimum values 

of variables, regression model was 

developed against the significant model 

terms. Based on the available models in 

RSM package, the data were fitted with 

quadratic model. For variables, P-value 

less than 0.0500 indicate that the model 

terms are significant, while values greater 

than 0.1000 indicate that the model terms 

are not significant [Bashir and Aziz, 

2010]. Therefore, X1, X2, X3, X2
2
 and X3

2 

are significant model terms. 

According to the ANOVA Table, an 

empirical relation between phosphate 

removal and important parameters can be 

explained by the following polynomial:  

 

Removal % =56.14 – 7.64 X1                       (4) 

 - 8.93 X2 + 11.75 X3 + 1.97 X2
2
 – 2.92 

X3
2
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where X1, X2 and X3 were pH, initial 

concentration and adsorbent dosage, 

respectively. 

 

4.2. Adsorption Isotherms  

In this study, equilibrium data were 

analyzed with linearized form of different 

isotherm models presented in Table 4 

[Mehrabi et al., 2015]. 

According to Table 5, Langmuir isotherm 

fitted better with experimental data for 

both adsorbents.  
 

Table 3 : Analysis of variance (ANOVA) and 

adequacy of the model. 

SD = 1.77, PRESS = 100.46, R
2
 = 0.9893, R

2
adj = 0.9852 

 

Table 4 : Different isotherm models. 
Isotherm Equation 

Langmuir 

maxq

Ce

maxqLkeq

Ce


1

 

0
max

1

1

C
q

LkLR





 
Freundlich 

eClog
n

f
klogeqlog

1


 
Dubinin 

Radushkevich 
2

βmqlneqln 
 

)
1

1(ln

eC
RT 

 
2/1

)2β(


E
 

This indicates that phosphate adsorbed as 

monolayer on a homogeneous surface 

[Chatterjee and Woo, 2009]. 

 

4.3. Adsorption Kinetics 

Two common kinetic models namely 

pseudo-first-order (Eq. (4)) and pseudo- 

second-order model (Eq. (5)) used to 

investigate the mechanism of adsorption 

[Vasudevan and Lakshmi, 2012]. 

Parameters of these models and their R
2
 

values are listed in Table 6. 

2.303
log)(log 1 tk

qqq ete 
              (5) 

eet q

t

qkq

t


2

2

1

                                   (6) 

Based on the results, the experimental 

data were fitted well with the pseudo-

second order model. So, adsorption of 

phosphate process was controlled by 

chemisorption [Mehrabi et al., 2015]. 

 

5. CONCLUSION 

In the present study, parameters of 

phosphate removal process were 

investigated with adsorption onto 

activated carbon. Process Operating 

parameters namely adsorbent dosage, 

initial concentration and pH were 

optimized using CCD method in RSM 

package. The adjusted and predicted R
2
 

were 0.9852 and 0.9737, showing that the 

actual and predicted data fitted well. The 

optimization indicated that 95.41% of 

phosphate removal would be attained 

when 10.6 g L
-1

 of adsorbent in solution 

was contacted with phosphate solution 

with initial concentration and pH of 11.62 

mg L
-1

 and 4, respectively. This predicted 

value was obtained with 1.5% relative 

error with doing experiment in optimum 

conditions that shows a good agreement 

of experimental and model’s prediction. 

Adsorption isotherm data were fitted with 

Langmuir model. Adsorption kinetic data 

followed well with pseudo-second-order 

equation. 

 

Source 

Coded level 

Sum of 

squares D.f 
Mean 

Square 
F value P value 

model 3775.78 5 755.16 241.43 <0.0001 

X1 629.27 1 609.27 194.79 <0.0001 

X2 1089.53 1 1089.53 348.34 <0.0001 

X3 1884.01 1 1884.01 602.34 <0.0001 

X22 53.43 1 53.43 17.08 <0.0001 

X32 117.32 1 117.32 37.51 <0.0001 

Residual

s 
40.66 13 3.13 - - 

Lack of 

fit 
40.08 8 5.01 43.12 0.0237 

Pure 

error 
0.58 5 0.12 - - 
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Table 5 : Isotherm model parameters for phosphate adsorption onto AC. 

 

 Table 6 : Kinetic model parameters for phosphate adsorption onto. 
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Models parameters 
AC 

25
°
C 35

°
C 45

°
C 

Langmuir 

qm (mg/g) 6.6007 5.7770 5.0865 

kl (L/g) 0.0602 0.0654 0.0569 

RL 0.0767-0.3992 0.1149-0.3795 0.1216-0.4127 

R
2
 0.9971 0.9984 0.9983 

Freundlich 

n 2.8265 3.0039 2.9895 

kf 1.1138 1.0812 0.9152 

R
2
 0.9878 0.9641 0.9657 

D-R 

qm (mg/g) 15.6228 13.2956 11.6142 

β (mol
2
/Kj

2
) 0.0035 0.0032 0.0030 

R
2
 0.9964 0.9801 0.9809 

E (KJ/mol) 11.9523 12.5000 12.9099 

Adsorbent 

Experimental pseudo-first-order pseudo-second-order 

qe (mg/g) 
k1 

(1/min) 

qe  

(mg/g) 
R

2
 

k2 

(g/ mg min) 

qe  

(mg/g) 
R

2
 

AC 1.0341 0.0974 0.2317 0.8541 1.0331 1.0511 1.0000 
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ABSTRACT: Chlorophenols are a group of pollutants chemicals with chlorine atoms 

(between one and five) attached to the phenolic structure, and there are 19 congeners exist 

in total. They are used to manufacture herbicides, insecticides, wood preservatives and 

industries as synthesis intermediates or as raw materials in the manufacturing of 

pharmaceuticals and dyes.For this reason, they are finding in wastewater and more 

research is done to fight against this pollution. 

 

In this study, a series of experiments were performed to examine the effects of the mineral 

medium composition and the pH on 2-chlorophenol removal. In this purpose, 2-

chlorophenol removal was carried out in a batch reactor containing mixed bacteria; the 

temperature (30°C), the stirring velocity (200 r /min), the KH2PO4 concentration (1.5 g/L), 

the K2HPO4 concentration (2 g/L) and 2-chlorophenol concentration (100 mg/L) were kept 

constants. The initial pH was varied in the range 5 – 9 and the mineral components were 

tested in the following concentration ranges: 0 – 2 g/L for Nitrogen sources (NH4Cl, 

(NH4)2SO4, KNO3 and NH4NO3), 0 – 0.5 g/L for NaCl and 0 – 0.2 g/L for MgSO4. Their 

effects on 2-chlorophenol biodegradation and specific growth rate were examined. The 

shorter biodegradation time of 2-chlorophenol was 45.2 h for NH4Cl, NaCl and MgSO4 

concentrations of 1, 0.3 and 0.1 g/L respectively. Maximum specific growth rate (0.44 h
-1

) 

and total 2-chlorophenol removal were recorded for an optimal pH value of 8. 

Keywords : 2-chlorophenol, biodegradation, batch reactor, mineral medium. 

 

I. INTRODUCTION 

Among the variousaquaticpollutants, 

organic compounds are of 

increasingconcern dueto 

theirecotoxicologicaleffects. 

Somechlorinatedorganics are formed in 

the course ofchlorination of water 

supplies [1]. Among the 

chlorinatedorganicpollutants, 

chlorophenolsare of major concern in 

view of theirwidespread contamination of 

soil and potablegroundwater supplies and 

theirharmfuleffectson man and animals 

[2]. The sources ofchlorophenols to the 

environment are wastewatersfrompulp 

[3], pharmaceutical, petrochemical 

 

 

refinery, herbicide, pesticide, and coal 

conversion industries [4] and 

accidentalrelease [5].It has been 

reportedthat 0.01 mg/l of 

chlorophenolsimpartsextremelydisagreea

ble taste 

and odor to water [6]. Residues of 

chlorophenols have been found in soil, 

water and air. 

 

Biological treatment methods have been 

researched to treat 2-chlorophenol in 

wastewater. Several studies have shown 

that 2-chlorophenol can aerobically 

degraded by a wide variety of micro-
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organisms. Bacteria are a class of micro-

organisms actively involved in the 

degradation of organic pollutants from 

contaminated sites. A number of bacterial 

species are known to degrade phenolic 

compounds. Most of them, showing high 

biodegradation efficiency, are isolated 

from contaminated soil or sediments [7]. 

The identified organisms belonged to 

several genera, like Pseudomonas, as 

well as Agrobacterium, Bacillus [8], 

Burkholderia, Sphingomonas [7], 

Rhodococcus [9] species and mixed 

culture. 

 

The main goal of this paper was to 

investigate the biodegradation of 2-

chlorophenol by mixed bacteria; the 

effect of pH and the mineral medium 

composition were optimized to determine 

the best conditions for 2-chlorophenol 

removal, especially the mineral salts 

supplementation and the optimal mineral 

nitrogen concentration. 

 

2. MATERIALS AND METHODS 

 

2.1. Micro-Organisms Cultivation 

The mixed bacteria of Pseudomonas 

genus (Pseudomonas aeruginosa, 

Pseudomonasputida, 

Pseudomonasfluorescens) used in this 

work were obtained from activated 

sludge of the hazardous wastewater 

station of Boumerdès (Algeria). The 

stock cultures were stored at 4 °C. The 

mixed bacteria were activated for 24 h at 

30 °C in the nutrient medium (NB) 

containing (g L
-1

): peptone, 15, yeast 

extract, 3, sodium chloride, 6, and (D+)-

glucose, 1. 

 

After 24 h, when cells were grown, the 

biomass was harvested by centrifugation. 

The micro-organisms collected after 

centrifugation (3000 rpm) for 30 min 

were suspended in NaCl 0.5 % and re-

centrifuged. After the third washing, The 

micro-organisms collected after 

centrifugation were re-suspended in NaCl 

0.5 % to determine the concentration of 

the mixed bacteria. This solution (mixed 

bacteria and NaCl 0.5%) was analyzed by 

measuring OD at 600 nm using a Vis 

spectrophotometer (HACH DR2800); the 

OD value was then converted to dry cell 

mass using a dry weight calibration 

curve. The dry cell mass density (g L
-1

) 

was found to follow the following 

regression equation x (g L
-1

) = 1.03 × 

OD600. 

 

Specific growth rate was determined in 

the exponential growth phase [12, 15]. 

For each flask, the specific growth value 

was determined from linear semi 

logarithmic plot of cell concentration 

versus time during the exponential 

growth phase, namely when specific 

growth rate became nearly constant [16]. 

 

2.2. Biodegradation Experiments 

As the OD value of adapted cells reached 

2.7 – 2.9, an aliquot of the culture was 

centrifuged at 3000 rpm for 30 min.  

 

To wash the biomass, it was re-suspended 

in NaCl 0.5% and centrifuged. The cells 

(1 ml) were then transferred and 

inoculated in Erlenmeyer flasks (250 mL) 

to yield an initial OD of 0.078, and 

containing 100 mL of medium containing 

nitrogen source (NH4Cl) and the 

following mineral salt supplementation 

(MSS), namely KH2PO4, KH2PO4 and 

MgSO4 at the required concentrations, 

and 100 mg L
-1

 of 2-chlorophenol. The 

cells were cultivated at 30 °C and 200 

rpm.  

 

Samples were withdrawn at suitable time-

intervals and the concentration of cells 

was deduced from optical density 

measurement and 2-chlorophenol was 

measured as described below. 
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2.3 Residual 2-Chlorophenol 

Determination 

The residual of 2-chlorophenol was 

estimated using a Vis spectrophotometer 

(Sepcord 2100) and was calculated by 

absorbance at 273 nm.  

 

3. RESULTS AND DISCUSSION 

 

3.1. Optimal Salt Concentrations 

The effect of mineral salt 

supplementation of culture medium on 2-

chlorophenol degradation was shown for 

instance for NaCl (table 1). The figure 1 

shows that the lag phase was at least 45.6 

h, and in the range of NaCl 

concentrations tested, total 2-

chlorophenol removal (100 mg L
-1

) was 

recorded in less than 47.25 h. For NaCl 

concentrations in the range 0 – 0.5 g L
-1

, 

no really effect of this component was 

recorded and total 2-chlorophenol 

removal was observed in about 49.25 h. 
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Figure 1: Evolution of biomass 

concentration versus times for different 

value of NaCl concentration  

 

Table 1 shows that the effect of culture 

medium components on specific growth 

rate. Maximum specific growth rate was 

0.21 h
-1

 recorded for 0.3 g L
-1

NaCl. This 

amount was in agreement with the 

mineral supplementation considered by 

other workers, since Luo et al [18] and 

Nakano et al [19] supplemented with 0.1 

and 0.21 g L
-1

NaCl to biodegrade phenol, 

while 0.4 g L
-1

 was used by Zilouei and 

al [20] to biodegrade chlorophenols (2-

chlorophenol, 4-chlorophenol, 2, 4-

dichlorophenol and 2, 4, 6-

trichlorophenol). 

 

Table 1: Effect of culture medium 

components and pH on the specific 

growth rate 

Para

mete

rs 

Valu

e of 

para

mete

rs 

Spe

cifi

c 

gro

wth 

rate 

(h
-

1
) 

Ti

m

e 

of 

la

g 

ph

as

e 

(h

) 

% 

Remo

val of 

2-

chloro

pheno

l 

Time 

of 

total 

2-

chloro

pheno

l 

remov

al (h) 

[NaC

l] 

(g/L) 

0 0.0

94 

45

.6 

99.99 49.25 

0.05 0.1

1 

45

.6 

99.99 49.25 

0.1 0.1

31 

45

.6 

99.99 49.25 

0.2 0.1

6 

45

.6 

99.99 49.25 

0.3 0.2

1 

45

.6 

99.99 47.25 

0.4 0.1

81 

45

.6 

99.99 48.25 

0.5 0.1

5 

45

.6 

99.99 48.25 

[Mg

SO4] 

(g/L) 

0.05 0.1

09 

47 99.99 49.25 

0.1 0.2

1 

45

.6 

99.99 47.25 

0.15 0.1

47 

47 99.99 49.25 

0.2 0.1

17 

47 99.99 49.25 

 

At 30°C and pH 7, a series of degradation 

batch test at different MgSO4 
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concentration were conducted with mixed 

culture. The effect of MgSO4 

concentration on 2-chlorophenol 

degradation was observed on Table 1.  

A mixed bacterium degrade a 100 mg.L
-1

 

of 2-chlorophenol within 49.25 h, the 

shorter time is equal to 47.25 h when 

MgSO4 concentration is equal to 0.1 g/L. 

 

The evolution of cell concentration shows 

that a lag phase is equal between 45.6 to 

47 h. 

The evolution of specific growth rate 

versus MgSO4 concentration (Table 1) 

show that the maximum value equal to 

0.21 h
-1

 when MgSO4 concentration is 

equal to 0.1 g.L
-1

, the same concentration 

of MgSO4 in mineral salt medium was 

used by G. Zhao and al (2009) [22] to 

biodegrade phenol. 

 

3.2. Optimal Nitrogen Source 

Concentration 

Table 2 indicated the effect of nitrogen 

sources concentration on 2-chlorophenol 

degradation. A 100 g.L
-1

 of 2-

chlorophenol was entirely degraded 

within 52 h; the time shorter for 2-

chlorophenol biodegradation is equal to 

47.25 h when the optimal concentration is 

equal to 1 g/L. 

 

The evolution of cell concentration shows 

that a lag phase is equal between 45.6 to 

51 h for different nitrogen sources 

concentration. 

 

Table 2 shows that the effect of evolution 

of concentration nitrogen sources on 

specific growth rate, the maximum value 

of specific growth rate is equal to 0.21, 

0.195, 0.203 and 0.2 h
-1

 when NH4Cl, 

KNO3, (NH4)2SO4 and NH4NO3, 

respectively is equal to 1 g/L. 

 

Table 2: Effect of nitrogen sources on the 

specific growth rate 

Parameters Value of 

parameter

Specifi

c 

Time 

of 

s growth 

rate (h
-

1
) 

lag 

phas

e (h) 

[NH4Cl] 

(g/L) 

0.25 0.106 49 

0.5 0.158 48 

1 0.210 45.6 

1.5 0.180 50 

2 0.156 51 

[KNO3] 

(g/L) 

0.25 0.101 51 

0.5 0.151 51 

1 0.195 47 

1.5 0.181 49 

2 0.131 50 

[(NH4)2SO4

] 

(g/L) 

0.25 0.099 49 

0.5 0.141 48 

1 0.203 46 

1.5 0.161 50 

2 0.121 50 

[NH4NO3] 

(g/L) 

0.25 0.107 51 

0.5 0.151 51 

1 0.200 46 

1.5 0.130 48 

2 0.106 48 

 

 

3. 3.  Optimal pH 
Batch cultures of mixed bacteria were 

conducted in optimal condition of salt 

and nitrogen concentration containing 

initial 2-chlorophenol concentration equal 

to 100 mg. L
-1

 and initial pH ranging 

from 5 – 9.  

The evolution of residual 2-chlorophenol 

concentration and cell concentration 

versus of time for different value of 

initial pH were represented in table3.  

 

A 2-chlorophenol (100 mg. L
-1

) was 

entirely degraded within 57 h; the shorter 

time for 2-chlorophenol biodegradation is 

equal to 47 h when pH is equal to 8. 

 

The evolution of cell concentration shows 

that a lag phase is equal to 45.6 h to 51 h 

for different pH value. 

Table 1 shows that the effect of pH on 

specific growth rate. The maximum value 

of specific growth rate is equal to 0.44, 
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0.381, 0.431 and 0.410 h
-1 

for NH4Cl, 

KNO3(NH4)2SO4 and NH4NO3, 

respectively, when pH is equal to 8. The 

study of Kuo-Ling Ho and al (2009) [2], 

XinghuiQiu and al (2009) [23], and 

Wang Ying and al (2007) [24] obtained 

the same optimal pH with a phenol and p-

nitrophenol.  

 

Table 3: Effect of initial pH on the 

specific growth rate 

Parameters Value 

of 

initial 

pH 

Specific 

growth 

rate (h
-1

) 

Time 

of lag 

phase 

(h) 

[NH4Cl] 

(g/L) 

5 0.126 49 

6 0.180 48 

7 0.210 45.6 

8 0.440 50 

9 0.260 51 

[KNO3] 

(g/L) 

5 0.121 51 

6 0.160 51 

7 0.195 47 

8 0.381 49 

9 0.231 50 

[(NH4)2SO4] 

(g/L) 

5 0.109 49 

6 0.171 48 

7 0.203 46 

8 0.431 50 

9 0.210 50 

[NH4NO3] 

(g/L) 

5 0.10 51 

6 0.181 51 

7 0.200 46 

8 0.410 48 

9 0.306 48 

 

The optimal values of specific growth 

rate are very higher than those found in 

the literatures, where, the specific growth 

rate of mixed culture obtained has been 

reported to be in the range of 0.13 - 0.36 

h
-1

 [16, 17, 25 – 29]. 

 

4. CONCLUSION 

Growth kinetics of mixed bacteria and 

their degradation nature for 2-

chlorophenol were investigated. 

The following conclusions were drawn: 

 

- As the mixed culture have high 

biodegradation activity where specific 

growth rate grow up until 0.44 h
-1

, with a 

time of biodegradation equal to 47 h. 

 

- A 100 mg.L
-1

 of 2-chlorophenol are 

completely degrade for each batch 

experience and for different parameter 

studied, where, time of biodegradation 

range is to 47 until 57 h.   

 

- The optimal mineral medium 

concentrations (g/L) are equal to 0.3, 0.1 

and 1 for NaCl, MgSO4 and nitrogen 

sources, respectively 

 

- The optimal value of pH is equal to 8.  

 

REFERENCES 

[1] S. Esplugas, P.L. Yue, M.I. Pervez, 

Degradation of 4-chlorophenol by 

photolyticoxidation, Water Res. 28(1994) 

1323–1328. 

[2] R.R. Perez, G.G. Benito, M.P. Miranda, 

Chlorophenoldegradation by 

Phanerochaetechrysosporium,Bioresour. 

Technol. 60 (1997) 207–213. 

[3] B. Boman, M. Ek, W. Heyman, B. Frostell, 

Membrane filtration 

combinedwithbiologicaltreatment 

forpurification of bleach plant effluents, Water 

Sci. Technol. 24 (1993) 219–228. 

[4] Y. Wu, K.E. Taylor, N. Biswas, J.K. Bewtra, 

Comparison of additives in the removal of 

phenolic compoundsby peroxidase-

catalyzedpolymerization, Water Res. 31 

(1997) 2699–2704. 

[5] S.K. Basu, J.A. Oleszkiwicz, R. Sparling, 

Dehalogenation of 2-chlorophenol in 

anaerobic batch cultures,Water Res. 30 (1996) 

315–322. 

[6] A. Prakash, S. Solanki, Sorption and 

desorptionbehavior of phenol and 

chlorophenols on guarderivatives:reclamation 

of textile effluents, Res. Ind. 38 (1993) 35–39. 

[7] A.K. Haritash, C.P. Kaushik, “Biodegradation 

aspects of Polycyclic Aromatic Hydrocarbons 

(PAHs): A review”, Journal of Hazardous 

Materials, 69 (2009), 1–15. 

[8] G. Gurujeyalakshmi, P. Oriel, “Isolation of 

phenol degrading Bacillus stearothermophilus 

and partial characterisation of the phenol 



293 
 

hydroxylase”, Appl Environ Microbiol, 55 

1989), 500-2. 

[9] R. Margesin, P. A. Fonteyne, B. Redl, “Low-

temperature biodegradation of high amounts 

of phenol by Rhodococcusspp and 

basidiomycetous yeasts”, Research in 

Microbioloy, 156 (2005), 68-75. 

[10] J. Bailey and D. Ollis, “Biochemical 

engineering fundamentals”, New York: 

McGraw-Hill, 391-395, 1986. 

[11] Khaled M. Khleifat, Ibrahim Al-Majali and 

Khaled Tarawneh, “Rate of biodegradation pf 

phenol by klebsiellaoxytoca in minimal 

medium and nutrient broth conditions”, 

Bioremediation Journal, 11 (1): 13-19, 2007. 

[12] S. Dagley, D. T. Gibson, “The bacterial 

degradation of catcchol”, Biochem. J, 95, 466-

474, 1965  

[13] H. F. Chiam, I. J. Harris, “A model for 

noninhibitorynmicrobial growth”, Biotechnol. 

Bioeng, 24, 37-55, 1982. 

[14] R. Y. Stanier, N. J. Palleroni, M. Doudoroff, 

“The aerobic Pseudomonasa taxonomic 

study”, J. Gen. Microbiol, 43, 159-275, 1966. 

[15] R. M. Worden, T. L. Donaldson, “Dynamics 

of a biological fixed film for phenol 

degradation in a fluidized-bed bioreactor”, 

Bioreactor, BiotechnolBioeng, 30, 398-412, 

1987. 

[16] P. D. D’Adamo, A. F. Rozich, A. F. Jr. 

Gaudy, ” Analysis of growth data with 

inhibitory carbon sources“, BiotechnolBioeng, 

26, 397 – 402, 1984.  

[17] R. D. Yang, A. E. Humphrey,”Dynamic and 

steady state studies of phenol biodegradation 

in pure and mixed cultures“, Biotechnol, 

Bioeng, 17, 1211-1235, 1975. 

[18] H. Luo, G. Liu, R. Zhang, S. Jin, “Phenol 

degradation in microbial fuel cells ”, Chemical 

Engineering Journal, Volume 147 (2-3), 2009, 

259-264 

[19] Y. Nakano, W. Nishijima, E. Soto, M. 

Okada, ”Relationship between growth rate of 

phenol utilizing bacteria and the toxic effect of 

metabolic intermediates of trichloroethylene 

(TCE)”, Water Research, 33 (4), 1999, 1085-

1089. 

[20] H. Zilouei, B. Guieysse, B. Mattiasson, 

“Biological degradation of chlorophenols in 

packed-bed bioreactors using mixed bacterial 

consortia”, Process Biochemistry, 41 (5), 

2006, 1083-1089. 

[21] Vera Lúcia dos Santos, Andrea de Souza 

Monteiro, DanúbiaTelles Braga, Marcelo 

Matos Santoro, “Phenol degradation by 

Aureobasidium pullulans FE13 isolated from 

industrial effluents”, Journal of Hazardous 

Materials, 161(2-3), 2009, 1413-1420 

[22] G. Zhao, L. Zhou, Y. Li, X. Liu, X. Ren, X. 

Liu, “Enhancement of phenol degradation 

using immobilized microorganisms and 

organic modified montmorillonite in a two-

phase partitioning bioreactor”, Journal of 

Hazardous Materials, 169, 2009, 402-410. 

[23] XinghuiQiu, Ping Wu, Haiyan Zhang, Mei 

Li, Zhongcheng Yan, ”Isolation and 

characterization of Arthobacter sp. HY2 

capable of degrading a high concentration of 

p-nitrophenol“,Bioresource Technology, 100, 

5243 – 5248, 2009.   

[24] Wang Ying, Tian Tian Ye, Han Bin, Zhao 

Hua-bing, Bi Jian-nan, CaiBao-li, ” 

Biodegradation of phenol by free and 

immbilizedAcinetobacter sp. Strain PD12“, 

Journal of Environmental Sciences, 19, 222 – 

225, 2007.  

[25] U Pawlowsky, J A Howell, ”Mixed culture 

biooxidation of phenol, Determination of 

kinetic parameters“, BiotechnolBioeng, 15, 

889 – 896, 1973.  

[26] G. A. Hill, C. W. Robinson,”Substrate 

inhibition kinetics: phenol degradation by 

Pseudomonas putida“, BiotechnolBioeng, 17, 

1599 – 1615, 1975.  

[27] W. Sokol,”Oxidation of an inhibitory 

substrate by washed cells (oxidation of phenol 

by Pseudomonas putida“, BiotechnolBioeng, 

30, 921 – 927, 1987.  

[28] P.J. Allsop, Y Chisti, M. Moo-Young, G. R. 

Sullivan, ”Dynamic of phenol degradation by 

Pseudomonas putida“, BiotechnolBioeng, 41, 

572 – 580, 1993.  

[29] A. F. Rozich, R. J. Colvin, ”Effects of 

glucose on phenol biodegradation by 

heterogeneous populations“, 

BiotechnolBioeng, 28, 965 – 971, 1986. 

 

 

 

 

 

 

 

 

 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFJ-4SYTCDK-1&_user=6549694&_coverDate=04%2F15%2F2009&_alid=1051987848&_rdoc=6&_fmt=high&_orig=search&_cdi=5228&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=512122ae31383e6c9d7455163a2c342c
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFJ-4SYTCDK-1&_user=6549694&_coverDate=04%2F15%2F2009&_alid=1051987848&_rdoc=6&_fmt=high&_orig=search&_cdi=5228&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=512122ae31383e6c9d7455163a2c342c
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V73-3VPJSSS-R&_user=6549694&_coverDate=03%2F31%2F1999&_alid=1051987848&_rdoc=25&_fmt=high&_orig=search&_cdi=5831&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=c89d2c325a98df59e43e650b89336577
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V73-3VPJSSS-R&_user=6549694&_coverDate=03%2F31%2F1999&_alid=1051987848&_rdoc=25&_fmt=high&_orig=search&_cdi=5831&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=c89d2c325a98df59e43e650b89336577
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V73-3VPJSSS-R&_user=6549694&_coverDate=03%2F31%2F1999&_alid=1051987848&_rdoc=25&_fmt=high&_orig=search&_cdi=5831&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=c89d2c325a98df59e43e650b89336577
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V73-3VPJSSS-R&_user=6549694&_coverDate=03%2F31%2F1999&_alid=1051987848&_rdoc=25&_fmt=high&_orig=search&_cdi=5831&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=c89d2c325a98df59e43e650b89336577
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THB-4HYN6SM-2&_user=6549694&_coverDate=05%2F31%2F2006&_alid=1051987848&_rdoc=27&_fmt=high&_orig=search&_cdi=5278&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=86ae594eea5e6f597f1318cae676f063
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THB-4HYN6SM-2&_user=6549694&_coverDate=05%2F31%2F2006&_alid=1051987848&_rdoc=27&_fmt=high&_orig=search&_cdi=5278&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=86ae594eea5e6f597f1318cae676f063
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THB-4HYN6SM-2&_user=6549694&_coverDate=05%2F31%2F2006&_alid=1051987848&_rdoc=27&_fmt=high&_orig=search&_cdi=5278&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=86ae594eea5e6f597f1318cae676f063
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4SDX2XC-C&_user=6549694&_coverDate=01%2F30%2F2009&_alid=1051987848&_rdoc=13&_fmt=high&_orig=search&_cdi=5253&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=0b5429157aa22ccfe36cda73664d1a36
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4SDX2XC-C&_user=6549694&_coverDate=01%2F30%2F2009&_alid=1051987848&_rdoc=13&_fmt=high&_orig=search&_cdi=5253&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=0b5429157aa22ccfe36cda73664d1a36
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4SDX2XC-C&_user=6549694&_coverDate=01%2F30%2F2009&_alid=1051987848&_rdoc=13&_fmt=high&_orig=search&_cdi=5253&_sort=r&_st=4&_docanchor=&_ct=179&_acct=C000060101&_version=1&_urlVersion=0&_userid=6549694&md5=0b5429157aa22ccfe36cda73664d1a36


294 
 

CHARACTERIZATION OF NATURAL ZEOLITE FOR 

GRANULAR-BED FILTERS 
 

Selda Yiğit Hunce
1
, Elif Soyer

2,a
, Ömer Akgiray

2
 

 

1. Istanbul University, Environmental Engineering Department, 34320, Istanbul, Turkey 

2. Marmara University, Environmental Engineering Department, 34722, Istanbul, Turkey 

a. Corresponding author (elif.soyer@marmara.edu.tr) 
 

 

ABSTRACT: In this paper, several particle characterization methods were applied to 5 

fractions of zeolite. These include the following: (i) particle size, (ii) particle density, (iii) 

sphericity, and (iv) fluidization behaviour. Polydisperse fractions of zeolite were obtained 

by sieving. The nominal aperture of these sieves range from 600 µm to 1.4 mm.   

 

1. INTRODUCTION 

The most common types of media used in 

granular filters are silica sand, anthracite, 

coal and garnet or ilmenite. Natural 

zeolites are also being used as filter 

materials having ion exchange capacities. 

Strategies for retrofitting of water and 

wastewater treatment plants can include 

the integration of natural zeolites to 

monomedium sand or dual media sand-

anthracite filters that are already exist. 

There are several properties of a filter 

medium that should be determined 

carefully before it is selected and being 

placed into filters and/or packed reactors. 

The aim of this paper is to present several 

methods used in particle characterization 

and evaluate the results of those 

characterization experiments applied to 

polydisperse sets of particles of zeolite. 

 

2. METHODOLOGY 

Natural zeolite, clinoptilolite, was 

obtained from Bigadic-Balikesir region in 

Turkey. Several characterization 

techniques were applied. These are: sieve 

analysis, particle density and size 

determinations, packed bed permeability 

tests, fluidization experiments and 

determination of sphericity as an 

indication of particle shape. 

 

2.1. Sieve Analysis 

A Ro-Tap sieve shaker (Retsch AS200 

tap), in which mechanical action applied 

to test sieves was in two-dimension, was 

used. In addition to horizontal circular 

motion, it produces a vertical tapping 

motion to help particulates to pass sieve 

apertures. Sieving process was carried out 

in accordance with ASTM standards. 

Each particle fraction was washed to 

remove any dust, oven dried (100 
o
C) and 

stored. The terms ‘effective size’ and 

‘uniformity coefficient’ are used in 

defining filter media. Effective size (ES, 

d10) is the particle size, in millimeters, 

such that 10% of the particles by weight 

are smaller and 90% are larger. Size 

distribution is characterized by 

‘uniformity coefficient’ (UC), the ratio of 

d60 to d10 sizes. 

 

2.2. Particle Density 

Particle density, defined as the mass per 

unit particle volume, is an important 

particle characteristic for the design 

and/or operation of a solid-liquid system 

such as a bed of ion-exchanger or a water 

treatment granular filter bed. It has 

important effects on fluidization 

(backwashing in granular filters and 

backwashing and regeneration in ion-

exchanger beds) since higher wash rates 

are required to achieve fluidization of the 

particles with higher densities but of the 

same diameter. In this study, particle 

density was calculated on the basis of (i) 

saturated-surface-dry (SSD) aggregate 

(ii) oven-dry (OD) aggregate.  
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ASTM Standard Test C128-12, Specific 

Gravity and Absorption of Fine 

Aggregate [ASTM, 2012] was followed 

during measurement and calculations. 

“Saturated-Surface-Dry” (SSD) condition 

is the state of particles in which the 

permeable pores of particles are filled 

with water to the extent achieved by 

submerging in water for a prescribed 

period of time, but without free water on 

the surface of particles. In this study, this 

condition was tried to be obtained in 

three ways: (i) cone test, (ii) Le Chatelier 

flask method, (iii) Straining 

Cone test (ASTM C128-12): Test 

specimen was partially dried using gently 

moving current of warm air. A portion of 

particles were placed in the mold and 

tamped into the mold with several drops 

of the tamper. Slight slumping of molded 

particles indicated that the material has 

reached a surface-dry condition.  

Le Chatelier flask method: Le Chatelier 

flask was employed to determine water 

permeable portion of particles. Mass of 

SSD specimen was calculated by adding 

this pore mass to the mass of OD 

specimen.  

Straining: Particles which were 

submerged in water for penetration of 

water into pores simply separated from 

water using a strainer without any drying. 

SSD density is the mass of SSD grains 

per unit volume of the particles, including 

the volume of impermeable pores and 

permeable, water filled pores within the 

particles. Three different SSD density 

were calculated in this study using three 

different methods for obtaining SSD 

mass of particles as explained above. 

These are: (i) SSD-cone test, (ii) SSD-Le 

Chatelier, (iii) SSD-straining 

Apparent density is defined as the mass 

of OD particles per unit volume of their 

impermeable portion [ASTM, 2012]. In 

this study, the term ‘skeletal density’ was 

used for this definition. 

2.3. Particle Size 

Particle size is one of the most important 

physical properties of a granular material 

since it has a direct influence on material 

properties such reactivity or exchange / 

adsorption capacities of the catalysts / 

exchangers / adsorbents. 

Equivalent diameters (deq) or equivalent 

volume diameters of zeolite fractions are 

calculated as (i) counting and weighing 

600 grains, (ii) calculating the volume of 

one grain (Vg) using its particle density, 

(iii) equating the volume of one grain to 

the volume of equivalent sphere 

(Equation 1). 

𝑑𝑒𝑞 = √
6𝑉𝑔

𝜋

3

 

 

 

(1) 

2.4. Bed Porosity and Permeability  

A fixed granular bed of water or 

wastewater filter, ion exchanger, catalysts 

or adsorbent is a system which includes 

particles and voids around them. Here, 

the bed porosity means the only the void 

ratio (volume of empty space, voids, 

between touching particles per total 

volume of bed) of the bed. In this 

calculation, internal pores of individual 

grains are disregarded. Average porosity 

(ε0) of a fixed (or packed) bed of zeolite 

grains was calculated as follows: 

𝜀0 = 1 −

𝑀𝑝
𝜌𝑝�

𝜋𝐷2

4 𝑥𝐿0

 

 

 

(2) 

where Mp = mass of particles in bed (kg), 

ρp = particle density (kg/m
3
), D = column 

diameter (m), L0 = bed depth (m) 

Sphericity (ψ) is one of the most widely 

used parameters for defining shape of 

irregular particles. Particle sphericities of 

zeolite fractions were found by 

measuring head loss (h) occurred during 

the flow through media at different flow 

velocities (V), and using the Ergun 

Equation [Ergun, 1952] as given below: 
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(3) 

where µ = dynamic viscosity of fluid 

(kg/m/s), ρ = density of fluid (kg/m
3
) 

 

2.5. Fluidization, Bed Expansion 

Prediction of fluidized bed porosity (or 

bed expansion) is important for designing 

filter and/or packed reactors backwashing 

systems. It is also essential for proper 

design and operation of fluidized bed 

reactors. Fluidization experiments were 

carried out in a 5 cm diameter column. 

Expanded bed height versus backwash 

velocity was recorded for each medium. 

Experiments were carried out using 

filtered tap water. The expansion of a 

non-uniform bed can be predicted as 

follows: the bed is considered to consist 

several layers of approximately uniform 

size according to the sieve analysis data, 

and the expansion of each layer is 

separately calculated using Equation 5. 

Total expansion is then found by adding 

the expansion of all the layers. Fluidized 

bed porosity (ε) and percent expansion 

(E) of the bed were calculated using 

Equation 4 and 5. 

𝐿(1− 𝜀)= 𝐿0(1− 𝜀0) 

 

(4) 

𝐸 = 100
(𝐿 − 𝐿0)

𝐿0
 

 

 

(5) 

where L and ε are expanded bed height 

and porosity, respectively. 

 

3. RESULTS AND DISCUSSION 

There were different sizes of particles 

inside the bulk volume of material 

obtained from zeolite company. 5 

different fractions of material that are 

uniform in size were prepared by 

collecting particles accumulating between 

two successive standard sieves (Retsch 

Ltd.). Fractions of zeolite prepared in this 

study are 1.40-1.18mm, 1.18-1.00mm, 

1.00-0.85mm, 0.85-0.71mm, and 0.71-

0.6mm. There was one additional sample 

of zeolite used in the experiments: mixed 

material having a size distribution of 

zeolite particles. Sieve analysis used in 

this study corresponds to an effective size 

of 0.66 mm and a uniformity coefficient 

of 1.40 (Figure 1). 

 

 
 

Figure 1: Sieve analysis of the filter 

material used in experiments 

Average particle density calculations 

were based on determination of displaced 

volume of a known mass of particles with 

water. Saturated surface dry (SSD) mass 

was determined for zeolite grains which 

absorb water into their internal pores. 

SSD mass should include water 

penetrated through the pores but not 

adhering to surface of grains. Samples 

from each fraction were kept in water to 

allow water to penetrate into internal 

pores before the tests. Figure 2 shows the 

results of these measurements. 

Water absorption (A) was calculated as 

the percent increase in mass of aggregate 

after soaking it in water for 24 h, 

expressed as percentage of the dry mass 

(Equation 6).  
 

𝐴(%) = 100
𝑀𝑆𝑆𝐷 −𝑀𝑂𝐷

𝑀𝑂𝐷
 

 

(6) 

where MOD and MSSD are the mass of 

particles in oven-dry and saturated-

surface-dry condition, respectively. 

Figure 3 displays water absorption of all 

of the fractions. SSD mass of particles 
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were calculated using three different 

methods as explained above. Obtaining 

the SSD condition using both the cone 

test and Le Chatelier flask produced 

similar SSD densities (2079-2408 kg/m
3
). 

Straining method in which the soaked 

particles were simply separated from 

water by draining resulted in particle 

densities ranging in between 1615-1725 

kg/m
3
. It is believed that remaining water 

on the surface of particles and around 

them erroneously increased water 

absorption ratio which is calculated as 

around 50% (Figure 3). Water absorption 

ratio when using cone test and Le 

Chatelier methods were found to be 19-

20%.  

 
Figure 2: Particle density of zeolite fractions 

 

 
Figure 3: Water absorption of particles 

 

Particle equivalent diameters were 

calculated by integrating particle 

densities found with using four different 

methods (Figure 4) into equation. Small 

triangular points on the figure indicate 

passing and retaining sieve sizes of that 

fraction. All of the particle density values 

except straining method resulted in 

particle diameters that fall into passing-

retaining size range.  

 
Figure 4: Particle equivalent diameters 

 

Sphericity of each fraction was calculated 

as the mean value for several 

measurements. Bed porosities were 

around 0.40-0.45 during those 

measurements. Sphericities of zeolite 

fractions were found to be in the range of 

0.8 as shown in Figure 5. These values 

were calculated using particle density, 
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absorption and equivalent diameter that 

were previously obtained applying the 

SSD-cone test. SSD-Le Chatelier method 

sphericity values are close to those 

obtained with SSD-cone test. SSD-

straining and skeletal density methods 

produced sphericities larger than 1.0 

which is not meaningful. 

 
Figure 5: Sphericities of zeolite fractions 

All of the recorded fluidization 

measurements are displayed in Figure 6. 

Experimental results were compared by 

applying previously proposed equation 

[Soyer and Akgiray, 2009]. Soyer and 

Akgiray (2009) correlation was found to 

be very accurate. Mean percent errors in 

predicted porosity values and percent 

expansions are 1.4% and 15.5%, 

respectively. Particle size, density, 

sphericity and weight in water saturated 

form were determined. 

 

 

 

 

 
Figure 6: Experimental data of fluidization of zeolite fractions. 

 

4. CONCLUSIONS 

In this study carefully prepared five 

sieved fractions of zeolite were 

characterized in terms of particle density, 

particle size, particle shape and fluidized 

bed expansion behavior of each fraction. 

Density of particles was determined after 

internal pores of which filled with water 

by applying cone test. Other techniques 

exhibited different density values and 

these values resulted in obtaining 

inaccurate values during further 

calculations such as particle size and 

sphericity. Particle density found by cone 

test resulted in finding consistent values 

for particle size, sphericity and bed 

expansion. 
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ABSTRACT: In this study, three different sizes of clinoptilolite were prepared by sieving. 

Size ranges of these powders are: (i) 149-250 um, (ii) 250-355 um, and (iii) 455-500 um. 

Clinoptilolite particles used in a membrane cell containing water rich in ammonium. The 

integration of clinoptilolite particles in membrane filtration process was called as hybrid 

ion exchange-membrane reactor.   

 

1. INTRODUCTION 

Clinoptilolite is a natural zeolite having 

strong affinity for ammonium ion. 

Municipal and industrial use of 

clinotilolite focuses on its ion exchange 

properties (). It is also used as a fertilizer 

and in odor removal. Turkey has 

accessible surface deposits of 

clinoptilolite around the shores of the 

Agean Sea. Operation in ion exchange 

treatment of wastes can be done in batch 

or column reactors. Batch operation 

consists of dumping the zeolite into a 

solution tank and mixing, whereas in the 

column operation there are packed or 

fluidized beds containing the grains. In 

both cases the clinoptilolite grains are 

prepared by several subsequent crushing 

and sieving processes. Fine size particles 

or powders, those granular materials that 

have the finer grain sizes, are generated 

during these processes.  

 

The aim of this study was to evaluate the 

use of fine sized clinoptilolite particles in 

a membrane filtration reactor where the 

particles and membrane were in contact 

with water rich in ammonia/ammonium 

ion. 

 

2. METHODOLOGY 

 

2.1. Preparation of Clinoptilolite 

Natural zeolite, clinoptilolite, was 

obtained from a company in Turkey. Fine 

sized zeolite particles were formed during 

crushing of large grains for column 

experiments in our laboratories. These 

fine sized particles were then sieved 

using a Ro-Tap sieve shaker (Retsch 

AS200 tap), in which mechanical action 

applied to test sieves was in two-

dimension. In addition to horizontal 

circular motion, it produces a vertical 

tapping motion to help particles to pass 

sieve apertures. Sieving process was 

carried out in accordance with ASTM 

standards. Clinoptilolite fractions 

prepared in this study are given in Table 

1. 

 

Table 1: Clinoptilolite fractions 

 

Fraction Passing 

sieve size 

(µm) 

Retaining 

sieve size 

(µm) 

1 250 149 

2 355 250 

3 500 455 

 

Each particle fraction was washed to 

remove any dust, oven dried (105 
o
C) and 

stored. 

 

Each particle fraction was conditioned 

with 1 M NaCl solution at 20
o
C to 

convert the natural clinoptilolite into its 

Na form. After conditioning, particles 

were rinsed with distilled water to 

remove any excess salt adhering to 
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particles and the particles were dried at 

105 
o
C.  

 

2.2. Membrane Filtration 

Polyethersulfone Microdyn Nadir 

ultrafiltration membranes (UP150) with a 

nominal molecular weight cutoff of 150 

kDa were used during experiments. 

Membrane coupons were placed in 

HP4750 dead end filtration cell in which 

the solution was stirred at 650-700 rpm at 

20-23 
o
C.   

 

2.3. Ion Exchange Assisted Membrane 

Filtration Experiments 

Clinoptilolite particles were placed in 

membrane filtration cell with 25 mg/L of 

NH4-N ammonia solution. Details of a 

10-step membrane filtration experimental 

run are as follows: 

 

1- Membrane compaction at 1 bar 

for 30 min. 

2- Measurement of clean membrane 

flux at 1 bar 

3- Measurement of membrane flux 

of 25 mg/L NH4-N solution  

4- 15 minutes membrane filtration of 

NH4-N solution in contact with 

clinoptilolite particles: 

4.1. Permeate flux (Jp) 

4.2. Permeate ammonium ion 

concentration (Cp) 

4.3. Concentrate ammonium ion 

concentration at the end of 15 min 

filtration (Cc) were recorded / 

measured. 

5- Clinoptilolite particles were 

removed from the cell; membrane 

surface and particles were briefly 

washed. 

6- Same particles were placed in 

membrane filtration cell for 

following filtration.  

 

Same steps of filtration / 

measurement and / washing were 

repeated to complete a total of 10 

filtration runs. 

This experimental protocol were followed 

with using three different fractions of 

clinoptilolite fractions.  

 

Ammonium ion concentrations were 

measured by means of a Thermo Orion 

Advanced Ion Selective Electrode Meter 

720A+ using an ammonia selective 

electrode. 

 

3. RESULTS AND DISCUSSION 

Figure 1 shows the change in ratio of 

permeate volume (Vp) of each filtration 

run to the volume of permeate produced 

during filtration of pure water through the 

same membrane (Vp0). In this way, 

differences in clean membrane flux were 

normalized for comparison.  

 

Volume of permeate flux of the first 

filtration run was lower than the 

following filtration run for all of the 

fractions used. Dry clinoptilolite particles 

were placed in membrane filtration cell 

before the filtration started and washed 

and used again in next runs. Although the 

particles were washed and carefully 

separated any dust they have, they still 

had some small particulates. The reason 

why lower permeate volume was 

obtained during the first filtration run is 

the blockage of surface of the membrane 

with the small dust or particulates present 

in membrane cell. Second filtration run, 

which was started after washing the 

zeolite particles and the membrane 

surface after first filtration, produced 

higher permeate volumes and thus higher 

fluxes compared to the first run. This 

behavior was observed in all of the three 

fractions of clinoptilolite.  

 

Highest volume of permeate production 

was obtained during the experiments with 

149-250 µm of clinoptilolite. It is 

believed that this smallest particle size of 

clinoptilolite was easily kept in 

suspension during stirred filtration runs, 

whereas the other larger sized particles 
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tended to settle and cover the surface of 

membrane in stirred cell. Volume of 

permeate production with 149-259 µm 

sized particles was around 65-80% of the 

volume of permeate produced during 

pure water filtration of the same clean 

(unused) membrane. This ratio was 

between 40-50% during the ion exchange 

- membrane filtration experiments 

conducted with 250-355 µm and 455-500 

µm clinoptilolite. 

 

 

 
 

Figure 1: Change in permeate flux during ion exchange assisted membrane filtration 

experiments. 

 

Quantity of ammonium ion accumulated 

on the surface of clinoptilolite particles, 

q, was calculated using the mass balance 

equation given below: 

 

 

 

where C0, Cp, and Cc are the 

concentrations of ammonium ion in feed 

water, permeate flow and the concentrate, 

respectively. V0 = initial volume of 

solution that was put in membrane 

filtration cell, Vp = volume of permeate 

collected during a 15-min of filtration, Vc 

= volume of remaining solution in 

filtration cell after 15-min filtration.  

 

Figure 2 displays the change in quantity 

of ammonium (mgNH4-N/g clinoptilolite) 

taken by clinoptilolite particles during 

runs. 250-355 µm and 455-500 µm sized 

clinoptilolite particles exchanged higher 

amount of ammonium ion compared to 

the fine sized grains (149-250 µm). 

Experiments with these two coarser 

fractions produced less volumes of 

permeate than fine fraction. It is believed 

that, (i) slower rates of uptake/exchange 

of ammonium, and (ii) production of 

comparably less volume of permeate 

caused to observe this exchange profile of 

coarser grains (Figure 2, 250-355 µm and 

455-500 µm graphs).  

 

Experiments with fine sized clinoptilolite 

particles shown that highest ammonium 

ion uptakes by zeolite particles were 

observed during the first 3-4 filtration 

runs. It was given with Figure 1 above 

that, permeate flux was approximately 

constant during ion exchange assisted 

membrane filtration experiments 

conducted with 149-250 µm particle size 

fraction. Therefore, following filtration 

runs (after 4
th

 filtration) resulted in a 

decrease in ammonium uptake capacity 

of clinoptilolite particles.  

 

Zeolite particles were washed and reused 

in subsequent runs as given in 

experimental protocol in previous 

sections. These washing and simple 
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draining (separation of zeolite from 

distilled water) steps caused total of 

approximately 5-10% of zeolite loss, 

especially during the experiments with 

fine sized grains. A reason of decreased 

rate of uptake of ammonium ion in 149-

250 µm experiments might be because of 

loss of zeolite particles observed during 

those washing steps. 

 

 

 
 

Figure 1: Ammonium ion uptake during ion exchange assisted membrane filtration 

experiments. 

 

4. CONCLUSIONS 

In this study, three different sizes of 

cllinoptilolite particles were used during 

ion exchange assisted membrane 

filtration experiments. Experiments were 

conducted in membrane filtration cell 

including zeolite particles that were in 

contact with an ultrafiltration membrane. 

Integration of this two processes resulted 

in removal of ammonium in from 

membrane permeate. Further studies are 

needed to design such systems to prevent 

loss of membrane flux caused by particle 

blockage of membrane surface while 

obtaining high removal rates of 

ammonium ion. 
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ABSTRACT:The aim of the study is to investigate the removal of benzoic acid using 

microorganisms immobilized on walnut shells.P.chrysosporium and T.versicolor were 

selected as microorganisms and immobilized on walnut shells by 

adsorption.P.chrysosporium immobilized on walnut shells were determined as more 

successful in screening experiments and in presence of this microorganism, up to 90% 

degradation was achieved at optimum conditions0.25g/50mL immobilized microorganism 

loading without glucose or H2O2 addition in 4 days. 

 

1. INTRODUCTION 

Benzoic acid is a major component 

present in terephthalic acid plant 

wastewater [Zhang et al., 2006]. All of 

the components in this wastewater 

including benzoic acid (BA) are listed as 

pollutants with high priority by USEPA 

(United States Environmental Protection 

Agency) since they are suspected to be 

endocrin disrupting, carcinogenic and 

mutagenic chemicals [Escher et al., 2011, 

USEPA, 1992]. Conventional methods 

such activated sludge and coagulation do 

not provide discharge limits for 

wastewater contains refractive organic 

matter [Abo Farha, 2010]. Using 

microorganisms as an alternative 

biological treatment is a viable since they 

are capable of degrading/removing of 

these pollutants from wastewaters with 

high efficiencies [Agarwal et al., 2008]. 

Immobilization is applied for keeping 

catalytic activity longer by preserving 

enzymes in their natural medium and 

making separation easier after treatment 

[Chen et al., 2008]. 

 

2. MATERIALS AND METHODS 

2.1. Preparation of Immobilized 

Microorganisms 

Microorganism for biological oxidation 

were selected as Phanerochaete  

 

chrysosporium (P. chrysosporium) and 

Trametes versicolor (T. versicolor) and 

purchased as active growing cultures 

from culture collection of Germany 

(DSMZ-Deutsche Sammlung von 

Mikroorganismen und Zellkulturen). 

Active growing cultures were cultivated 

on potato dextrose agar (PDA) and malt 

extract agar plates in darkness for 3 days 

at 37°C and 26°C, respectively. Agar 

plates and broth were prepared by 

dissolving required amount of potato 

dextrose/malt extract agar and malt 

extract broth in distilled water and 

sterilized at 121°C for 15 minutes. 

Cultivated cultures were transferred to 

malt extract broth in a round bottom flask 

and incubated for 7 days at 37°C and 

26°C, respectively. Malt extract broth 

was previously sterilized at 121°C for 2 

hours. 

 

After incubation, required amount of 

walnut shell powderwasadded to the 

broth medium and grown whole cells 

were immobilized to the walnut shells. 

Walnut shells were previously washed, 

dried, ground, and sterilized at 121°C for 

2 hours. After immobilization was 

complete, the immobilized whole cells 

were filtered and stored in laboratory jar 

at 4°C. Same procedure was applied 

forT.versicolor, too. 

2.2. Experimental Study 
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2.2.1. Experimental setup 

Batch experiments were carried out in 50 

mL beakers in an orbital shaker with a 

shaking speed of 200 rpm at room 

temperature. 

 

2.2.2. Removal experiments 
Same experimental procedure was 

applied both for the screening 

experiments and the parametric study. 

First BA solution with a concentration of 

50 mg/L was prepared. After addition of 

immobilized microorganism to the 

solution, glucose and/or H2O2 were added 

to the prepared solution with the given 

order if necessary. After initial sample 

was taken, shaking was started and 

experiment was carried out for 5 days by 

taking a sample every day. 

 

2.2.3. Analysis 

Analysis of BA was carried out in a UV-

VIS spectrophotometer (Thermo Genesys 

10S) by measuring the absorbance of the 

samples at 193 nm.The degradation 

efficiencies were calculated by using the 

BA concentrations of initial and final 

samples. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Screening Experiments 

Firstly, an initial screening testwascarried 

out for two different microorganisms, P. 

chyrsosporium and T.versicolorto 

determine the more efficient 

microorganism. Further screening tests 

were performed for the more efficient 

microorganism while keeping initial BA 

concentration constant as 50 mg/L. By 

keeping the loadings and concentrations 

constant at a certain value, four 

conditions were applied:addition 

ofimmobilized microorganism only, 

addition of immobilized microorganism 

and glucose, addition of immobilized 

microorganism and hydrogen peroxide, 

and addition of immobilized 

microorganism, glucose and hydrogen 

peroxide (H2O2) at the same time. 

Screening experiments are shown in 

Table 1 schematically. 

 

Table 1: Screening experiments for 

different conditions. 

 

Screening experiments showed that 

P.chrysosporium was more successful 

than T.versicolorsincethe degradation 

efficiency achieved byT.versicolor was 

only around 50% whereas it was around 

75% by P.chrysosporium.So further 

screening experiments were performed in 

the presence of immobilized 

P.chrysosporium on walnut shells (IPC). 

The highest degradation efficiencies for 

different conditions are shown in Figure 

1. 

 

 
 

Figure 1: Results of screening 

experiments in terms of degradation 

efficiencies obtained by different 

conditions ([BA]=50 mg/L, T=25°C) 
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3.2. Parametric Study 
The main operating parameters for 

removal by immobilized microorganisms 

can be considered as immobilized 

microorganism loading ([IPC]), glucose 

([Glucose]) and H2O2 concentration 

([H2O2]) which was previously 

mentioned in screening experiments. The 

optimum values of these parameters were 

to be searched for in the parametric study. 

Since there was no considerable effect of 

H2O2on degradation from screening 

experiments, this parameter wasn’t 

investigated in parametric study.The 

ranges of the parameters studied are 

given in detail in Table 2. 

 

Table 2: Ranges of operating parameters. 

 

3.2.1. Effect of IPC loading:  

The experiments investigating the effect 

of IPC loading showed that there was no 

significant effect since there was no 

remarkable change in degradation 

efficiency (≈90%). This can be explained 

as sufficient amounts of enzymes to 

catalyze degradation reaction could be 

provided for the lowest biocatalyst 

loading and no further increase was 

necessary. However degradation rate was 

doubled when IPC loading was increased 

from 0.125g/50ml to 0.25g/50ml since 

degradation efficiencies increased from 

35 to 70% for first day. Additionally the 

degradation efficiencies were around 

30% for 0.125g/50ml and same around 

65% for both 0.25g/50ml and 0.5g/50ml 

in at the end of first day. After 4 days 

sharp decrease in final degradation 

efficiencies for all loadings were 

observed because of the beginning of 

death phase for microorganisms. By 

considering beginning of death phase, 

degradation rate for first day and final 

degradation efficiencies, optimum 

loading was determined as 0.25g/50ml 

since degradation rate is very essential for 

biological processes for industrial 

applications that conventional biological 

processes applied recently in many 

industries are known to be very slow 

(Figure 2). 

 

 
 

Figure 2:Effect of IPC loading for 

([BA]=50 mg/L, T=25°C) 

 

3.2.2. Effect of glucose concentration:  

The experiments investigating the effect 

of glucose concentration showed that 

final degradation efficiencies decreased 

slightly from 90 to 65%with increase in 

glucose concentration from 0.25 to 1.5 

g/L. The beginning of the death phase 

was in 4 days for all experiments 

consistent with biocatalyst loading 

experiments and the decrease observed 

because of that was sharper for higher 

glucose concentrations. Moreover the 

absence of glucose in reaction medium 

leads the highest degradation. The reason 

for that was the severe glucose inhibition 

which is commonly observed in 

biological studies (Masumoto et al., 

2003). In this case, the reason of the 

inhibition was acidic glucose end 
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products which decrease pH of 

intracellular reaction medium and reduce 

enzymatic activity (Chen et al., 2003). 

The inhibition was highest for the highest 

glucose concentration which is consistent 

with the inhibition theory. Hence it was 

concluded that the absence of glucose is 

necessary to avoid inhibition and achieve 

high degradation efficiencies (Figure 3). 

 

 
Figure 3:Effect of glucose concentration 

for ([BA]=50 mg/L, [IPC]=0.25g/50ml, 

T=25°C) 

 

The optimum values of operating 

parameters for biological oxidation of BA 

with an initial concentration of 50 mg/L 

were determined as 0.25 g/50 mL for 

biocatalyst loading, and absence of 

glucose with a final degradation 

efficiency of approximately 90 % in 4 

days. 

 

4. CONCLUSIONS 

Screening experiments for degradationof 

BA showed that P.chrysosporium 

accomplished higher degradation 

efficiencies than T.versicolor. This 

fulfilled the expectations since few 

studies applied biological methods to 

TPA derivatives mostly preferred this 

microorganism. Biological removal of 

BA was determined as a successful 

method since 90–95 % degradation 

efficiencies in parametric study were 

observed at the optimum operating 

conditions 0.25g/50 ml IPC loading 

without glucose and H2O2 addition. 

However the required time to achieve 

these degradation efficiencies was up to 4 

days which can be considered as rather 

slow for industrial scale applications. 
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ABSTRACT: The aim of the study was choosing self-microemulsifying drug delivery 

systems (SMEDDS) using mixture design (MD) and adsorption on a porous carrier to 

improve the dissolution rate of carbamazepine. 

SMEDDS formulations were formulated applying MD in which the proportion of lipids 

(caprilic-capric triglycerides), surfactant (Cremophor
®
EL) and cosurfactant (Transcutol

®
 

HP). Input parameters were varied in the following ranges, 10-30%, 40-60%, 30-50%, 

respectively. After dilution of SMEDDS with water, the droplet size and polydispersity 

index (PdI) of the obtained emulsions (output parameters) were measured using photon 

correlation spectroscopy. Appropriate models that describe the dependence of input and 

output parameters were selected and then started optimization with the criterion that the 

droplet size is 50-100 nm and PdI 0.1-0.2. From different parts of the optimization field 

three formulations were chosen to determine the prediction success. One SMEDDS was 

chosen and adsorbed on a solid carrier by using method of direct absoption (A) and method 

of evaporation by ethanol (B). A ratio of carbamazepine was constant-30%, but the ratio of 

carrier (Neusilin
®
 UFL2 and Sylysia

®
 350):SMEDDS varied (1:1, 2:1). Dissolution test 

was performed in rotating paddle apparatus. 

High matching of obtained and predicted results was confirmed. Selected SMEDDS 

consisting of lipids (16.65%), surfactant (45.25%) and cosurfactant (38.1%)  had a droplet 

size 67.85nm and PdI 0.269. By examining the rate of dissolution of carbamazepine from 

SMEDDS, an increase was found in the dissolution rate compared to pure carbamazepine, 

especially with adsorbents and method B. 

 
1. INTRODUCTION 

One of the problems with perorally used 

drugs is their poor solubility, which can 

be overcame by creating lipid-based 

formulations as a method to deliver 

poorly water-soluble drugs with 

particular emphasis on self-

microemulsifying drug delivery systems 

(SMEDDS) (1). SMEDDS are ideal 

isotropic mixtures of oils, surfactants or, 

alternatively, one or more hydrophilic 

solvents and cosolvents/surfactants that 

have a unique ability to form fine oil-in-

water emulsions upon mild agitation 

followed by dilution in aqueous media, 

such as GI fluids (2). Solid self-

microemulsifying drug delivery systems 

(SSMEDDS) combine the advantages of  

 

 

SMEDDS (i.e. enhanced solubility and 

bioavailability) with those of solid dosage 

forms (e.g. low production cost, 

convenience of process control, high 

stability and reproducibility, better 

patient compliance) (3).  

The model substance was carbamazepine 

(CBZ) due to its poor solubility in water 

(0.17 mg/ml at 24°C), leading to 

incomplete bioavailability (4).  

Mixture experimental design (D-optimal) 

is efficient tool in evaluation of influence 

of the formulation variables in cases 

where sum of all components in 

formulation is constant (5,6).  
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The aim of this study was choosing 

SMEDDS using design mixtures and 

adsorption SMEDDS on a solid carrier to 

improve the dissolution rate of 

carbamazepine. 

 

2. MATERIALS AND METHODS 

 

Experimental design 

Self-emulsifying drug delivery systems 

(SEDDS) which consist of oil phase 

(caprilic/capric triglycerides), surfactant 

(Cremophor
®

EL) and cosurfactant 

(Transcutol
®
 HP) are formed by applying 

design mixtures. The three parameters 

that were studied (input parameters) were 

the percent amounts (% w/w) of SEDDS 

constituents: caprilic-capric triglycerides 

- factor A, surfactant - factor B and 

cosurfactant - factor C. Design mixtures 

formulated 16 formulations in which the 

proportion of lipids, surfactant and 

cosurfactant vary in the following ranges, 

10-30%, 40-60%, 30-50%, respectively. 

After dilution of SEDDS with water 

(90% water), the droplet size (Y1) and 

polydispersity index (PdI) (Y2) of the 

obtained emulsions (output parameters) 

were measured using photon correlation 

spectroscopy. Experimental matrix of D-

optmal design and the output parametres 

are presented in Table 1. After processing 

data, appropriate models that describe the 

dependence of input and output 

parameters were selected.  
 

 

Optimization 

Optimization of SEDDS formulations 

was done with the objective to provide 

input values, based on desired values of 

output parameters. Optimization was 

conducted with the basic criteria of the 

droplet size 50-100 nm and PDI 0.1-0.2. 

From different parts of the optimization 

field three formulations were chosen to 

determine the prediction success. The 

obtained and predicted droplet size and 

PDI were compared. 

 

Table 1. Experimental matrix of D-optimal design 

and the output parameters. 
 

 Input parametres Output 

parametres 

Formu

lation 

Oil 

phase 

(%) 

Surfac

tant 

(%) 

Cosur

factan

t (%) 

Droplet  

size 

(nm) 

 PdI 

1 10.0 45.4 44.6 111.3 0.133 

2 22.4 47.6 30.0 59.44 0.279 

3 30.0 40.0 30.0 292.3 0.222 

4 20.8 40.0 39.2 54.57 0.328 

5 14.2 42.5 43.3 85.27 0.238 

6 14.6 52.2 33.2 98.50 0.173 

7 24.4 42.0 33.6 88.99 0.264 

8 30.0 40.0 30.0 292.3 0.222 

9 10.0 40.0 50.0 284.1 0.231 

10 20.8 40.0 39.2 54.57 0.328 

11 10.0 49.1 40.9 177.2 0.185 

12 10.0 60.0 30.0 273.6 0.151 

13 10.0 40.0 50.0 284.1 0.231 

14 10.0 60.0 30.0 273.6 0.151 

15 17.7 46.1 36.2 77.44 0.180 

16 22.4 47.6 30.0 59.44 0.279 

 

Solid self-microemulsifying drug 

delivery systems (SSMEDDS) 

 

One formulation of SMEDDS was 

chosen and adsorbed on a solid carrier by 

using method of direct absoption (A) and 

method of evaporation by ethanol (B). A 

ratio of carbamazepine was constant-

30%, but the ratio of carrier (Neusilin
®

 

UFL2 and Sylysia
®

 350):SMEDDS 

varied (1:1, 2:1). The composition of 

prepared formulations is presented in 

Table 2.  

 

In vitro drug release studies 
Dissolution profiles of different 

SSMEDDS and pure CBZ were 

determined using rotating paddle 

apparatus. Dissolution conditions were: 

water as medium, 37±0.5˚C, 900 ml, 50 

rpm. CBZ concentration was determined 

spectrophotometrically at 287 nm.  
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Table 2. SSMEDDS formulations. 

Formul

ation 
Carrier 

Ratio 

carrier:SM

EDDS 

Method 

F1 Neusilin
®
 ULF2 2:1 A 

F2 Neusilin
®
 ULF2 1:1 A 

F3 Neusilin
®
 ULF2 2:1 B 

F4 Neusilin
®
 ULF2 1:1 B 

F5 Sylisia
® 

350 2:1 A 

F6 Sylisia
® 

350 1:1 A 

F7 Sylisia
® 

350 2:1 B 

F8 Sylisia
® 

350 1:1 B 

 

 

3. RESULTS AND DISCUSION  

For the droplet size and for the PdI the 

selected model was the Cubic model. 

From the contour diagrams (Fig 1), one 

can conclude that with increase of 

surfactant ratio, and reduction of the ratio 

of lipids and cosurfactant, SMEDDS with 

smaller droplet size and smaller PDI are 

received, which is important from the 

aspect of stability of the system. It was 

also noted that when mean values of all 

components of the system are taken, give 

a formulation with  satisfactory stability, 

which tells PDI value that is smaller than 

0.3 and droplet size of about 50-100 nm. 

The obtained mathematical models were 

as follows: 

Y1=+291.18*A+273.43*B+283.58*C-

1130.45*A*B-920.45*A*C-

295.72*B*C+1349.77*A*B*C+703.71*

A*B*(A-B)-391.55*A*C*(A-

C)+1248.02*B*C*(B-C) 
 

 

Y2=+0.22*A+0.15*B+0.23*C+0.18*A*B

-0.45*A*C-2.68*A*B*C-0.72*A*B*(A-

B)-0.43*A*C*(A-C)-0.93*B*C*(B-C) 

 

It should be noted that the mathematical 

model, i.e. the final equation, considers 

L-pseudo values of the input parameters 

(A, B, C), in the range 0–1. 

 

 

 

Figure 1. Contour diagrams with the 

values of the droplet size and PdI 

depending on the proportion of the 

components of the mixtures. 

 

 

 

Figure 2. Contour diagram with regions 

that contain optimal formulations. 

 

Figure 2 shows an optimization field in 

which the set value for desired responses 

cross each other (droplet size from 50 to 

100 nm and PDI from 0.1 to 0.2). 



311 
 

 

 
Figure 3. Dissolution profiles of 

SSMEDDS and pure CBZ. 
 

Results showed high matching of 

obtained and predicted results. Selected 

SMEDDS consisting of lipids (16.65%), 

surfactant (45.25%) and cosurfactant 

(38.1%) had a droplet size 67.85 nm and 

PdI 0.269. These results confirmed 

prediction ability of models obtained 

using mixture experimental design. 

Dissolution profiles form SSMEDDS 

formulations are presented on Figure 3. 

Based on dissolution profiles of CBZ, it 

is obviously that significant increase of 

dissolution rate can be achieved with 

SSMEDDS formulation. For almost all 

formulations into 30 minutes interval, 

percentage of released CBZ is more than 

80%. This is probably due to synergic 

effect of SMEDDS and adsorption 

carrier. Because of CBZ solubilization, 

SMEDDS components give rise to 

increasing dissolution rate. The same 

effect have adsorption carriers, because 

of big specific surface and better wetting. 

By dissolution rate comparing, it can be 

noted that there is no significant 

difference depending on the method used 

in formulation of SSMEDS. When 

method B is used, a little bit higher 

dissolution rate can be achieved by using 

Neusilin
®
 UFL2 than with Sylisia

® 
350. 

The most probable reason for this is 

potential interaction between carrier and 

drug. Besides, higher disolution rate on 

both hydrophobic adsorbents is 

accomplish by  using method B. By 

assumption, this is the consequence of 

stronger interaction between CBZ and 

carrier, and better wetting. When Sylisia
® 

350 was used as adsorption carrier, there 

is no significant difference in release rate 

depending of carrier: fluid SMEDDS 

ratio, regardless of the formulation 

method. Significant differences are 

noticed when Neusilin
®

 UFL2 is used. 

For example, from formulation F1 

Neusilin
®
 UFL2 (ratio carrier:SMEDDS 

2:1) 81.71% of CBZ can be released in 

30 min, while from formulation F2 

Neusilin
®
 ULF2 (ratio carrier:SMEDDS 

1:1) can be released 74.97% of drug. The 

reason for such difference is difference in 

the structure of carrier. When the ratio of 

fluid SMEDDS is higher, some amounts 

of drug are “trapped” in narrow and long 

pores of carrier. 

 

4. CONSLUSION 

This paper has showed that mixture 

design is very useful and can be used 

with a high certainty for monitoring of 

phase behavior of SMEDDS. Significant 

increase of CBZ dissolution ratio (more 

than 80 % for 30 min) has been achieved 

by SSMEDDS formulation.  
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ABSTRACT: Titanium has been widely used for biomedical applications under load-bearing 

conditions, due to its biocompatibility and low density coupled with good balance of mechanical 

properties and corrosion resistance. However, the elastic modulus of Ti and Ti alloys can be 

reduced through the introduction of a porous structure, which may also provide new bone tissue 

integration and vascularization abilities. In the present work, Ti-HA foam has been produced 

employing powder metallurgy route.  Nano hydroxyapatite (HA) powder was produced 

from natural bovine bone by a ball-milling method. Ti-HA powders pressed at 600 MPa and 

sintered at 1200 °C for 2 hours in argon atmosphere. Porosities of the specimens linearly increase 

for the Ti-HA specimens, with the different amount of hydroxyapatite addition. Structural and 

morphological investigations of the prepared composites were performed using X-ray 

Diffractometer (XRD), scanning electron and optical microscopy (SEM-OP) and Clemex Vision 

image analyzer. 

 

1. INTRODUCTION 

Increased use of titanium and its alloys as 

biomaterials comes from their superior 

biocompatibility and excellent corrosion 

resistance because of the thin surface oxide 

layer, and good mechanical properties, as a 

certain elastic modulus and low density that 

make that these metals present a mechanical 

behaviour close to those of bones. Light, 

strong and totally biocompatible, titanium is 

one of the few materials that naturally match 

the requirements for implantation in the 

human body. Among all titanium and its 

alloys, the mainly used materials in 

biomedical field are the commercially pure 

titanium and Ti-6Al-4V alloy. They are 

widely used as hard tissue replacements in 

artificial bones, joints and dental implants. 

As a hard tissue replacement, the low elastic 

modulus of titanium and its alloys is 

generally viewed as a biomechanical 

advantage because the smaller elastic 

modulus can result in smaller stress 

shielding. [Stadlinger et al., 1999, Subramani 

et al., 2010, Viteri and Fuentes, 2013]. 

However, titanium is a bioinert material, i.e. 

the interface between titanium and host bone 

is a simple interlocking bonding, which can 

lead to the loosening of the implant and the 

eventual failure of the implantation. Bone 

neoformation and long term stability can be 

achieved by using bioactive materials 

[Balbinotti, et 

al.,2011].Hydroxyapatite(Ca10(PO4)6(OH)2,H

A) has been widely used as a bone 

replacement material in restorative dental and 

orthopedic implants, due to its chemical and 

crystallographic structure being similar to 

that of bone mineral [Hench L., 1998, Elliott, 

et al., 1973, Groot et al., 1990, Jarcho M., 

1981, Hench L., 1984, Ruys AJ., et al., 

1995]. Thus, hydroxyapatite is considered as 

the most promising bioactive material for 

clinical use. However, it is well known that 

its poor mechanical properties compared to 

those of natural bone are one of the most 

serious obstacles for wider applications, 

especially for load bearing implants [Jarcho 

M., 1981, Gautier S., et al., 1999, Cao W.P., 

and Hench LL., 1996]. A good combination 

of the bioactivity of hydroxyapatite and the 

mechanical properties of titanium is 

considered to be a promising approach to 

fabricating more suitable biomedical 

materials for load-bearing applications. This 

combination can be achieved by a powder 

metallurgy technique using appropriate 

mixtures of titanium and calcium phosphate 

powders. Many titanium composites 

file:///C:/Users/TOSHIBA/Desktop/PPM%202015%20PROCEEDINGS/Downloads/tig/Congress/YAYINLAR/Material%20Science%20and%20Engineering%20A/msimsir@cumhuriyet.edu.tr
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containing hydroxyapatite, calcium 

phosphates or a mixture of varying contents 

of calcium and phosphorous compounds were 

synthesized through powder metallurgy 

under different processing conditions 

[Salman S., et al., 2009,  Ning C.Q., and 

Zhou Y., 2004, Ning C.Q., and Zhou Y., 

2004, Chu C., et al., 2003, Karanjai M., et 

al., 2008]. The purpose of this investigation 

was to evaluate the effect of hydroxyapatite 

on the production, microstructure and 

porosity level  of titanium/hydroxyapatite 

composites prepared by powder metallurgy 

using hydroxyapatite and titanium powders 

as starting materials. 
 

2. EXPERIMENTAL PROCEDURE 

 

2.1. Production of HA 

The powders of HA, namely BHA used in 

this study were derived from bovine bones.  

Bovine femoral bones were cut into small 

pieces and then they washed with running 

tap-water [Oktar F.N., et al., 1999]. and 

soaked in a 1 wt. % concentration of 

antiseptic solution to prevent bad odor and 

contamination of various infectious diseases. 

After washing and drying, the bone pieces 

were calcinated at 850 °C with a heating rate 

of 5 °C min
-1

 and kept for 4–5 h. in air. 

Calcined bovine femoral bone parts were 

subjected to grinding with a blade grinder for 

30 s. Following this resulting samples were 

then ball-milled until fine powder (i.e., with 

particles of submicron average size) of 

apatite (BHA) was obtained. It can be seen 

from Fig. 1. that the morphologies of both Ti 

and HA powders. 

 

2.2. Preparation of Biocomposite 

The Ti powder, with particle size smaller 

than ≤45 μm, was supplied by Alfa Aesar 

Company. Powders with compositions, pure 

Ti, Ti- 5 wt% HA, Ti- 10 wt% HA, and Ti-15 

wt% HA were blended for 2 h in a Turbula® 

mixer. The blends were compacted in 

stainless steel molds by cold pressing, 

maintaining a pressure of 600 MPa for 1 min. 

These compacts were pressureless sintered at 

1200 °C (at a ramp of 5°C/min.) for 2h in Ar 

atmosphere. The bulk density and the 

apparent porosity of the sintered specimens 

were measured using the Archimedes’ 

principle. The vacuum method (ISO 10545-

3) was used in the laboratory to determine the 

apparent porosity with greater precision. The 

Vacuum method allows all open pores to be 

filled with water in this case and the vacuum 

process was conducted in a chamber in which 

the air pressure was lowered to a value of 10
-

3
 mbar and held at that value for 30 minutes. 

An X-ray Diffractometer 

(RigakuD/MAX/2200/PC) with a 

monochromatic Cu-Kα radiation (λ = 1.5408 

Å) was used over a 2θ˚ angle from 20°to 80° 

to characterize the crystal structure of the 

sintered compacts. The microstructure of the 

samples was examined by using a Scanning 

electron microscope and optical microscope. 

(SEM, Model JEOL-JSM 6060-LV, Japan).  

 

Figure 1: Morphology of the starting powders. a) SEM images of pure HA; and b) pure Ti. 
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3. RESULTS AND DISCUSSION 

 
3.1 Density Measurement and Porosity 

Relative density and total porosity level of 

the sintered Ti/HA biocomposites is shown in 

Fig. 2.  A relative density below 90% was 

found for all the compositions with the 

exception of the pure Ti samples for which it 

was ∼96 %.  Relative density decreased and 

total porosity increased as the amount of 

added HA particle increases. This is due to 

the fact that the increased rate of added 

hydroxyapatite ceramic particles has an 

adverse effect on sinterability. 

 

 

 
Figure 2: Variations in relative density and open porosity in Ti and Ti/HA composites.   

 3.2. Xrd Analysis

Fig. 3 shows the XRD patterns of the sintered 

Ti–HA composites at different HA contents 

5%, 10%, and 15%HA. From this Figure, we 

can observe that, new phases are formed in 

the sintering process.                                                                                             

The detected phases were Ti2O, CaO, 

CaTiO3, TixPy which formed along the 

sintering process at 1200 °C for 2h as a result 

of a chemical reaction between parts of Ti 

with HA (Ning and Zhou, 2004).  
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Figure 3: XRD results of the sintered biocomposites: (a) Ti, (b) Ti–5wt% HA, (c) Ti–10wt% HA, 

(d) Ti–15wt% HA. 

3.3. Microstructure of the Biocomposites 

Four kinds of the sintered Ti–HA specimens 

with different compositions, as shown in Fig. 

4. The porosities of the etched (etched with 

Kroll’s Reagents) samples were examined 

using Nikon MA200 optical microscope with 

the Clemex Vision Image Analyser.  

 

Figure 4: Optical microscope images of the sintered Ti-HA composites. (a) Ti, (b) Ti–5wt% HA, 

(c) Ti–10wt% HA, (d) Ti–15wt% HA. 

 

Images from the polished surfaces revealed 

that pure Ti and composites with 5wt% HA 

were reasonably well sintered (Figures 4a 

and 4b). Also, the composites with 15wt% 

HA are not well sintered, as can be seen in 

Fig. 4d.  It can also be noted that the Ti–

10wt% HA composite showed, in general, 

more porous than the pure Ti and Ti–5wt% 

HA, composite. From this figure, it can be 

seen that the percentage of porous area of the 

surfaces is increased with increasing of HA 

contents. More gaps and pores between 

titanium particles were observed in Ti–

15wt% HA composite. 

4. CONCLUSION 

In the present study, the porous Ti-HA 

composite was successfully fabricated by 

powder metallurgy technique. The main 

results were concluded as below. After 

sintering, Ti phase connects to be a 

continuous network, and Ti-HA mixture 

disperses homogeneously in the network. The 

density of Ti-HA composites decrease with 

the content of HA increasing.  During the 

sintering process, the Ti2O, CaO, CaTiO3, 

TixPy phases are formed at the surface of the 

specimen as observed from XRD pattern 

after sintering in addition to the Ti and HA.   

The porosity degree increased with an 

increase of the HA addition. 
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ABSTRACT: Ablation materials are ceramic refractory systems which must withstand 

high heat fluxes, thermal shocks and be resistant to combustion flame erosion at high 

temperature. Ablation materials are used in furnaces but also used in defense and aerospace 

industry for the protection of take of area from missile flame. The main objective of this 

study was to investigate the processing of SiC-C based ablation material and optimization 

potential of the properties by the addition carbon nano tube (CNT). SiC powders were 

bonded by Phenol formaldehyde type Novolac resin (common industrial high temperature 

resin) with hardener Hexamethylenetetramine (Hexamine) under single axis pressing. 

Graphite flakes and CNT were added to the mixtures at different ratios in order to increase 

the carbon yield of binder phase. Physical, mechanical, microstructural and mineralogical 

properties of the samples were examined. Thermal conductivity is important for the 

ablative performance. Therefore thermal conductivity of the samples was determined.  

Graphite is found to be a key factor for the thermal conductivity of the samples which 

changes from 1,46 to 4,85 W/m.K. CNT addition increased the conductivity of the samples 

which is useful for ablative performance. However, porosity of the samples increased due 

to difficulties raised from CNT addition during shaping.   

 

1. INTRODUCTION 

Since CNTs were discovered by Lijima in 

1991, much attention has been paid on 

their potential application in ceramic 

matrix composites due to their excellent 

mechanical properties such as high elastic 

modulus, high tensile and bending 

strength as well as high fracture 

toughness. Materials in the nanometer 

scale are being used for the development 

of innovative products in numerous 

technological fields for more than twenty 

years and nowadays with a rapid growing 

tendency. The use of nano-scaled 

materials in carbon bonded refractory 

products was introduced in recent studies 

[Tamura et al., 2003], [Aneziris et al., 

2003].  

Ceramics being used for aerospace and 

missile take off area must withstand high 

heat fluxes thus ceramic composites with 

good oxidation and thermal shock 

resistance, dimensional stability and 

ablation resistance are requested. 

Ablation is an erosive phenomenon with 

a removal of material by a combination 

of thermo-mechanical, thermo-chemical, 

and thermo-physical factors from high 

temperature, pressure, and velocity of 

combustion flame [Yan et al., 2009]. 

Silicon carbide-Carbon composites 

(designated as C/SiC) possess good high 

temperature strength, high hardness, low 

thermal expansion, high thermal 

conductivity, good thermal shock, 

especially outstanding ablation resistance 

property up to 1700 °C due to the 

formation of a layer of protective SiO2 

glass that inhibits ablation atmosphere 

diffusion to the parent materials [Wang et 

al.,2010]. Phenolic resins are known for 

their excellent thermal properties and 

chemical stability. In the field of 

advanced composite materials, phenolic 

based composites are known for their 

excellent flame resistance and are 

excessively used in the rocket industry 

because of their ablative characteristics 
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[Srebrenkoska et al., 2009].  Novolac type 

phenol–formaldehyde resin binder is 

extensively used for the refractory 

applications at high temperatures due to 

the high carbon yield during service 

[Aneziris et al., 2007].  

Thermal conductivity is important for the 

ablative performance. Applied heat must 

be dissipated rapidly from the surface. 

CNT has known as having high thermal 

conductivity material. Recent 

measurements of the conductivity of 

single CNTs confirmed conductivities of 

about 3000W/m.K for multi walled 

carbon nano-tubes (MWCNTs) [Han and 

Fina, 2011]. They stated that the thermal 

conductivity of the graphite is in the 

range of 100400 W/m.K.  

The main objective of this study was to 

investigate the effect of multi walled 

carbon nano-tubes addition to the SiC/C 

based ablation material and determine the 

effect on the basic material properties.    

 

2. EXPERIMENTAL 

60 Grit (ANSI-150 µm) and 180 grit 

(ANSI-63 µm) SiC particles were used in 

the samples preparation in order to obtain 

better packing. SiC particles, graphite, 

hexamine, CNT (Multiwalled, Sigma 

Aldrich odxl 6-9x5 micron, 95% C) and 

resin were mixed in Hobart type mixer 

until homogenous mixture was obtained. 

CNT was added as the 10% of the resin 

content of the mixtures. SiC particles 

were replaced by the graphite addition. 

Then the mixtures were put into the 

cylindrical steel mould. All of the 

samples were pressed to 30x40 mm 

(diameter x height) under 10 MPa 

pressure. Shaped samples were cured at 

200 
o
C for 2 hour. Bulk density and 

apparent porosity % were determined by 

Archimedes method. Samples were 

boiled 2 hour in water and held in water 

for 24 hour. Thermal conductivity values 

were derived after the measurement of 

effusivity values of the samples. CNT 

addition was kept constant for all series. 

3. RESULTS AND DISCUSION 

Physical and mechanical properties of the 

samples were given n Table 1.  Properties 

of the samples can be investigated in two 

different sections. A, B, C and D series 

are free of CNT addition. A-c, B-c, C-c 

and D-c series contains equal amount of 

CNT but different amount of graphite 

addition. Resin binder kept constant for 

all series.  

 

Table 1: Base composition of the series 

(wt%) and properties. (BD: bulk density, 

CS: compression strength, TC: Thermal 

conductivity) 

 Series and Properties 

Components A B C D 
SiC (150 µm) 62.8 59,7 58,2 56,5 
SiC (63 µm) 31,4 29,8 29.1 28,3 
Resin  5,6 5,6 5,6 5,6 
Graphite 0 4,7 7,1 9,4 
Hexamin 0,17 0,17 0,17 0,17 
CNT 0 0 0 0 

BD (gr.cm
-3

) 2,09 2,07 2,12 2,14 
CS (Mpa) 25,6 23,9 29,6 29,7 
TC (W/mK) 1,46 2,17 3,45 4,85 

Porosity % 28,7 29,2 25,7 23,2 

 

 Series and Properties 

Components A-c B-c C-c D-c 
SiC (150 µm) 62.8 59,7 58,2 56,5 
SiC (63 µm) 31,4 29,8 29.1 28,3 
Resin  5,6 5,6 5,6 5,6 
Graphite 0 4,7 7,1 9,4 
Hexamin 0,17 0,17 0,17 0,17 
CNT 0,56 0,56 0,56 0,56 

BD (gr.cm
-3

) 1,83 1,83 1,80 1,64 
CS (Mpa) 19,5 19,0 14,2 4,1 
TC (W/mK) 1,63 1,60 2,35 3,41 

Porosity % 36,3 36,2 37,3 44,1 

 

Increased amount of the graphite addition 

resulted in increase in the bulk density of 

the samples when CNT was not added. 

Bulk densities were increased from 2,09 

to 2,14 gr.cm
-3

. Graphite addition acts as 

filler between the SiC particles and 

increased the bulk density of the samples. 
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Similarly, porosity of the samples 

decreased with increased graphite 

addition. These combined effect on the 

pore structure resulted in increase in the 

strength of the samples. Strength of the 

samples increased with the graphite 

addition. Crystal graphite structure in the 

binder matrix also contributes the 

strength increase. Porosity decrease in the 

structure and high thermal conductivity 

of the graphite resulted in the increase in 

the total thermal conductivity of the 

samples. 4,85 W/m.K values was 

measured at highest graphite addition.    

    

Figure 1. shows the particle to particle 

contact and the binding effect of the resin 

binder. Resin binder was homogenously 

distributed all over the sample structure.  

 

 
 

Figure 1: Resin binder matrix between 

the SiC particles. 

 

Figure 2 shows the distribution of the 

flake graphite on the SiC particles. 

Graphite flakes preserve their shape after 

shaping under pressing technique. 

Homogenous distribution of graphite 

flakes was observed. Defect free samples 

were produced when CNT was not added. 

All engineering properties of the samples 

were improved when only graphite was 

added to the material. When the 

performance of the ablation material is 

concern, increase in the thermal 

conductivity is very important and 

advantageous.   

 

 
 

Figure 2: Shape and distribution of the 

graphite flakes.  

 

When CNT was added to the material 

system, all engineering properties were 

negatively affected by the addition. 

Especially, strength properties decreased 

drastically. When CNT and graphite were 

added together, porosity increased and 

bulk density decreased. When graphite 

and CNT were used together, lamination 

defects (Figure 3.) observed on the 

surface of the pressed samples.     

 

 
Figure 3: Severe lamination formation 

when CNT and graphite used together.   

 

Homogenous distribution of the CNT is 

important problem. Mechanical mixing 

technique with other constituents of the 

mixture was chosen in this study. 

However, SEM investigations showed 

that distribution of the CNT was not very 

successful. Figure 4. shows the flocking 

of the CNT over the SiC surfaces. 

Lamination effect was not very severe 

when CNT used without graphite flakes 

(A-c Series).  When only CNT was 

added, thermal conductivity was 
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increased from 1,46 to 1,63 W/m.K. In 

this way CNT addition can improve the 

thermal properties. However, when CNT 

was used with graphite, severe lamination 

occurred and porosity of the samples 

increased. Porosity always decreases the 

thermal conductivity of the samples by 

insulation effect of air in the pores. For 

example, D-c series samples have 44% 

porosity which is near the insulation 

refractory product specifications.  

 
Figure 4: Flocking of CNT over the SiC 

surfaces.  

 

4. CONCLUSION 

CNT addition to the SiC/C based ablation 

material caused severe lamination of the 

samples. Increased porosity which 

resulted from lamination prevents the 

thermal conductivity increment due to the 

CNT addition. Different addition 

techniques should be applied for the 

introduction of the CNT to the material 

system. Standard pressing pressure and 

die geometry were used in this study. 

They can be optimized to prevent the 

lamination effect. In addition, no pressing 

aid was used in this study. Pressing aid 

usage may also reduce the lamination and 

by this way correct effect of CNT 

addition on the material properties can be 

observed. 
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ABSTRACT:The purpose of the present study is to evaluate the effects of the Nb content 

on the mechanical and tribological properties of porous Ti-6Al-XNb implant materials. 

The Nb was added to the mixture at a weight fraction of 3.5%, 7%, 10.5%, 14%, 17.5% 

and 21%, respectively. Samples were compacted at 600 MPa and sintered at 1200 °C for 2 

hours under vacuum. The porosity, microhardness, tensile and flexural strength and 

tribological properties of the samples were determined. SEM analyses were performed 

fractured and worn surfaces of the samples. The results showed that the porosity increased 

slightly with increased Nb content up to 14% above which it increased a great deal to 

17.5% and then it decreased. On the other hand, mechanical properties increased with 

increasing Nb content up to 14 % above which it decreased. The coefficient of frictionand 

specific wear rate values under wet condition were found higher than that of under dry 

condition. 

 

1. INTRODUCTION 

Titanium (Ti) and titanium-based alloys 

are used as implant materials due to high 

biocompatibility, excellent mechanical 

properties and corrosion resistance. The 

metallurgy of titanium and Ti-base alloys 

has been intensely investigated in the last 

two decades [Henriqueset al 2001, Reiget 

al 2013, Choeet al 2005, Duanet al 2010, 

Nouriet al 2010]. Titanium and its alloys 

which are widely used in aerospace, 

biomedical and chemicalapplications, 

exhibit an excellent combination of 

properties, including high specific 

strength, low density, good corrosion 

resistance and superior biocompatibility 

[Cremascoet al 2011,Niinomi, 2008, 

Zhao, 2013]. Its firstbiomedical 

implementation was on implants which 

dates back to 1960s. It was a porous hip 

prosthesis produced from Co-Cr-Mo 

alloy by powder metallurgy (P/M). The 

powder metallurgy (P/M) process is an 

established method of producing Ti 

alloys for biomedical application, and it 

has contributed to the improvement of 

surgical implants effectively in the last 

20-30 years [Kurgan et al 2012]. 

Recently, porous Ti alloys have been 

extensively studied for biomedical 

applications due to theirnew bone tissue 

ingrowth ability [Xionget al 2008, 

Henriqueset al 2001]. Titanium is 

generally preferred to other metallic 

biomaterials, such as austenitic stainless 

steel, Co-based alloys (Co-Cr-Mo) 

andprecious metals due to its superior 

biocompatibility and corrosion resistance 

in conjunction with low density and 

elastic modulus value closer to that 

ofhuman bones [Niinomi, 1998].   

Commercially pure titanium and Ti-6Al-

4V alloy are the mostlyused biomaterials 

[Rack et al 2006, Henriqueset al 2001]. 

Due to controversy of concerning 

potential toxic effects of vanadium 

compounds, V-free alloys like Ti-6Al-

7Nb (Ti-6Al-XNb alloys) have been 

mailto:bozturk@ktu.edu.tr
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recently developed for biomedical 

applications [Henriqueset al 2001].  

Several investigations have included 

newer alloys based on Ti-Al-Nb, such as 

Ti-6Al-7Nb (wt.%) where Nb replaces V 

as V is known to have toxic properties 

[Boehlert et al 2005].Therefore, purpose 

of the present study is to evaluate the 

effects of the Nb content on the 

mechanical and tribological properties of 

porous Ti-6Al-XNb implant materials. 

 

2. EXPERIMENTAL PROCEDURES 

 

2.1. Materials and Processing  

Elemental metal powders of titanium, 

aluminum and niobium were weighed to 

give a nominal composition of Ti-6Al-

XNb. Properties of the powders used in 

the Ti-6Al-XNb alloy preparation are 

given in Table 1. 

Table 1. Properties of the powders used 

in the Ti-6Al-XNb alloy preparation 

Properties                     Ti       Al        Nb 

Melting point (°C)       1668    660   2468 

Mean particle size (µm)  45      45       45 

Particle morphology*    A-S      A        A 

*  A:Angular S:Spherical 

The Nb was added to the powder 

mixture at weight fractions of 3.5%, 7%, 

10.5%, 14%, 17.5% and 21%, 

respectively. Zn-Stearate (0.5%) was 

added into the powder as a lubricant.                          

Before compaction, the powders and 

lubricant were mixed in a turbila mixer 

at 55 rpm for 30 min. The samples were 

pressed with a compaction pressure at 

600 MPa to increase the green strength. 

After the compaction, the samples are 

taken out and sintered in a tube 

furnacewith controlled atmosphere 

(vacuum) at 1200 °C for 2 hours. 

The porosity was measured by 

MicromeriticsAutopore IV 9410 

mercury porosimeter (Micromeritics, 

Nocross GA, USA). 

The microhardness of the samples was 

measured using the vickers indenter in a 

microhardness tester. The indentation 

load was set as 200 g for a dwelling 

timeof 20 s. Tensile and flexural tests 

were performed using by an MTS with a 

cross-head speed of 0.5 mm/min. At 

least three samples were tested for each 

alloy. Tribological properties of the Ti-

6Al-XNb alloys samples were 

investigated using a block-on-ring test 

set up under dry and wet (Hank’s 

Balanced Salt Solutions: HBSS) 

conditions. The chemical composition of 

HBSS is given in Table 2. 

Table 2. The chemical composition of 

HBSS  

Compound g/l Compound  g/l 

NaCl 8.00 Na2HPO4.2H2O   0.06 
KCl 0.40 KH2PO4     0.06 
NaHCO3 0.35 MgSO4.7H20   0.06 
CaCl2 0.14 C6H12O6        1.00 
MgCl2.6H2O         0.10 

4140 steel ring was used as counterpart 

material in wear tests. The samples were 

tested under pressure (P) of 0.3 MPa and 

sliding velocity of 0.5, 0.75, 1 m/s for 2 

hours. The weight loss was obtained by 

weighing the samples with sensitivity of 

0.1 mg before and after each test.  

The specific wear rate, Ws, was 

calculated according to [Hager et al 

1993] 

Ws= Δm/LρFn 

 

whereΔmis the mass loss, L is the sliding 

distance, ρ is the density of the samples 

and Fnis the applied load. 

The fractured and worn surfaces of the 

samples were analyzed using SEM 

(Zeiss EVO LS10).  

 

3. RESULTS AND DISCUSSION  

 

3.1. Porosity 

The effect of Nb content on porosity is 

given in Figure 1. 
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Figure 1. The effect of Nb content on 

porosity  

 

The porosity increased slightly with 

increasing Nb content up to 14%.The 

sharp increase in porosity above 14% Nb 

is ascribed toinsufficient sintering. In 

other words, sintering temperature of 

1200 °C was enough for the compositions 

up to 14% of Nb while above that level 

sintering temperature exploited was 

found to be insufficientfor sintering. 

 

3.2. Mechanical Properties 

Figure 2 presents the effect of Nb content 

on microhardness.  

 
Figure 2. The effect of Nb content on 

microhardness.  

 

The increasing  Nb content from 3.5% to 

14% resulted in increase for 

microhardness. Afterwards, the 

increasing Nb content from 14% to 21% 

resulted in decrease in microhardness. 

The maximum microhardness of the 

samples was obtained as 348 HV for Ti-

6Al-14Nb. 

 

Figure 3 shows the effect of Nb content 

tensile and flexural strength. 

 
Figure 3. The effect of Nb content on 

tensile and flexural strength  

 

In Ti-6Al-14Nb alloys, the effect of 

sintering was observed in the most 

evident way. For that reason, the 

maximum tensile and flexural strength 

values of samples were obtained 453 

MPa and 1682 MPa, respectively. 

Because the melting point of Nb is 2468 

°C, the sintering temperature facilitated is 

insufficient. This insufficient sintering 

negatively affects the mechanical 

properties of those alloys [Kurgan et al 

2012].  

The mechanical properties obtained for 

Ti-6Al-14Nb is comparable with the 

ones given in literature for Ti-6Al-4V, 

Ti-5Al-2.5Fe [Yalcin and Varol 

2008].Mechanical properties of Ti-6Al-

14Nb, Ti-6Al-4V and Ti-5Al-2.5Fe are 

given in Table 3. 

Table 3. Mechanical properties of Ti-6Al-

14Nb, Ti-6Al-4V and Ti-5Al-2.5Fe 

Alloy Tensile 

Strength 

(MPa) 

Flexural 

Strength 

(MPa) 

Ti-6Al-14Nb 453 1682 

Ti-6Al-4V 453 1122 

Ti-5Al-2.5Fe 544 1035 

 

3.3. Tribological Properties 

In order to visualize the effects of Nb 

content and sliding velocity on 

coefficient of friction and specific wear 

rate, 3d surface responses were plotted 

for different condition in Figure 4-5. 
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a)  

 

 
b) 

Figure 4. Effect of Nb content and sliding 

velocity on coefficient of friction ; a) dry 

condition b) wet condition 

 

The coefficient of friction values were 

between 0.85-0.88 under dry condition 

and, 0.86-0.92 under wet condition. 

 
a) 

 
                      b) 

Figure 5. Effect of Nb content and sliding 

velocity on specific wear rate; a) dry 

condition b) wet condition  

 

The specific wear rate values were 

between 3.63-12.37x10
-7 

mm
3
/Nm under 

dry condition and, 8.02-11.54x10
-7 

mm
3
/Nm under wet condition. 

 

Coefficient of friction and specific wear 

rate under wet condition were found 

higher than under dry condition as HBSS 

has abrasive content [Wang et al 2014]. 

It was noted that the sliding velocity had 

no significant effect on coefficient of 

friction and specific wear rate. 

 

3.4. Microstructure 

SEM micrographs given in Figure 6 a-b 

show the microstructure of fractured 

surfaces of Ti-6Al-14Nb and Ti-6Al-

21Nb.  

 
a) 
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b) 

Figure 6. SEM micrographs of fractured 

surface a) Ti-6Al-14Nb b)Ti-6Al-21Nb 

 

These micrographs reveal the fracture 

type. Ti-6Al-14Nb(Fig. 6a, A, B, C 

regions) involved spherical porous and 

ductile fractures-while Ti-6Al-21Nb 

sample showed ductile, brittle fractures 

with irregular porosities (Fig. 6b A, B 

regions).The increasing in Nbcontent  

from 14% to 21 %, sintering has remain 

insufficient. As a result of this, in 21% 

Nbcontent sample’s porosity is 

morepronounced compared with 14% Nb 

content. 

 

4. CONCLUSION 

The effect of Nb content on the porosity, 

microhardness, tensile and flexural 

strength of Ti-6Al-XNb was investigated. 

The followings are obtained from this 

study: 

 Porosity was increased slightly 

with increased Nb content up to 

14% above which it increased a 

great deal to 17.5% and then it 

decreased. 

 The maximum tensile and flexural 

strength values of samples were 

obtained as 453 MPa and 1682 

MPa, respectively. 

 Coefficient of friction and specific 

wear rate under wet condition 

were obtained higher than under 

dry condition. 
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ABSTRACT: The bone cement consists of two ingredients; powder (polymethyl 

methacrylate– PMMA), and liquid components. These two components are mixed for 

polymerization to achieve the cement. Although bone cement is used frequently and 

successfully in clinic applications, pathogenic bacteria cause serious implant-associated 

infections for the patient. Staphylococcus epidermidis is one of the most important 

bacterium in these infections. The growth of this bacterium is inhibited by both the usage 

of antibiotics loaded cement and intravenous or oral antibiotics applications before and 

during the surgery. However, S. epidermidis culture usually arises on cement due to 

antibiotics resistance of the bacterium.  Phenolic acids are ring structured chemicals that 

are promising for using as antimicrobial agents against pathogenic bacteria. In this study, 

the antimicrobial effect of 4-Hydroxybenzoic acid (4-HBA) containing bone cement was 

evaluated on S. epidermidis growth. 4-HBA was added into cement in a range of 

concentrations and cement discs were prepared right before the solidification of the 

cement. Antimicrobial assay was carried out to examine the inhibition on bacterial culture. 

A significant inhibition of bacterial growth was obtained. Thus, the phenolic acids may be 

effective antimicrobial agents to be used in bone cement to combat pathogenic bacteria in 

the future. 

  

1. INTRODUCTION 

Staphylococcus epidermidis is a resident 

bacterium of the Homo sapiens skin 

[Piette and Verschraegen, 2009; Argudin 

et al., 2015]. However, it is infamous as 

the infectious agent of many nosocomial 

infections as an opportunistic pathogen 

since 1970s [Argudin et al., 2015].  

 

S. epidermidis is usually colonized on the 

medical devices and these devices cause 

growth of the bacteria in 

immunocompromised patients. The 

infections of both the implant and the 

tissue that is adjacent to the implant 

(Zhou et al., 2015), are caused usually by 

this bacterium. Its resistance to 

antibiotics, such as meticillin and 

vancomycin, is an important factor of 

difficulty to combat against S. 

epidermidis. [Piette and Verschraegen, 

2009]. 

One of the mostly used material for 

implant production is polymethyl 

metacrylate (PMMA). This material is 

porous and it is polymerized with the 

addition of its solvent that contains 

methyl metacrylate monomer (MMA). 

The monomer causes the polymerisation 

and solidification of PMMA at room 

temperature [Webb and Spencer, 2007]. 

The porosity depends on the air capture 

by the polymer at the time of mixing the 

cement [Belt et al., 2000].  In prosthetic 

surgery the addition of antibiotics in bone 

cement (2 g antibiotics/ 40 g PMMA) is 

used before the polymerization. However, 

antibiotic usage in the cement and in the 

treatment of these infections arose 

antibiotic resistance in bacteria that leads 

the proceeding of the infection 

(Schoenfelder et al., 2010). Therefore, 

alternative antimicrobial agents are 
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required for fighting against these 

bacteria. 

 

An alternative compound could be 

phenolic acids which have a ring 

structure with hydroxyl groups and are 

synthesized naturally by plants [Hurtado-

Fernandez et al., 2010]. Antimicrobial, 

antioxidant, anticarcinogenic, 

cardioprotective and antiinflammatory 

properties make them promising 

chemicals for human health and treatment 

of diseases [Karaosmanoglu et al., 2010].   

4-Hydroxybenzoic acid (4-HBA) is a 

benzoic acid derivative phenolic acid 

with a water soluble nature. 

 

Herein we report the inhibition of S. 

epidermidis growth by 4-HBA added 

bone cement.  

 

2. EXPERIMENTAL PROCEDURE 

 

2.1. Materials 

In this study, commercially obtained 

PMMA powder and MMA liquid 

monomer (Cement Oliga 1 Radiopaque), 

4-Hydroxybenzoic acid (4-HBA) (Sigma 

Aldrich) and kanamycin (Roche) were 

used. Mueller Hinton broth and agar 

(MHB and MHA) (Fluka) were the media 

for bacterial growth of S. epidermidis 

(ATCC 35984). The bacteria were 

maintained on fresh MHA. 

 

2.2. Antimicrobial Experiment of 4-

HBA 

The inhibition of the growth of S. 

epidermidis in the presence of 4-HBA 

(0.35 g) and kanamycin (0.25 g) was 

verified via microtiter plate assay.  The 

incubation of the bacteria was allowed at 

37
o
C for 24 hours. The bacterial growth 

was determined by measuring the optical 

density (O.D.) at 600 nm for 24 h by 

Thermo Multiscan Spectro Reader. The 

percentage of growth inhibition was 

calculated according to O.D. values. 

Additionally, the reduction in the 

bacterial growth (in log) was shown by 

enumeration assay at the end of the 24 

hour of the growth.  

 

2.3. Production of PMMA Discs 

4-HBA was added into the bone cement 

PMMA as 2 g agent/ 40 g PMMA 

powder. The solvent was added in the 

volume according to the manual of 

PMMA bone cement for initiation of 

polymerization. The PMMA polymer was 

cut in 1cm x 1cm square discs. Both 

positive and negative control discs were 

prepared in the same way with the 

kanamycin addition and without 

antimicrobial addition, respectively. They 

were kept at -20
o
C until usage.   

 

2.4. Visualization of PMMA Discs 

The morphologies of surfaces of the discs 

were visualized by scanning electron 

microscopy (SEM). After 90 seconds of 

gold coating, the test discs were observed 

under SEM in 195X and 1000X 

magnifications by FEI Quanta 250 FEG. 

 

2.5. Antimicrobial Experiments for 

PMMA Discs 

The positive and negative control discs 

and the discs containing 4-HBA were 

preincubated (2 g disc / 5 ml) in 5 ml of 

total volume of MHB for 7 and 13 days 

which were kept in dark at room 

temperature. For the experiments carried 

out by utilizing 7 days preincubated 

discs, 10
4
 cfu/ml bacterial inoculum was 

used. Whereas, for the experiments 

carried out by utilizing 13 days 

preincubated discs, 10
6
 cfu/ml bacterial 

inoculum was employed. Antimicrobial 

assays were carried out at 37
o
C for 24 

hours. The O.D. was measured at 600 nm 

for 24 h by Thermo Multiscan Spectro 

Reader.  The percent inhibition of 

bacterial growth was calculated 

depending on O.D. values and the 

enumeration was used for the reduction in 

bacterial growth (in log) at the end of the 

24 hour. 
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3. RESULTS and DISCUSSION 

 

3.1. Antimicrobial Effects of 4-HBA on 

S. epidermidis 

4-HBA was tested on S. epidermidis and 

its antimicrobial effect was compared 

with kanamycin. Table 1 shows the 

percentage of inhibition of bacterial 

growth in the presence of 4-HBA and 

kanamycin. Both 4-HBA and kanamycin 

showed significant antimicrobial effect 

on bacterial growth in 24 hours of 

incubation.  

 

Table 1: The Effect of antimicrobials at 

24th hour of growth 

 
 

Enumeration results indicated that 4-

HBA had bacteriocidal effect whereas 

kanamycin had bacteriostatic effect on S. 

epidermidis. Although kanamycin 

presented 97.7% growth inhibition, there 

was no reduction in the bacterial number 

according to enumeration assay (Table 1).  

Despite the fact that the percent growth 

inhibition of 4-HBA was lower than that 

of kanamycin, 4-HBA presented 8 log 

reduction in the bacterial number which 

resulted no survivors. The reason for this 

situation might be the bacteriocidal effect 

of 4-HBA in which the higher amount of 

cell debris resulted in higher O.D.  values 

in the spectrophotometry measurements.  

 

3.2. Surface Morphology of Discs 

SEM images of the negative control disc, 

the disc containing 4-HBA (2 g/ 40 g) 

and positive control disc containing 

kanamycin (2 g/ 40 g) were shown in 

Figure 1. Magnifications of 195X and 

1000X were used in Figure 1.a, 2.a and 

3.a and Figure a.2, b.2 and c.2, 

respectively. 

The structure of negative control disc was 

slightly porous with spherical shapes of 

the material which is similar to positive 

control disc. The structure of the disc 

containing 4-HBA seems like covered by 

a colorless layer with some of the 

particles of 4-HBA on its surface.  

 

 
 

Figure 1: SEM images of negative 

control disc (a.1, a.2), disc containing 4-

HBA (b.1, b.2) and positive control disc 

containing kanamycin (c.1, c.2). 

 

3.3. Antimicrobial Effect of 7 Days 

Preincubated PMMA Discs Containing 

4-HBA  

Seven days preincubated 4-HBA 

containing discs caused an important 

decrease in bacterial growth in 24 h of 

incubation. Both 4-HBA and kanamycin 

containing discs resulted in 4 log 

reduction on S. epidermidis at the end of 

the 24 hours incubation at 37
o
C. These 

results indicate that 4-HBA has the 

similar antimicrobial effect with 

kanamycin when 10
4
 bacteria inoculated 

initially.  
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The inhibition of bacterial growth by 4-

HBA and kanamycin containing discs 

was almost identical (Figure 2). Both 4-

HBA and kanamycin discs displayed 

97.5% of inhibition in the growth of S. 

epidermidis at the end of 24 hours 

incubation. Despite of these results, 4 log 

reduction in the enumeration tests suggest 

that both types of discs had bacteriostatic 

effect against 10
4
 cfu/ml bacterial 

inoculation for the 7 days preincubated 

discs. Therefore, 4-HBA containing 

PPMA discs have the same significant 

effect on S. epidermidis as kanamycin 

containing discs do for these conditions. 

 

 
 

Figure 2: The antimicrobial effect of 7 

days preincubated 4-HBA containing 

discs on 10
4
 cfu/ml bacterial inoculation.  

 

 

3.4. Antimicrobial Effects of 13 days 

preincubated PMMA Discs Containing 

4-HBA  

When the bacterial inoculum is increased 

to 10
6
 cfu/ml bacteria and the 

preincubation time is increased to 13 

days, the 4-HBA containing discs (2 g of 

disc weight) still have the significant 

antimicrobial effect. Although the 

bacterial load is increased to 10
6
 cfu/ml, 

the 4-HBA discs decreased bacterial 

growth 3 log at the 24th hour of 

incubation while kanamycin has no 

decreasing effect. Percentage of 

inhibition of 4-HBA containing discs is 

97.9%. For kanamycin containing discs, 

the percentage of inhibition is 31.6%. In 

Figure 3, the inhibition effect of 4-HBA 

discs can be seen.   

 

It is clear that even at high bacterial load, 

4-HBA containing discs have nearly 3 

times higher percentage of inhibition than 

kanamycin containing discs. 

Additionally, when log calculations are 

taken into consideration, 4-HBA 

containing discs have much more 

inhibition effect than that of kanamycin 

containing discs.         

 

 
 

Figure 3. The antimicrobial effect of 13 

days preincubated 4-HBA containing 

discs on 10
6
 cfu/ml bacterial inoculation.  

 

The comparison of the experiments 

including discs is demonstrated in Table 

2. It is apparent that the antimicrobial 

effect of 4-HBA depends on the bacterial 

inoculum and preincubation time. It is 

effective on 10
4
 cfu/ml and 10

6
 cfu/ml 

bacteria while the effect of kanamycin 

significantly decreases when the bacterial 

load is increased. Depending on the water 

solubility of 4-HBA, longer 

preincubation time caused more 4-HBA 

to be released into water based media. 

The more release of 4-HBA leads to 

higher antimicrobial on 10
6
 bacterial 

inoculation. The effect of kanamycin is 

decreased significantly in 13 days of 

preincubation time may be caused by the 

changes in stability of the antibiotic 

during kept in media.  
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Table 2: The comparison of the 

experiments carried out by PMMA discs 

 
 

According to these results, 4-HBA 

containing discs have more antimicrobial 

effect than kanamycin containing discs 

have. Especially when preincubation time 

is increased, the effect of it is increased. 

When the preincubation time is 

appropriate, 4-HBA containing discs 

display significant antimicrobial effect on 

S. epidermidis growth at high bacterial 

inoculation such as 10
6
 cfu/ml bacteria.   

 

4. CONCLUSIONS 

In this study, it was reported that 4-HBA 

added PMMA polymer had antimicrobial 

effect on S. epidermidis as high as 

kanamycin had. Water solubility of 4-

HBA makes the preincubation time an 

important factor for the antimicrobial 

effect of it. Increased preincubation time 

leads release of more water soluble 4-

HBA in the water based media for higher 

activity against on 10
6
 cfu/ml bacteria. 

Since the antimicrobial effects of 

phenolic acids and antibiotics are similar 

and there is no known bacterial resistance 

against phenolic acids; the phenolic acids 

may be used as an alternative to antibiotic 

addition into bone cement for the 

biomedical applications in the future.  
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ABSTRACT: Methicillin-resistant Staphylococcus aureus (MRSA) is a Gram-positive, 

pathogenic bacterium that leads to invasive skin and soft tissue infections. MRSA is one of 

the major reasons for nosocomial infections in hospitals. The main resistance mechanism 

of MRSA to multiple antibiotics comes from its ability to alter its penicillin-binding 

proteins, thus it can resist all beta-lactam antibiotics. This ability, makes its treatment more 

difficult and causes high mortality rate. Phenolic compounds synthesized by plants as 

secondary metabolites are known to have antibacterial properties. Vanillic acid used in this 

study is a lignin-related phenolic acid. Bone cements are synthetic, organic or inorganic 

materials which are used in medical applications to fill related body cavity before 

placement of the implant. The powder component of the bone cement is usually poly-

methylmethacrylate (PMMA). The bone cements are used in clinics with addition of the 

antibiotics to inhibit the bacterial growth in the related tissue. However, clinically 

important bacteria are able to develop resistance against most of the antibiotics. Herein we 

report the antibacterial effect of phenolic acid-mixed bone cement against MRSA. Vanillic 

acid-mixed bone cement particles were applied to MRSA culture. Results obtained from 

treatment of MRSA with vanillic acid-mixed bone cement discs were significantly 

effective.  

 

1. INTRODUCTION 

Staphylococci are responsible for serious 

infections in humans. Although 

Staphylococcus aureus live commensally 

in the most of the people, acquisition of 

the bacterium through an open wound 

results in skin and soft tissue infections. 

Apart from being acquired via skin to 

skin contact [DeLeo et al., 2010], this 

bacterium mostly acquired in hospitals 

through contaminated equipment and 

surfaces, especially through implants 

leading to prosthetic joint infections 

[Klekamp et al., 1999]. Ability of S. 

aureus to develop resistance against 

antibiotics makes its prevention more 

difficult. Presence of an alternative 

penicillin binding protein PBP2a 

provides resistance against methicillin 

leading to sub-classification of this 

bacterium as methicillin-resistant S. 

aureus (MRSA). Biofilm formation 

ability enhances the infection risks that 

occur following surgical operations. 

Regardless of the previous infection site, 

MRSA has a high risk for colonization in 

the patient and infections in the implants 

with the 5% overall infection rate [Patel 

et al., 2008]. 

 

In orthopedic surgery, bone cements have 

a great value in securing implants and 

prevention of infections [Hendriks et al., 

2014; Passuti and Gouin, 2003]. Acrylic 

bone cements are formed by two 

components: the liquid monomer (most 

commonly methylmethacrylate) and the 

powder (most commonly 

polymethylmethacrylate) [Hendriks et al., 

2014; Passuti and Gouin, 2003]. 

Polymethyl methacrylate (PMMA) is a 

polymer showing great biocompatibility 
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that also enables manipulation [Hendriks 

et al., 2014]. The amount of the air that 

the cement incorporates during mixing of 

these two components changes the 

porosity of the bone cement. These 

components can be mixed with agents to 

fight against microorganisms. Due to 

ability of the bone cements to release 

these agents, they can be used in specific 

therapies. Antibiotic-loaded bone 

cements are commonly used to prevent 

disease or to control its spread. Since the 

bacteria are able to adhere to the surfaces 

of the surgical materials, the release of 

the antibiotics from the cement provides 

local antibacterial effect [Passuti and 

Gouin, 2003]. Although the usage of 

antibiotic-loaded bone cements are 

commonly practiced in medicine, there 

are several problems associated with 

them. The most common issues are the 

selection of the type of the antibiotic, the 

prolonged release of the antibiotic, the 

potential side effects and the 

development of resistance in the bacteria 

[Hendriks et al., 2014]. Gain of resistance 

is one of the main drawbacks for 

antibiotic usage. Therefore, alternative 

antimicrobial agents are needed in such 

medical applications. 

 

Phenolic acids are the secondary 

metabolites of the plants with 

antimicrobial properties. By means of 

their ability to inactivate bacterial 

metabolism or affect quorum sensing 

mechanism [Ferrazzano et al., 2011], they 

can be used in bone cements instead of 

antibiotics to fight against antibiotic 

resistant bacteria. 

 

The main goal of this study was to 

investigate the antibacterial effect of 

vanillic acid-loaded bone cement against 

MRSA by comparing its effect with 

kanamycin sulfate-loaded bone cement. 

 

 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1. Materials 

In this study methicillin-resistant 

Staphylococcus aureus (MRSA) (39) 

N315 type II SCCmecA was used. 

Bacteria were grown in Tryptic Soy 

Broth (TSB) and Agar (TSA). Cement 

oliga bone cement (Cement oliga 1 

Radiopaque) was used to produce bone 

cement discs. Vanillic acid (Fluka 94770) 

and kanamycin sulfate (Roche) were 

purchased commercially. 

 

2.2. Production of Bone-Cement Discs 

Bone cement components PMMA and 

methyl methacrylate (MMA) were mixed 

under aseptic conditions. For preparation 

of negative control discs PMMA 

(polymer) was mixed with MMA. Before 

polymerization was completed, 2 mm 

thick, 1 cm
2
 square discs were cut from 

the polymer. Prepared bone cement discs 

were stored at -20
o
C until usage. 1 g 

kanamycin sulfate (will be abbreviated as 

kanamycin) per 20 g PMMA was used as 

positive control to produce antibiotic-

loaded discs. Disc preparation was done 

as in negative control discs following the 

addition of the liquid monomer. For 

production of phenolic acid-loaded bone 

cement discs, 1 g vanillic acid (VA) per 

20 g PMMA was used. Addition of the 

monomer into this mixture leads to 

polymerization just as the 1 cm
2
 square 

discs were prepared similar to positive 

and negative control discs. Also, another 

test group was prepared by the addition 

of the 2 g VA into 20 g of the polymer 

before the polymerization was completed. 

The square discs were prepared as similar 

fashion.  

 

2.3. Characterization of Bone Cement 

Discs 

The surface morphology of the bone 

cement discs were characterized by 

scanning electron microscopy (SEM). 

Gold coating of samples were done for 90 
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seconds prior to visualization. Images 

were taken by FEI Quanta 250 FEG. 

 

2.4. Antibacterial Experiments of 

Vanillic Acid and Kanamycin  

To test the antimicrobial effect, 0.25 g of 

kanamycin/ 5 ml and 0.42 g VA/ 5 ml 

were added into MRSA culture. During 

24 hour incubation at 37
o
C, optical 

density (OD) measurements were taken at 

600 nm by Thermo Multiscan Spectra 

Reader. Viable cell count was performed 

by spread plating at 0
th

 and 24
th

 hour of 

incubation. According to the 24
th

 hour 

OD data, the percentage of the growth 

inhibition of MRSA was calculated. 

 

2.5. Antibacterial Experiments of 

Vanillic Acid-Loaded Bone Cement 

Discs 

Two grams of prepared bone cement 

discs that contain 1 g VA or 1 g 

kanamycin per 20 g PMMA were placed 

into test tubes containing 5 ml TSB. They 

were kept in dark at room temperature for 

7 days and 13 days to compare the effect 

of preincubation time of the bone cement 

discs. The initial number of the MRSA 

was 10
4
 cfu/ml for 7 days preincubated 

discs and 10
6
 cfu/ml for 13 days 

preincubated discs. Following inoculation 

of MRSA, OD of cultures were measured 

during incubation at 37
o
C for 24 hours.  

 

Moreover, the antibacterial effect of 2 g 

VA per 20 g PMMA loaded bone cement 

discs were tested. These experiments 

were carried out in two different ways: i) 

1 g of discs were 24 hours preincubated 

in the media and inoculated with 10
4
 

cfu/ml bacteria. ii) 1 g of discs were 

added into the media at the same time 

with the 10
6
 cfu/ml bacterial inoculation.  

3. RESULTS AND DISCUSSION 

 

3.1. Morphological Properties of Bone 

Cement Discs 

For investigation of surface morphology 

of the bone cement discs, SEM images 

were evaluated. According to the 

micrographs shown in Figure 1, the 

porous structures of the bone cement 

discs were remained same after the 

addition of kanamycin or 1 g VA/ 20 g 

PMMA. The pores on the surfaces of the 

discs were smaller than 50 m as shown 

at 2500X magnification in Figure 1 d, e, 

and f. 

 

 
Figure 1: SEM micrographs of bone 

cement discs. Negative control discs in a 

and d; kanamycin-loaded positive control 

discs in b and e; VA-loaded discs in c and 

f. Magnifications of a, b and c were 195X 

and d, e and f were 2500X. 

 

3.2. Antibacterial Effects of Vanillic 

Acid and Kanamycin  

Bacterial growth inhibition of VA and 

kanamycin were presented in Figure 2.  

 
Figure 2: Antibacterial effect of 0.25 g 

kanamycin sulfate and 0.42 g vanillic 

acid on MRSA. 

Also, enumeration tests indicated that 

both VA and kanamycin displayed 
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bactericidal effect (8 log reduction) by 

killing all the bacteria. 

 

3.3. Antibacterial Effects of Vanillic 

Acid-Loaded Bone Cement Discs 

Antibacterial effect of 7 days 

preincubated 2 g discs were shown in 

Figure 3. The kanamycin-loaded discs 

inhibited the growth of MRSA about 

94% and the 1 g VA-loaded discs 

inhibited only about 20%, when the 

initial bacterial load was 10
4
 cfu/ml. 

Also, their effect on MRSA was 

bacteriostatic even though the growth 

inhibition of kanamycin-loaded discs was 

close to total inhibition (data not shown).  

 

 
 

Figure 3: Antibacterial effect of 7 days 

preincubated 2 g bone cement discs (1 g 

VA/20 g PMMA) on MRSA (10
4
 cfu/ml). 

 

Bacterial growth inhibition obtained from 

the kanamycin- and 1 g VA-loaded bone 

cement discs was lower than the growth 

inhibition results of their effect without 

incorporation into the bone cement. This 

might be related with the solubility and 

the preincubation time of the vanillic 

acid. 

 

When preincubation time of discs was 

increased to 13 days and the used 

bacterial inoculation was 10
6
 cfu/ml, the 

percent inhibition of the growth changed 

as demonstrated in Figure 4. 

 

 

 
Figure 4: Antibacterial effect of 13 days 

preincubated 2 g bone cement discs (1 g 

VA/20 g PMMA) on MRSA (10
6
 cfu/ml). 

 

With longer release time (Figure 4), the 

VA-loaded discs displayed slight more 

antibacterial effect by inhibiting the 

growth about 27%, even the initial 

bacterial amount was increased to 10
6
 

cfu/ml. However, inhibition of 

kanamycin-loaded discs were reduced to 

62% when 10
6
 cfu/ml inoculation was 

used. The reason for decrease in the 

growth inhibition of kanamycin-loaded 

discs might be due to prolonged 

preincubation time and/or increased 

initial bacterial load. They both displayed 

bacteriostatic effect causing slight log 

reduction in the growth. Low effect of 1 g 

VA-loaded bone cement discs on MRSA 

might be related with the low solubility 

of VA. Moreover, exothermic reaction 

during polymerization might reduce the 

antibacterial effect of the phenolic acid.  

 

Kanamycin-loaded discs inhibited the 

growth of MRSA about 98% and VA-

loaded discs about 99% as shown in 

Figure 5. In contrast to bone cement discs 

prepared with 1 g VA/ 20 g PMMA with 

the 7 days preincubation, discs prepared 

with 2 g VA/ 20 g PMMA with the 1 day 

preincubation displayed almost total 

bacterial growth inhibition with 

bactericidal effect on MRSA when the 

initial bacterial load was 10
4
 cfu/ml 

(Figure 5). Surprisingly, VA-loaded bone 

cement discs showed bactericidal effect 

on MRSA and killed all bacteria by 
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causing 8 log reduction, while 

kanamycin-loaded discs caused only 4 

log reduction.  

 

 
Figure 5: Antibacterial effect of 24 hour 

pre-incubated 1 g bone cement discs (2 g 

VA/20 g PMMA) on MRSA (10
4
 cfu/ml). 

 

Increase of initial bacterial inoculation 

from 10
4
 cfu/ml to 10

6
 cfu/ml changed 

the growth inhibition (Figure 6). The 

growth inhibition was about 43% for 

kanamycin-loaded discs and 94% for 2 g 

VA/20 g PMMA loaded discs. 

 

 
 

Figure 6: Antibacterial effect of 1 g bone 

cement discs (2 g VA/20 g PMMA) on 

MRSA (10
6
 cfu/ml).  

 

Increased initial bacterial load resulted in 

bacteriostatic effect of VA-loaded discs 

by reducing the MRSA by 3 log, whereas 

kanamycin-loaded discs caused no 

reduction. Also, the effect of kanamycin-

loaded discs were decreased probably due 

to increased bacterial inoculation and 

insufficient preincubation time.  

 

 

 

4. CONCLUSIONS 

In this study, the antibacterial effects of 

vanillic acid-loaded bone cement discs 

were investigated. The results differs 

depending on the amount and the time of 

the addition of the VA into the bone 

cement, the preincubation time of the 

discs and the initial bacterial load. The 

addition of more VA resulted in more 

antibacterial effect probably due to 

increased release of VA into the medium. 

Further studies require the investigation 

of cytotoxicity, release properties, 

stability of VA within the bone cement 

and mechanical properties of the VA-

loaded bone cement. Nevertheless, with 

the data obtained from this study, VA-

loaded bone cement can be seen as 

candidate to fight against infections occur 

around implants. 
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ABSTRACT: Acinetobacter haemolyticus is a Gram-negative bacterium which has 

clinical very importance due to its opportunistic pathogen nature and its resistance to wide 

range of antibiotics including β-lactam antibiotics and aminoglycosides. It is considered as 

an important nosocomial pathogen associated with the infections in the prosthetic joints 

because of its resistance to antibiotics. Increase in the cases of the antibiotic resistant 

bacteria that cause infection in the prosthetic joints lead to addition of alternative 

antimicrobial agents into the poly-methylmethacrylate (PMMA) bone cement. In recent 

years, the number of research thatincludes use of natural phenolic compounds instead of 

antibiotics increased significantly. Phenolic compounds are secondary metabolites that are 

widespread in the herbal plants. These compounds are important bioactive agents, having 

antibacterial, antiviral, and antifungal properties. Herein, we report the synergistic effects 

of four different phenolic compounds; 4-hydroxybenzoic acid (4-HBA), 3-hydroxyphenyl 

acetic acid (3-HPAA), gallic acid and vanillin on the growth inhibition of A. haemolyticus, 

in vitro.  Incorporation of these four phenolic compounds into the PMMA cement also had 

significant effect on the growth inhibition of A. haemolyticus. 

 

1. INTRODUCTION 

Acinetobacter haemolyticus is an aerobic  

Gram negative bacterium which can 

suviveat different environments such as 

water, soil, sewage, living organisms in 

addition to the surfaces of medical 

equipments in the 

hospitals(Lahiri,K.K.,2004). Having 

resistance to common antibiotics and 

spreading between patients and 

evenhospitals increases the importance of 

this pathogen (Go et al., 1994).Moreover, 

this bacterium is one of the major 

pathogens which causes nosocomial 

infections, meningitis, urinary tract 

infections and also prosthetic joint 

infections(Lahiri,K.K.,2004).  

 

In prosthetic surgery, bone cement is one 

of the mostly used biomaterials since 

1950s (Charnley J., 1970).Besides, bone 

cement is preferred in total joint  

 

 

arthroplasty, joint and bone 

reconstruction and treatment of 

osteoporotic vertebral compression 

fractures (Hendriks, J.G.E., 2004). 

However, the problem in using the bone 

cement in clinical applications is the high  

infection rate following implantation. 

These infections can be related to direct 

contamination of biomaterialsand blood-

borne contamination (Tobin, E.F.,1999). 

To prevent these infections, antibiotic-

loaded  bone cement(ALBC) have been 

used for more than 30 years. ALBC 

allows the release of the antibiotic 

directly to the infectedarea 

(Duncan,C.P.,1993). 
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A number of studies showed that the 

antibiotics in use were not sufficient for 

treatment of the nosocomial infections. 

The microorganisms resistant to standard 

antibiotics dramatically increasesand 

these multidrug resistant microorganisms 

cause serious health problems all over the 

world (Khalafi-Nezhad et al.,2005). 

Therefore,development of different 

antimicrobial agents should be the main 

focus to overcome this problem. 

In the studies it is indicated that phenolic 

compounds have many benefits for the 

human health. They have       antioxidant, 

antimicrobial,antiallergic and 

anticancerogenic activities. Therefore, 

phenolic compounds are promising 

molecules which may have important 

roles in treatment or prevention of 

different infections(Cueva et al., 2010). 

Antimicrobial properties of phenolic 

compounds make them a good candiateto 

combat antibiotic resistant bacteria. 

 

In this study, the synergistic effect of four 

phenolic compounds, 4-hydroxybenzoic 

acid (4-HBA), 3-hydroxyphenylacetic 

acid (3-HPAA), vanillin and gallic acid 

were tested on the growth inhibition of 

Acinetobacter haemolyticus. 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1. Materials 

Vanillin, gallic acid,4-hydroxybenzoic 

acid(4-HBA) and 3-hydroxyphenylacetic 

acid(3-HPAA) were purchased from 

Sigma-Aldrich(St. Louis, USA).Tryptic 

Soybroth andTryptic Soy agar(TSB and 

TSA) (Fluka) were the media for 

bacterial growth ofAcinetobacter 

haemolyticus(ATCC 19002).Polymethyl 

methacrylate (PMMA) bone cement was 

obtained commercially (Cement Oliga
1
 

Radiopaque). 

 

2.2. Preparation of MixedPhenolic- 

Loaded and Kanamycin-Loaded Bone 

Cement Discs 

The PMMA bone cement has two 

components.Powder component consists 

of polymer MMA(Methyl Methacrylate) 

while the liquid component consists of 

monomer MMA.Each of 4-HBA, 3-

HPAA, gallic acid and vanillin were 

weighed as 0.25 gram and added  into the 

20 gram PMMA bone cement powder. 

Then, the appropriate amount of the 

liquid component was added as described 

in the manual. Before polymerization of 

the bone cement has completed, 1 cm
2 

of 

square discs were prepared. As positive 

control, discs containing 1 g kanamycin 

per 20 g PMMA were prepared in the 

same way. Negative control discs were 

prepared without addition of any 

antimicrobial compound. All prepared 

discs were stored at -20
o
C. 

 

2.3. Determination of Antimicrobial 

Activity of PMMA Discs 

Each of the negative control discs (1g), 

the kanamycin-loaded discs (1g) and the 

mixed phenolic-loaded discs (1g and 2g) 

were added into 5 ml TSB containing 

tubes. Tubes were kept in dark at room 

temperature for 7 days. After 7 days of 

preincubation time, 10
6
 cfu/ml A. 

haemolyticus was inoculated into disc 

containing tubes. 

 

Then, the antimicrobial activity of bone 

cement discs against A. haemolyticuswas 

tested by measuring optical 

density.During incubation of bacteria at 

37
o
C for 24 hours, optical density (O.D) 

was measured by Thermo Multiscan 

Spectro Reader at 600 nm. By using the 

O.D. data obtained at 24th hour, the 

percent inhibition of bacterial growth was 

calculated. For evaluation of the 

reduction of bacterial number, plate count 

assay was used. 

 

3.RESULT AND DISCUSSION 

Kanamycin-loaded and mixed phenolic-

loaded discs were tested against A. 

haemolyticus. The results obtained from 7 
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days preincubated discs showed that the 

mixed phenolic compound loaded discs 

remarkably reduced the bacterial growth 

as shown in Figure 1.When compared 

with negative control group, 1 g and 2 g 

mixed phenolic compound loaded discs 

inhibited the bacterial growth. 

Also,kanamycin-loaded discs displayed 

similar results and inhibited the bacterial 

growth in the liquid media. 

 

 
 

Figure 1: The antimicrobial effect of 7 

days preincubated mixed phenolic-loaded 

discs on 10
6
 cfu/ml bacterial inoculation. 

 

Percent inhibition of phenolic- and 

kanamycin-loaded discs were 

demonstrated in Figure 2.While the 

kanamycin-loaded discs resulted in 

99.1% of growth inhibition, 1 g and 2 g 

mixed phenolic-loaded discs  inhibited 

the growth of A. haemolyticus 98.3% and 

98.5%, respectively. 
 

 
 

Figure 2: The percent inhibition of 

kanamycin-loaded discs and mix 

phenolic-loaded discs 

 

In Table 1,  mixed phenolic-loaded discs 

decreased the bacterial growth by8 log, 

while kanamycin-loaded discscaused7 log 

decrease at the end of 24th 

hour.Althoughkanamycin-loaded discs 

decreasedthe bacterial growth 7 log and 

had maximum percent inhibition, its 

effect was bacteriostatic. The bacterial 

growth was maintained when bacteria 

were transferred into fresh media without 

any antimicrobial agent.On the other 

hand,the antimicrobial effects of 1g and 

2g mixed phenolic-loaded discswere 

bactericidal. When they were transfered 

to fresh medium, no growth was 

observed. 
 

Table 1: Theplate count results (cfu/ml) 

for 0th, 8th and 24th h. 

 The Number of Bacteria 

(cfu/ml) 

   0th(h)         8th(h)          24th(h) 

A.haemolyticus 3.2x106 3.4x107 3.4x108 

Negative 

control discs 
2.8x106 3.5x107 3.1x108 

Kanamycin 

discs (1g) 
2.8x106 1.6x102 

2x101 

5x101* 

1x102** 

Mix phenolic 

discs(1g) 
2.8x106 0x100 0x100 

Mix phenolic 

discs(2g) 
2.8x106 0x100 0x100 

*For plates kept at room temperature for an extra 

24 hours. 

**For plates kept at room temperature for an extra 

72 hours. 

 

In Table 2, the results of kanamycin and 

1g and 2g mixed phenolic loaded discs 

were summarized. According to these 

results, mixed phenolic-loaded discs 

completely inhibited the growth by 

killing all the bacteria, while kanamycin 

loaded discs resulted in 7 log reduction in 

bacterial growth. Despite the 7 log 

reduction at the end of the 24th hour, the 

number of the bacteria increased when 

the plates were kept at room temperature 
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further. This data indicated bacteriostatic 

effect of kanamycin.  

 

 

 

 

Table 2: The comparison of  the effects of 

antimicrobial agents which were used in 

bone cement discs 

 

Regarding to these results, discs 

containing mix of 4-HBA, 3-HPAA, 

gallic acid and vanillin were more 

effective against A. haemolyticus than 

discs containing kanamycin. Since 1 g 

and 2 g mixed phenolic loaded discs 

displayed similar results, it is clear that 

the amount of phenolic agents found in 

the 1 g discs were sufficient for the 

inhibition of the A. haemolyticus. 

 

4.CONCLUSION 

In this study, we tested the antibacterial 

effect of mixed phenolic-loaded bone 

cement discs againstA.haemolyticus. 

According to our results, mixed phenolic-

loaded bone cement discs were more 

effective than kanamycin-loaded discs. 

Therefore, phenolic compounds may be 

consideredasthe new agents to be used in 

the applicationsthat require antibacterial 

activity.  

 

In the further studies, phenolic compound 

added bone cements  will beused for in 

vivo tests.  
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ABSTRACT:Materials such as teeth, milk or human tissue are opaque. We have shown 

that coherent light can be focused through them by retarding appropriate phase. The 

principle is inverse wave diffusion and it can be applied in therapy, like Laser Acupuncture 

and Hair Regrowth. Because by low-level laser focusing on subcutaneous tissue is maybe 

with a therapeutic effect and the tissue is opaque. The two different optimization 

algorithms are programed. The one is stepwise sequential algorithm and another one is 

continuous sequential algorithm. The two are steady and intuitive. To approach the actual 

situation, we add a noise to the algorithms and the noise is the percentage of 2 

 

1. INTROTUCTION 

More materials such as white paint, milk 

or human tissue are opaque, because  

these materials distort the incident 

wavefront lead to diffusion of the 

light[2001]. The coherent light can be 

focused through these opaque media by 

retarding phase of the incident light have 

been shown[Vellekoop and Mosk, 2007]. 

Figure (Figure 1) shows the principle of 

inverse wave diffusion. When a plane 

wave is focused through this scattering 

sample, most of the light does not reach 

specified target and form a random 

speckle (Figure 1.a). And If the incident 

wavefront is matched with the scattering 

sample, the transmitted lightwill focus in 

the target area (Figure 1.b). 

 

 
 

Figure 1: The principle of inverse wave 

diffusion.(Adapted from[Vellekoop and 

Mosk, 2007].) 

 

The principle of inverse wave diffusion 

can be applied in a lot of area, such as 

fluorescence excitation or photodynamic 

therapy. Among photodynamic therapy, 

include Laser Acupuncture[Whittaker, 

2004]and Hair Regrowth [Leavitt et al., 

2009]. By low-level laser focusing on 

subcutaneous tissue is maybe with a 

therapeutic effect[Chung et al., 2012]. 

Though this is not yet established, it is 

observed and deserve to be researched. 

 

2. ALGORITHMS 

The algorithms discussed in this paper are 

all of the pixels must retard appropriate 

phase. Pixel, incident light, phase 

retardation, scattering sample, and target 

areaare important in the algorithms. The 

emitted light is divided into N pixels, and 

the phase retardation is set for each of the 

pixel individually to a value between – 

and . The transmitted field, Eij, is ai j 

matrix (i j=N.). Eij is defined as: 

 

)].(exp[
0 ij

t
ij

iA
ij

E   (1) 

 

Where the A0 and ij are the amplitude 

and phase of the incident light, 

respectively. The ij and tij are all i j 

matrix.Phase retardation in the scattering 

material, tij, is an unknown matrix of the 

sample. In addition, we set A0 = 1 to 

calculate conveniently in this paper. 

 

Initially, setting the incident phase, ij, is 

a zero matrix and the matrix is substituted 

a b 
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into equation (1).Then, taking a fast 

Fourier transform and the absolute value 

to Eij in sequence can get the intensity of 

the target area, I0. Time to get an intensity 

is defined as a single iteration, Ti. 

Subsequently, we change the phase 

retardation from – to  and get the target 

intensity, It, respectively. And so on, until 

finally we find the inverse phase of the 

sample. When the phase retardation is 

close to the inverse phase, the target 

intensity will approach N, because the 

transmitted light is coherent.  

 

Now, we will introduce two algorithms 

which are the stepwise and continuous 

sequential algorithm in this paper. These 

algorithms referring to [Vellekoop and 

Mosk, 2008] are simple and intuitive. 

The following is discussed. 

 

 
 

Figure 2: The principle of the two 

sequential algorithm.(Adapted from [6].) 

(Dark gray: scanning, gray: saving) 

 

2.1. The Stepwise Sequential 

Algorithm 

The principle of the stepwise 

sequentialalgorithm is likefigure (Figure 

2.A). The main idea is written. Initially, 

we find the phase retardation from – to 

and read the maximum intensity of each 

of the N pixels in sequence. When the 

next pixel is scanned, the phase 

retardation of the others is reset to initial 

value. We wait until all of the pixels are 

scanned, then save the maximum 

intensity and the corresponding phase. If 

the maximum intensity do not converge 

on N, we will replace the initial phase 

retardation with the phase we get and 

narrow the phase retardation range. 

2.2. The Continuous Sequential 

Algorithm 

The continuous sequential algorithm is 

similar to the stepwise sequential 

algorithm. The different of these two 

algorithms is that whether the phase 

retardation is reset to the initial value or 

not. The principle of the continuous one 

is like figure (Figure 2.B). 

 

 
Figure 3: The flowchart of the algorithm. 

 

3. SIMULATIONS 

MATLAB is our simulation software 

because of being convenient to calculate 

matrix. 

 

In the beginning, some parameter set are 

N pixels, dividing phase retardation into 

M value, narrowing phase retardation 

range with L times, a i j matrix of the 

phase of the incident light,ij, a i j 
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matrixof the phase retardation, tij.The 

target of the algorithms areij  tij. 

 

3.1. Flowchart 

Figure (Figure 3) is the flowchart of the 

stepwise sequential algorithm, and the 

step with circle in it are changed is the 

flowchart of the continuous sequential 

algorithm. 

 

4. DISCUSSION 
 

4.1. Ideal Situation 
 

4.1.1. Convergence 

The convergence and the diagram of the 

intensity of the two algorithmswill be 

discussed.  

Figure (Figure 5.a) is the convergent 

figure of the target intensity without 

noise, we set N=7 7, M=3, L=4, number 

of the iteration for x axis and the target 

intensity for y axis. The figure shows the 

intensity with a plane wave transmit is in 

lower left  circle, the convergent intensity 

is close to N in upper right circle. 

Because the intensity of each pixel is set 

in 1 initially, when the phase of all pixels 

are same and the intensity will be N. The 

stepwise one is like stairs and the 

continuous one is continuous curve. In 

figure (Figure 5.b), the diagram of the 

intensity of the two algorithms can show 

clearly. The different of the two can be 

seen in the middle. The one is lighter than 

the other one. 

 

4.2. Effect of Noise 

 

4.2.1. Convergence 

To approach the actual situation, we add 

a noise phase to ij in equation(1). The 

noise is the percentage of 2so we also 

use the syntax ‘rand(i, j)*2*pi’ to set it. 

In figure (Figure 6), zero percent, five 

percent, fifty percent and 10 10 pixels 

are set. The figure shows the convergent 

intensity decreases with the increase of 

noise. When the noise increases to fifty 

percent, which is true or falsewill not be 

recognized and the target intensity will 

approximate to the initial intensity. 

Furthermore, we can see that the 

convergence of the continuous sequential 

algorithm is higher than the stepwise one 

in the 5% noise. This will be discussed in 

the after paragraph. 

 

 
Figure 5: (a) The convergent figure of the 

target intensity without noise. (b) The 

diagram of the intensity of the two 

algorithms. 

 

 
Figure 6: The convergent figure of the 

target intensity with noise (0%, 5%, 50%) 

of the two algorithms. 

 

  

 

 

a 

The stepwise sequential algorithm 

The continuous sequential 

algorithm 

b 
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4.2.2. Different noise ratio 

 

 
Figure 7: (a) The relationship between 

convergence and noise of the stepwise 

sequential algorithm. (b) The relationship 

between convergence and noise of the 

continuous sequential algorithm. 

 

The convergence of the two algorithms 

with different noise ratio will be 

discussed. First, we set pixel 10 10 and 

the noise ratio at intervals of 2.5 from 0 

to 50.Each of them is executed 100 times, 

the average of the convergence is taken 

and the two standard deviations (95%) is 

painted, it is like figure (Figure 7). 

The convergence ratio is defined: 

 

%100
MTI

TI
econvergenc                       

(2) 

 

Where the TI is the target intensity and 

the MTI is the maximum of the target 

intensity without noise.Figure (Figure 7) 

can show that the more the noise ratio is, 

the lower the convergence will be and it 

is nonlinear. The two standard deviations 

(95%) is smaller than others when the 

noise is under 5%. Then, we take the 

average target intensity of the 10 10 

pixels from figure(Figure 4) and print it 

by thick line in figure (Figure 7). After 

printing the line, we can see that the 

convergence of the two algorithms will 

not be enhanced when the noise ratio 

increase to about 25%. In addition, the 

curve of the stepwise sequential is 

smoother than the continuous one, it 

shows the resisting noise ability of the 

continuous one is better than the other. 

 

4.2.3. Different pixels 

First, we set the noise ratio 5%, because it 

is easy to be observed from the front 

discussion. The relationship between 

convergence and pixel of the two 

algorithms is printed like figure (Figure 

8). It shows the more the number of the 

pixel is, the lower the convergence is and 

it is fast. This can be seen the two 

algorithms are all not applied to a lot of 

pixels. 

 

 
Figure 8: The relationship between 

convergence and pixel of the two 

algorithms with noise 5%. 

 

4.2.4. Algorithms compared 

Which algorithm is better of two will be 

discussed. We execute the two algorithms 

100 times and record the result of them in 

figure (Figure 9). It shows the probability 

ofthe continuous sequential algorithm is 

better than the stepwise one. So, the  

resisting noise ability of the continuous 

one is better than the stepwise one. 

a 

b 
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Figure 9: The compare of the two 

algorithms. 

 

5. CONCLUSIONS 

The light can be focused through the 

opaque media by retarding phase and it 

can be applied in more area. 

 

The two algorithms in convergent figure 

are similitude. Advantages of them are 

steady and intuitive. And there are two 

disadvantages of them. First, the 

convergent speed is too slow to be used 

in a large number of pixels. Second, the 

ability of resisting noise is not good. In 

an ideal situation, the target intensity of 

these algorithms will converge to N. 

When a noise phase is added, the target 

intensity will not be enhanced in 

approximate twenty five percent.  

 

In addition to the two algorithms, there 

are some algorithms can be tried such as 

genetic algorithm or partitioning 

algorithm. 
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ABSTRACT: Chitosan based biomaterials are becoming an increasingly important class 

of materials in targeted drug delivery applications. When formulated in a nano-particulate 

form, chitosan (CS) has proved to be a very effective agent for drug delivery owing to its 

extremely attractive properties such as its pH sensitive character and its solubility in 

aqueous medium. However, production of nano-sized chitosan particles with well-defined 

morphology and stability is difficult by using the classical gelation route. 

In this study, chitosan nano-particles (NPs) were manufactured with spherical shapes, 

narrow PSD distribution and excellent dispersibility characteristics by combining ionic 

gelation and reverse emulsion (W/O) techniques. The chitosan nano-particles were then 

characterized using SEM, FTIR and DLS-LDV. 

 

1. INTRODUCTION 

Novel nanotechnological avenues in drug 

delivery which promise controlled release 

and targeted delivery have been receiving 

tremendous attention in literature. Natural 

polymers (cellulose, starch, chitosan, 

carrageenan, aliginates etc.)  are preferred 

for targeted drug delivery due to their 

chemically inert, nontoxic, 

biocompatible, biodegradable structures 

and availability.  

In recent years, chitosan-based nano 

particles are emerging as one of the most 

promising delivery vehicles for cancer 

chemotherapy and diagnosis due to their 

additional characteristics such as 

remarkable cell membrane penetrability, 

high drug-carrying capacities, pH-

dependent therapeutic unloading, ability 

to have a multi-functionality and 

prolonged circulating time [Fahmy et al., 

2005; Gerweck et al., 1998; Calvo et al., 

1997; Zou et al., 2015; Chen et al., 2012].   

Recently, chitosan enclosed mesoporous 

nano silica particles have become very 

popular as drug nano-carriers
 
[Jee et al., 

2012].  

 

However, these carriers which are 

hydrophillic in nature are not suitable for 

encapsulating hydrophobic drug active 

materials. Therefore this study aims to 

produce a chitosan based nano drug 

carrier for hydrophobic drugs without an 

additional treatment for drug.  For this 

purpose, the micelles of PEO-PPO-PEO 

block copolymeric surfactans (Pluronic 

P123) were used as soft organic templates 

to manufacture nano-scale, spherical 

chitosan shells by a novel method  that 

combines ionic gelation and reversed 

(W/O) emulsion methods. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

A PEO/PPO/PEO type tree block co-

polymer, P-123, was employed to create 

polymeric micelles.  The structure of this 

polymeric surfactant is given in Figure 1.  
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Figure 1. The PEO/PPO/PEO type block 

co-polymer  employed (M.W. 5800 

g/mol).  

 

The low molecular weight chitosan with 

an DD% of 75-85% used in this study 

was supplied from Sigma/Aldrich (Figure 

2).  

 
Figure 2. The chemical structure of 

chitosan. 

 

2.2.Methods 

2.2.1. Production of micelle embedded 

nano chitosan particles 

Nano scale water-in-oil emulsions were 

created  mixing SDS-hexane with P123-

Chitosan solutions which formed P123 

micelles in the water phase. TPP was 

added into water-in-oil emulsions to form 

chitosan shells around P123 micelles 

through ionic gelation in the water phase. 

Samples were dried under ambient 

conditions and characterized by FTIR, 

DLS and SEM (Figure 3). CS/TPP ratio 

was studied in the range of 1, 2, 3, 4 and 

6.  Among them only the best results 

obtained are presented here (with CS/TPP 

ratio of 2).  

 
  

 

Figure 3. The flowsheet of the study. 

 

2.2.2. Characterization Methods 

Employed 

The methods for characterization and 

analysis used in the study are summarized 

in Table 1.  

 

Table 1. Analysis and characterization 

methods used. 
Analysis Method Device 

Surface 

Tension 

Dü Noüy Ring Krüss 

Tensiometer 

Micelle Size Laser 

Velocimetry 

Malvern 

Mastersizer 

Micelle 

Charge 

Laser 

Velocimetry 

Malvern 

Mastersizer 

SEM SEM -Imaging Quanta 250 

SEM 

FTIR KBr Pellet Perkin 

Elmer 
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3. RESULTS AND DISCUSSION 

3.1. Surface Tension Studies: 

Micellization of P-123 Molecules 

Surface tension measurements were 

performed to determine the association 

behavior of the surfactant molecules in 

aqueous solutions.  The results are 

presented in Figure 4. The figure show 

that the surface tension behavior of P-123 

could roughly be divided into 3 

concentration regions: In Region I where 

the surface tension decreases steadily 

with increasing concentration, P-123 

molecules are in their single form.  

Region II is the transition region where 

the P-123 molecules most probably form 

dimmers and trimers. In Region III where 

the surface tension remains constant with 

changes in concentration, the P-123 

molecules are in the form of micelles. 

The CMC values determined from the 

figure was  10
-4

 M.  

Surfactant Concentration, M 

10-7 10-6 10-5 10-4 10-3 10-2 10-1

S
u
rf

a
c
e
 T

e
n

s
io

n
, 
m

N
/m

20

30

40

50

60

70

80

Single molecules
(Region I)

Dimers & Trimers
(Region II)

Micelles
(Region III)

P-123 in water

DW

 
 

Figure 4.  Surface tension of P-123 in Distilled water. 

 

3.2. Characterization of the Micelle 

Embedded Nanochitosan particles 

The characterization of the micelle 

embedded chitosan nanoparticles were 

done by SEM, FTIR and DLS-LDV 

analysis and the results are presented in 

Figures 5, 6 and 7. CS/TPP ratio was 

studied in the range of 1, 2, 3, 4 and 6.  

Among them only the best results 

obtained are presented here (with CS/TPP 

ratio of 2).  

As it is seen from the SEM pictures that 

the size of chitosan particles ranged from 

100 nm to 1.2 µm and decresed in the 

presence of P-123 micelles.  This means 

that chitosan precipitates around the P-

123 micelles when they are present. 

However, in the absence of micelles, the 

reverse emulsification (water-in-oil 

emulsion) allows creation of nano-scale 

water droplets which acts as nano-

reactors for synthesis of chitosan particles 

with controlled size and shape. In this 

case, the size of chitosan particles are 

larger since chitosan seems use all the 

space in the water droplets to precipitate. 

Therfore they are larger in size. FTIR 

analysis (Figure 6) were used to test the 

presence of P-123 micelles inside the 

chitosan nanoparticles. It was observed 

that (A is the spectrum of commercial 

chitosan, CS. B is the spectrum of CS-

nanoparticles without P-123 micelles, C 

is the spectrum of CS-nanoparticles with 

P-123 micelles.) there are peaks at 1407, 
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2363 and 2918 cm
-1

 due to chitosan and 

at 1465 and 2890 cm
-1

 due to the  

presence of P-123. The peak at 1650 cm
-1

 

suggest presence of hexane in the case of 

micelle embedded chitosan.  This shows 

that the micelles of PEO-PPO-PEO tri 

block copolymeric surfactans (Pluronic 

P123) were successfully employed as soft 

organic templates.  The similar charge 

distributions of these particles (Figure 7) 

also prove that P-123 micelles are 

embedded.   

 

  
 

without P-123                                                         with P-123 (10
-3

 M)

Figure 5. 1 % Chitosan solution, 0.5 % TPP solution, pH= 4.0, CS/TPP = 2 

 

 
Figure 6. FTIR spectra of CS. CS/TPP, CS/TPP/P-123 
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Figure. 7. Zeta potential measurements  
(DLS-LDV analysis). 

 

4. CONCLUSIONS 

In this study, micelle embedded chitosan 

nano-particles (NPs) were manufactured 

by combining ionic gelation and reverse 

emulsion (W/O) techniques. The chitosan 

nano-particles were then characterized 

using SEM, FTIR and DLS-LDV. The 

following specific conclusions were 

obtained. 

 The micelles of PEO-PPO-PEO block 

copolymeric surfactans (Pluronic 

P123) were successfully employed as 

soft organic templates to manufacture 

bio-compatible and pH sensitive  

nano-scale, spherical chitosan shells 

using ionic gelation technique. 

 Reverse emulsification (water-in-oil) 

allowed creation of nano-scale water 

droplets which acted as nano-reactors  

for synthesis of chitosan particles 

with controlled size and shape. 

 The hydrophobic core of the P123 

should be suitable for solvation of 

hydrophobic drug active materials; 

the chitosan shell, on the other hand, 

should bring a huge advantage in 

terms of targeting and delivery. 

 The next phase of the study should 

proceed with drug encapsulation and 

release studies. 
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ABSTRACT: Liposomes are colloidal spheres formed by self-assembly of phospholipid, 

cholesterol and lipopolymer molecules in bilayer form. Despite their numerous advantages 

in drug delivery applications, their main disadvantage comes from the limited tissue 

penetration in solid tumors due to their large size, indicating less tumor-infiltrating ability 

compared to other drug carrier systems. We hypothesized that this problem can be 

overcome by attaching the drug-loaded liposomes to ultrasound contrast agents known 

microbubbles. By this combined system, the drug is released under the effect of ultrasound 

at the region of interest while monitoring the release and the content is efficiently delivered 

(not the liposome itself) to the cell, eliminating the size problem and moreover restricting 

the release to ultrasound-treated areas. In an effort to vary membrane fluidity and thus 

control the drug release rate, we varied the lipid type and cholesterol content and 

investigated the effect of these on the liposome size and stability. Filter extrusion method 

was employed to produce liposomes and effects of some parameters such as pass number, 

flow rate, pore size, hydration concentration, hydration duration as well as lipid type and 

cholesterol content on liposome size were examined using the dynamic light scattering 

technique.  
 

1. INTRODUCTION 

In current studies, liposomes are defined 

as colloidal spheres which formed by 

self-assembly of phospholipids in water. 

Since they are close resemblance with the 

natural membrane structure; they are 

biocompatible, biodegradable and also 

nontoxic, nonimmunogenic. Lipid 

liposomes as models have numerous 

applications for biological membranes 

and drug delivery vehicles for in vivo 

applications especially anticancer 

treatments [Grabielle-Madelmont et al., 

2003]. They can also serve as a device for 

controlled release problems [Drulis-Kawa 

and Dorotkiewicz-Jach, 2010]. 

 

The opportunity of dosage adjustment 

with particulate systems such as 

liposomes is another reason to use 

liposomes as drug carriers [Stevanovic et 

al., 2007]. The advantages of using 

liposomes as drug loading vehicles are 

providing selective passive targeting 

tumor tissues, enhanced solubility, 

improved pharmacokinetic effects, 

reduction in toxicity of the encapsulated 

agent, suitable for delivery of 

hydrophobic, amphipathic and 

hydrophilic drugs, physicochemical 

instability. On the other hand, there are 

also some disadvantages of using 

liposomes as drug carrier systems.  For 

instance, PEGylated-liposomes can 

exhibit limited tissue penetration in solid 

tumors due to their size of above 150 nm, 

localizing mainly outside tumor vessels, 

According to earlier studies, they show 

less tumor-infiltrating ability compared to 

other drug carrier systems. Therefore, 

considerable amount of research has been 

devoted to design stimuli-responsive 

liposomes, especially pH and temperature 

responsive liposomes, to enhance the 

drug delivery efficiency of the liposomes.  

Recent studies have shown that 

ultrasound creates transient pores in the 
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cell membrane and hence enhances the 

intracellular uptake of drugs by the effect 

of known as sonoporation. Moreover, 

presence of microbubbles during 

application of high frequency ultrasound 

enhances the intracellular delivery even 

more. Kheirolomoom et. al developed 

liposome - microbubble complexes to 

overcome limited penetration of drug to 

tissues.  Numerous studies demonstrated 

that liposome-microbubble complexes 

efficiently deliver their drug into tumor 

tissue, also with assistance of ultrasound 

the time and place of delivery can be 

controlled [Deng et al., 2014; Yan et al., 

2013]. It was also shown that ultrasound 

triggering enhances the therapeutic index 

of the drug delivery system [Sirsi and 

Borden, 2014]. 

 

Recent studies showed that the size and 

shape of the particles play key role in 

their adhesion and interaction with the 

cell. Also the size of the particle has a 

great effect on loading efficiency 

[Stevanovic et al,, 2007]. Therefore, 

determining the size of a drug carrier is a 

very important step of designing a drug 

delivery system. Therefore, the objective 

of this study was to design a liposome 

formulation to be attached to 

microbubbles so that drug release rate of 

the liposome via ultrasound can be 

controlled. Having hypothesized that 

release rate is associated with the 

membrane fluidity, in this study, we 

mainly focused on the relationship 

between some significant parameters 

such as composition of lipids, hydration 

concentration, pass number, velocity and 

membrane pore size on liposome size. 

Moreover, liposome stability is observed 

during about one month due to liposome 

size. The change in the membrane 

properties of the bilayer and thus drug 

loading capability and the release rate of 

the liposomes will be disseminated in a 

separate study. 

 

2. MATERIALS AND METHODS 

1,2-Distearoyl-sn-Glycero-3-

Phosphoethanolamine-N-[Methoxy  

(polyethylene glycol)-2000] (DSPE-PEG 

2000), 1,2-Distearoyl-sn-Glycero-3- 

Phosphocholine (DSPC), 1,2-

Dipalmitoyl-sn-Glycero-3-

Phosphocholine (DPPC) and 1,2-

Dipalmitoyl-sn-Glycero-3-

Phosphoethanolamine-N-[Methoxy 

(Polyethylene glycol) - 2000] (DPPE-

PEG 2000) (ammonium salt) were 

purchased from Avanti Polar Lipids Inc. 

(Alabaster, AL, USA), Cholesterol from 

lanolin (5-Cholesten-3β-ol) were 

purchased from Sigma-Aldrich. 

(NH4)2SO4 Ammonium Sulphate which 

was supplied from Merck was preferred 

to prepare buffer solution. 

 

Liposomes were prepared from the 

mixture of phosphocholine lipid (DSPC 

or DPPC), cholesterol and lipopolymer 

(DPPE-PEG 2000 or DSPE-PEG 2000) 

by thin film hydration method. The 

combination of liposome mixtures used 

in this study is summarized in Table 1. 

Each liposome mixture was prepared at 

four different compositions, keeping 

PEGylated lipid compositions constant at 

5% in all mixtures. The mixtures 

prepared in compositions of 80:15:05, 

75:20:05, 67:28:05 and 57:38:05 were 

dissolved in chloroform. Chloroform was 

removed under a nitrogen flow until a 

thin lipid film was formed, followed by 

vacuum drying overnight. The lipid film 

was hydrated for 30 minutes at 60 °C in 

250 mM (NH4)2SO4 buffer (pH 5.4) and 

the suspension was extruded through a 

polycarbonate membrane using a mini-

extruder (Avanti Polar Lipids, Alabaster, 

AL). The effect of membrane pore size 

on liposome size was also examined. For 

this purpose, track-etch polycarbonate 

membranes of 100, 200 and 400 nm were 

used. The resulting liposomes were 

characterized using Malvern Zetasizer. 
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Table 1: Mixtures used for liposome 

preparation 

Phosphocholine:Chol:PEGylated lipid 

DSPC:Chol:DSPE-PEG2000 

DSPC:Chol:DPPE-PEG2000 

DPPC:Chol:DSPE-PEG2000 

DPPC:Chol:DPPE-PEG2000 

 

Beside lipid composition and type, and 

membrane pore size, the effects of pass 

number, flow rate, hydration 

concentration on liposome size were also 

determined. In all studies, except that the 

effects of lipid type, molar ratio and 

hydration concentration on liposome size 

were examined, DSPC:Chol:DSPE-

PEG2000 lipid mixture was used in 

molar ratio of 57:38:05 at a concentration 

of 20 μM. During the extrusion, lipid 

mixture was passed through a 200 nm 

polycarbonate membrane 10 times except 

the studies that the effects of pore size 

and pass number on liposome size were 

examined.  

 

3. RESULTS AND DISCUSSION 

 

3.1. Pass Number 

20 µM DSPC:Cholesterol:DSPE-

PEG2000 (57:38:05) suspension was 

extruded at a flow rate of 0.75 ml/min 

through a polycarbonate membrane of 

200 nm and particle size after the 4
th

, 6
th

, 

8
th

 , 10
th

 and 12
th

 passes were measured. 

The chance in the particle size after these 

passes is illustrated in Figure 1.  

 

As seen in Figure 1, after the 8
th

 pass size 

of the liposomes did not change, but the 

liposome produced after 10
th

 pass was 

observed to have smaller standart 

deviation. Hence, in the following 

studies, the liposomes were produced by 

employing 10 passes. Isailovic et al. also 

reported that they used 11 passes through 

polycarbonate membranes to produce 

liposomes at reduced size and with better 

homogenity [Isailovic et al., 2013]. 

 

 
Figure 1: Effect of pass number on the 

average liposome size 

 

 

3.2. Flow Rate 

According to Darcy’s Law, flow of a 

fluid through a porous media is related to 

pressure by the following equation: 

𝑄 =
−𝜅𝐴(𝑝𝑏 − 𝑝𝑎)

𝜇𝐿
 

 

 

 

where κ is the permeability of the 

medium (m
2
), A is cross-sectional area 

(m
2
), (𝑝𝑏 − 𝑝𝑎) is pressure drop (Pa), μ is 

viscosity (Pa.s), L is the length where 

pressure drop takes place and Q is the 

volumetric flow rate (m
3
/s) [Whitaker, 

1986]. 

 

According to study of Patty and Frisken 

showing the pressure dependence of 

liposome size, flow rate is considered an 

effective parameter [Patty and Frisken, 

2003]. Lipid suspensions were extruded 

through a 200 nm polycarbonate 

membrane at constant flow rates of 0.25, 

0.50, 0.75, 1.0, 1.5 and 2 ml/min or by 

hand to determine the effect of flow rate 

on liposome size. The results are given in 

Figure 2.  

 

Patty and Frisken showed that liposome 

size decreases with increasing pressure 

until a certain value, but beyond that 

pressure, liposome size stays constant 

[Patty and Frisken, 2003]. 
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Figure 2: Effect of flow rate on the 

average liposome size 

 

As shown in Figure 2, velocity and 

liposome size are inversely proportional 

to each other, being in agreement with 

Patty and Frisken’s result. Regarding to 

capacity of syringe pump which was used 

to keep flow rate constant, 2 ml/min is 

the maximum flow rate. But as seen, the 

change in the average liposome size after 

1 ml/min was not very significant. Our 

results also showed that deviation in size 

of liposomes was larger when extrusion 

was carried out by hand, resulting in 

unreproducible liposome formations.  

 

3.3. Membrane Pore Size 

The effect of pore opening of the 

polycarbonate membrane on liposome 

size was investigated by extruding 

liposome suspension through 100 nm, 

200 nm, 400 nm membranes, and through 

400 nm followed by 200 nm and 100 nm 

membrane (400-200-100 nm membrane 

system) and 200 nm followed by 100 nm 

membranes (200-100 nm membrane 

system). The suspension was passed 5 

times from each membrane at 400-200-

100 nm and 200-100 nm systems, and 10 

times at single membrane systems at a 

flow rate of 2 ml/min. Particle size 

measurements are given in Figure 3. 

 

 
Figure 3: Effect of pore size on the 

average liposome size 

 

As seen, the average size of the resulting 

liposomes was higher when they were 

extruded through a membrane with 

higher pore size. The most narrow size 

distribution was obtained by extrusion 

through polycarbonate membrane of 200 

nm. Extrusion through 400 membranes 

was not appropriate for uniform sized 

liposomes production. 100 nm 

membranes could not be used as the first 

extrusion step, but as the second or third 

steps they can be used to reduce size 

further.  400-200-100 nm and 200-100 

nm systems were also resulted by small 

and uniform size distribution. 

  

 3.4. Hydration Concentration 

Hydration is the first step that 

multilamellar vesicles (MLVs) form. It is 

thought that lipid concentration at 

hydration step can have an effect on 

liposome size. In that case, different 

hydration concentrations of 10, 20 and 40 

µM were tried. Lipid mixture content was 

kept constant for each concentration. The 

suspension was extruded at a flow rate of 

2 ml/min.  As it was seen in Figure 4, 

there was an inverse relationship between 

hydration concentration and particle size.  

 

3.5. Lipid Composition 

It is known that lipid composition 

influences the structure of liposome and 

has an impact on membrane fluidity, 

permeability and stability [Martin, 2007]. 
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Figure 4: Effect of hydration 

concentration on particle size 

 

But its effect on membrane size was not 

been demonstrated previously. Four 

different liposome mixtures prepared at 

four different molar ratios were studied to 

determine their effect on liposome size. 

According to results, given in Figure 5, it 

can be said that lipid type and molar ratio 

separately do not affect the liposome size, 

but they together have an impact on 

liposome size.  

 
 

Figure 5: Effect of lipid type and molar 

ratio on particle size. The lipopolymer 

content was kept constant at 5 mol % in 

all mixtures.  

 

DSPC/DSPE-PEG2000 and 

DPPC/DPPE-PEG200 lipid mixtures 

form the smallest liposomes in 57:38:05 

molar ratio, while DSPC/DPPE-

PEG2000 and DPPC-DSPE-PEG200 

lipid mixtures form the smallest 

liposomes in 80:15:05 molar ratio. 

 

Among all combinations, the smallest 

liposomes of 188 nm was obtained with 

lipids type of DSPC:Chol:DSPE-

PEG2000 and molar ratio of 57:38:05. 

 

3.6. Stability 

Liposome stability is an important 

parameter for drug delivery systems. Size 

of liposomes were measured for nearly a 

month in certain intervals to determine 

their stability and no significant size 

deviation was observed. All liposomes 

produced in different conditions were 

stable for nearly 30 days.  

 

4. CONCLUSIONS 

Liposomes are frequently used drug 

delivery vehicles. The success of a drug 

delivery system is based on its drug 

loading efficiency and controlled release 

rate. Since liposome size is a very 

important criterion for drug loading 

efficiency, we in this study examined  the 

parameters effecting liposome size. Our 

results showed that paramters such as 

pass number, extrusion flow rate, 

membrane pore size, hydration 

concentration, hydration duration as well 

as lipid type and cholesterol content are 

the important parameters affecting the 

liposome size and size distrubution. 

Independent of production conditions, all 

liposomes were found to stabile for about 

a month, keeping their size and size 

distrubution nearly unchanged.  
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ABSTRACT: Work is devoted to development economically and ecologically expedient 

technology of receiving portland the cement clinker by formation of the low-main raw 

mixes, their low-temperature roasting with the subsequent receiving the portlandtsement 

on their basis which isn't conceding on physicomechanical properties to a traditional high-

basic portlandcement. Chemical compositions of initial raw mixes, compositions of the 

low-main raw mixes, their modular characteristics are given. Are studied reactionary 

ability of new raw mixes and temperature of completion of process of a education clinker 

is established, the phase structure and a microstructure of the synthesized clinkers are 

established. It is noted that cements from the low-main clinkers of water cooling, despite 

mainly belite structure, are characterized by the same indicators of durability, as at a 

portlandtsement on the basis of traditional highly main clinker. 

 

1. RELEVANCE OF A PROBLEM. 

Power expenses in production of cement 

objectively are caused its chemistry and 

features of technological process. Level 

of an energy consumption and volume of 

scientific researches in the analyzed area 

define a condition of development of 

branch. The problem of optimization of 

process of synthesis of portland the 

cement clinker is actual for the world 

industry, first of all, from positions of 

decrease in expenses of organic fuel on 

roasting of clinker in industrial furnaces. 

It is obvious that the solution of the 

problem of economy of energy resources 

on the operating productions and 

development of new technologies of 

roasting of cement raw materials low-

power-intensive essentially is actual now 

and becomes possible with development 

of the production technology of cement 

on the basis of the low-main clinker. 

 

2. STATEMENT OF A PROBLEM  
On the basis of the state-of-the-art review 

of the available information in the 

direction of technology of the low-main 

clinkers, real possibility of their synthesis 

of mainly belite structure is revealed at 

rather low temperatures of roasting - 

1200-1350
0
C. The highlights revealed 

when carrying out theoretical researches 

receiving cements on their basis consisted 

in establishment of chemical and 

technological features of low-temperature 

synthesis of the low-main clinkers also; 

stabilization β-C2S in in their structure 

introduction of various impurity additives 

for the purpose of increase of its 

hydraulic activity; stabilization of a belit 

in the low-main clinkers by its sharp 

training for the purpose of increase of the 

maintenance of an alitovy phase and 

prevention of transition of high-

temperature C2S in γ – a form with the 

maximum preservation α and α1 - C2S; 

destabilizations of belite structure 

reduction of a temperature and time 

interval between process of a belite 

educations and actually a highly main 

clinker by selection of composition of 

raw mix under thermographic control; 

improvement of the knitting properties of 

the low-main clinkers by correction of 

composition of raw mix by introduction 

aluminum-bearing, oxides of transitional 

mailto:gupft@inbox.uz
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elements, impurity additives; 

improvement of a microstructure of 

clinkers – as objective factor of impact on 

quality of belite cements; achievements 

of the minimum difference between 

settlement and actual quantity of silicate 

phases. About hydraulic activity of the 

low-main clinkers opinion of scientists 

disperse: one consider that cements from 

the low-main clinkers of mainly belite 

structure are characterized by slower 

hydration and a set of durability in early 

terms, and others claim that for 

acceleration of process of their curing 

introduction of various activators of 

curing and activization of a belite phase 

of the low-main clinker in the course of 

roasting and hydration of cement on its 

basis that promotes receiving cement 

with a branded durability from 35 to 55 - 

70 MPas is expedient. In addition, 

production of the low-main clinkers is 

followed by decrease in power expenses 

from 10 to 20%, thus also losses of heat 

in environment owing to decrease in 

temperature of their roasting decrease. 

Therefore, development of technology of 

receiving cements on the basis of the 

low-main clinkers synthesized from local 

raw materials is of special interest in 

respect of energy saving. The chosen 

direction of researches, goals and tasks 

solved in dissertation work correspond to 

the basic principles of development of the 

cement enterprises of JSC 

“Uzkurilishmateriallari” in respect of 

decrease in an expense of energy carriers 

by production of cement. 

 

3. METHODS OF RESEARCH AND 

RAW MATERIALS 
When carrying out pilot studies raw 

materials of the Kizilkum region are 

used: limestone and clay slates of 

Kermenin, ferriferous ore of Chumkurgan 

of fields, ashes slags of Angren thermal 

power plant. Chemical compositions of 

the components used when forming the 

low-main raw mixes are given in tab. 1. 

For establishment of reactionary ability 

of the low-main raw mixes, sequence of 

mineralogenesis at their low-temperature 

roasting with identification of optimum 

temperature of a low-main clinker, 

studying of processes of hydration, faze-

and structure of education when curing 

the low-main cements in work are applied 

chemical, physicomechanical and 

physical and chemical methods of 

researches, as X-ray phase, DTA, 

electronic and microscopic. 

 

Table1: Chemical composition of raw 

materials 

Nam

e of 

mater

ials 

Content of oxides, % 

SiO2 
А12

О 

Fe2

O 
СаО 

Mg

O 

S

03 
ппп Σ 

limes

tone 
0,45 0,16 0,14 

55,1

2 

0,6

4 
- 

42,3

5 

98,8

6 

The 

clay. 

slates 

63,4

1 

13,9

1 
6,28 4,43 

3,4

4 
- 5,19 

96,6

6 

 ashe

s 
51,2 

17,3

6 
9,23 6,79 

1,7

8 
- 

11,5

8 

97,9

4 

Ferru

terou

s ore 

33,5 4,0 
41,2

9 
5,88 5,0 

1,

8

1 

7,92 99,4 

 

4. RESULTS AND THEIR 

DISCUSSION 

Calculation the structure the low main of 

raw mixes was executed at KH=0.75 

values; 0.78 0.80; 0.83 and 0.85. it is 

established that when forming the low-

main raw mixes about KH=0,75-0,85 

content of limestone makes 72,42-

74,55% of % (in factory raw mix No. 6 - 

75,55%), clay slates - 15,55-16,69%; 

ferriferous ore - 3,47-3,76%, and ashes 

of-6,47-7,13% (in factory 3,51%). It is 

noted that with decrease of values of KN 

natural decrease in the maintenance of 

C3S from 46.47% to 22.6% that is much 

less, than in factory clinker (65.5%) is 

observed from 0.85 till 0.75, and the 

quantity of C2S with growth of KN 

decreases from 52.40 to 25.05%, 

however, this quantity much more, than 

in factory clinker (tab. 2). 
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Therefore, the low-main clinkers with 

KH=0,83-0,85 have mainly alitovy, and 

with KH=0,75-0,80 – belite structure. 

 

Table 2: Settlement mineralogical 

composition of the low-main clinkers 
Content of oxides, % 

КН C3S C2S C3A C4AF 
The 

other 
Σ 

0,75 22,60 52,40 6,90 15,40 2,7 100 

0,78 28,90 46,80 6,80 15,30 2,2 100 

0,80 34,76 40,70 6,68 15,02 2,84 100 

0,83 42,15 34,36 6,52 14,68 2,29 100 

0,85 46,47 25,05 6,48 14,47 7,53 100 

0,92 65,50 14,74 6,08 13,68 - 100 

 

They it is characterized by higher 

maintenance of C3A and C4AF, than in 

clinker traditional chemical mineralogists 

of chesky structure, and this fact allows 

to predict more accelerated course of 

process of curing and high hydraulic 

activity of the low-main cements of the 

offered structures, than earlier known 

similar cements which in initial terms 

show a slow rate of a set of durability and 

rather low indicators of durability of a 

cement stone when curing. Distinction in 

a component and chemical composition 

of raw mixes for receiving the low-main 

clinker dictates need of detailed studying 

of their reactionary ability for the purpose 

of definition of sequence of 

mineralogenesis and optimum 

temperature of completion of process of a 

low-main clinker at their roasting, and 

also identifications of phase structure of 

products of roasting and a structural 

structure of mineral phases of clinkers. 

Diffractogram of initial raw mix with 

KH=0,78 is characterized by existence of 

intensive strong diffraction reflections of 

d/n=0,383 calcite; 0,302; 0,227; 0,209; 

0,190; 0,161; 0,159 nanometers) and 

quartz (d/n =0,424; 0334; 0,227; 0,212; 

0,197; 0,171; 0,164 nanometers), and also 

weak lines of dolomite (d/n = 0,288; 

0,283; 0,219 nanometers), feldspar 

(nanometer d/n=0,318) and kaolinite (d/n 

= 0,645; 0,351; 0,268 nanometers). Heat 

treatment at 700
0
C promotes 

disappearance of lines of kaolinite at 

d/n=0,645 and 0,351nm and to some 

reduction of intensity of its lines at 

d/n=0,645 and nanometer. Intensity of 

lines of calcite and dolomite didn't 

change. The same picture is characteristic 

also for for the raw mix subjected to heat 

treatment at 800
0
C. Sharp acceleration of 

process of phase transformations is noted 

when roasting raw mix at 900
0
C, thus 

intensity of lines of calcite strongly 

decreased and on a diffractogram there 

were SAO lines, the calcite emitted as a 

result of dissociation. Temperature 

increase of roasting to 1000
0
C promotes 

the sharp growth of intensity of 

diffraction reflections of SAO and 

decrease in the sizes of peaks of SaSO3 

and β-С2S. At 1100
0
 growth of intensity 

of the SaO lines at d/n =0,492 is noted; 

0,262; 0,190; 0,178nm. Temperature 

increase of roasting to 1200
0
C the 

mineral of the educational of processes 

absolutely changes a picture: 

characteristic peaks of SaSO3 at d/n = 

0,305; 0,190; 0,186nm almost disappear 

there are its very weak lines. Strongly 

intensity of diffraction reflections of free 

lime increased. Emergence of the 

characteristic C3S lines (d/n=0,277 is 

noted; 0,273; 0,260; 0,218; 0,197; 0,191; 

0,179; 0,175 nanometers) and C2S which 

main lines (except d/n = 0,284 

nanometers) are imposed on the C3S line, 

strengthening diffraction reflections of a 

mineral, especially at nanometer 

d/n=0,260. 

Roasting of raw mix with KN = 0,78, at 

1300
0
C the mineral of the educational of 

processes doesn't make essential changes 

to a picture, some reduction of intensity 

of lines at d/n=0,492 is noted; 0,191 and 

0,179 nanometers and increase in 

intensity of lines of an alit. Judging by 

data diffractogram, full digestion of oxide 

of calcium and completion of process of 
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education mineral happens at a 

temperature of 1350
0
C. On a 

diffractogram of the spek synthesized at 

this temperature, the line at d/n=0,492nm 

is absent, the configuration of diffraction 

reflections of the formed minerals 

changed towards the prevailing contents 

β-С2S, the diffractogram has more 

ordered character that testifies to accurate 

crystallization of brick minerals. 

When roasting raw mix with KH=0.83 

process of clinker of education proceeds 

similarly. Diffractogram of the product 

burned at 13500C differs in only more 

expressed intensity of reflexes of C3S that 

speaks about full digestion of oxide of 

calcium at this temperature. The phase 

composition of the low-main clinkers is 

presented by mainly alitovo- the belite 

structure, are present β, α and γ 

modifications of C2S (fig. 1). 

 

 
Roasting temperature: 5-1100

0
С; 6–1200

 

0
С; 7-1300

0
С;  8-1350

 0
С 

Figure 1: Diffractogram of spek of the 

raw mixes with KH=0,83 burned at 

various temperatures 

 

The mode of water cooling promotes 

stabilization of brick minerals: the phase 

structure of the spek synthesized at 

13000C cooled in water differs from the 

phase composition of the clinker 

synthesized at the same temperature, 

cooled on air with that lines at d/n = 

0,303 and 0,227 nanometers on a 

diffractogram differ in a little increased 

intensity, and a little the line with a 

maximum at d/n = 0,262 nanometers has 

rather smaller intensity (fig. 2) that is 

connected with stabilization of structure 

of silicate brick minerals. Shift of the line 

at 0,308 to 0,303 nanometers also 

testifies to partial education and 

stabilization of structure α ′-the C2S 

forms, and high intensity of this line 

indicates prevalence of its content in 

clinker. Existence of a reflex of d/n = 

0,492 nanometers testifies to incomplete 

interaction of components of raw mix and 

incompleteness the mineral of the 

educational of processes at this 

temperature. The education mineral 

picture sharply changes when roasting 

raw mix at 13500C and the subsequent 

sharp cooling of the synthesized clinker: 

its diffractogram a finds intensive to 

reflections of C3S and β - C2S. Existence 

of lines at d/n - 0,301; 0,190; 0,181; 

0,179; 0,160 nanometers indicate 

presence at clinker also of a quantity γ - 

C2S. Probably, at water cooling there is a 

stabilization β and α ′ - C2S on clinker 

blankets, and in the inside layers which 

aren't subjected to sharp cooling, it 

gradually passes in γ - a form. This 

assumption is confirmed by visual 

supervision over the nature of the 

synthesized clinker of water cooling 

which in 7 days easily breaks up under 

small blow. Therefore, from here it is 

possible to draw an important conclusion 

that on a grinding of the low-main clinker 

much less electric power, than is spent for 

a grinding of traditional clinker from 

KH=0,92. 

 

 
Synthesis temperature:1- 1300 

0
С;  2 - 

1350
0
С .  Cooling – sharp water: 

Figure 2: Diffractogram portland the 

cement of KH=0,83 clinkers. 
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The micro structure of the low-main 

clinkers, depending on conditions of 

roasting and cooling, and possibility of 

partial transition β - C2S in α– 

modification, is characterized by a big 

variety of mineral phases. The clinker 

chip surface relief, from the KN =0,78 

synthesized at 1350
0
C, cooled on air is 

characterized by existence in the bulk of 

small congestions of roundish grains of a 

belit which, as it is known at office of a 

chip of clinker can get an uncertain form 

due to split from the melted-off surface of 

the crystals which are formed of a liquid 

phase. Also clinker sites where the 

lamelliform crystals of grains of a belit 

which are formed, probably, owing to 

disintegration of its fine grains prevail are 

noted. Between evenly located grains of a 

belit is aims mainly in a vitreous state. 

Separate sites of a chip of clinker give an 

idea that the synthesized clinker is fragile 

to what existence of significant amounts 

of the microcracks formed at blow 

(testifies at office of a chip) clinker. The 

observed crystals with the equal planes 

with a smooth surface can be carried to 

an alit of monoklinny modification that is 

characteristic to formation of its germs at 

rather low temperature (1150-1200
0
C). 

Also existence of crystals of the 

monoklinny alit formed at more high 

temperature (1250-1350
0
C) is noted. It is 

known that monoklinny modification of 

an alit is more favorable for receiving 

highly active belite clinkers as at its 

presence the portland the cement exit in a 

cement stone increases that intensifies 

curing of a belite component of clinker in 

a type of the happening decrease in 

average basicity of hydrosilicates of 

calcium. Availability of scaly grains of a 

belit on separate sites of clinker indicates 

distortion of its structure probably owing 

to, transition β - C2S in it γ-modification 

in the course of cooling on air. 

For definition of influence of the mode of 

cooling on a microstructure of the low-

main clinker studied a microstructure of 

the spekk synthesized by roasting of raw 

mix with KN = 0,83 and 0,85, cooled 

both on air and in water. Thus it is 

established that various sites of a chip of 

the low-main clinker with KN - 0,85, 

cooled on air, are presented by fine-

grained weight with inclusions of the 

grains which don't have a certain 

geometrical form i.e. on the separate sites 

with high porosity presented by the 

planes with the melted-off surface the 

hexagonal and cubic crystals relating to 

an alit and congestions of roundish grains 

of a belit are dissolved. On other sites the 

located and densely upakovankny grains 

of a belit are looked through spherically. 

The fresh chip of the low-main clinker of 

water cooling with KH=0,85, has rather 

dense structure in which structure 

participate the prevailing quantity quite 

accurately the zakristallizovannykh of 

fine spherical grains of a belit, are 

observed also cubic and hexagonal forms 

of grain of an alit. Water cooling breaks a 

spaynost of grains, probably, due to 

superficial hydration of brick minerals 

(fig. 3). Hydration only slightly affects a 

clinker blanket, and thermal tension is 

resulted by deficiency of a microstructure 

of clinker with the advent of lamelliform 

grains. The high-porous sites of clinker 

presented large zernakm of an alit and a 

belit which intergrain space is filled 

steklofazy meet. 
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Т- 1350
0
С. Cooling sharp in water. 

Figure 2: Electronic pictures of a relief 

from a surface of a chip of the low-main 

clinker with KH=0,85 

 

Unlike micro structure of clinker of water 

cooling, in structure of clinker of air 

cooling large grains of round, cubic, 

hexagonal, prismatic forms, and also 

grains without certain forms prevail. 

Therefore, it is possible to establish the 

fact of positive influence of sharp cooling 

in water on formation of structure of the 

low-main clinker in respect of accurate 

crystallization and orderliness of 

morphology of its minerals that is 

important for increase of hydraulic 

activity of cements on its basis. 

Mechanical indicators of the low-main 

cements, depending on clinker saturation 

coefficient, conform to requirements of 

GOST 10178-85 of all-construction 

cements of the PTs 300 D0 and PTs 400 

D0 brands. 

 

 

 

5. CONCLUSION 
Technological bases of energy saving by 

production of a portlandtsement by 

formation of the low-main raw mixes of 

the lowered basicity and synthesis of 

clinkers are developed at rather low 

temperatures of roasting – 1300-1350os 

that on 100-150os below, than 

temperature of roasting of high-basic raw 

mixes and provides about 12-18% of 

economy of fuel for clinker roasting. 

Hydraulic activity of cements on the basis 

of the synthesized clinkers provides their 

brand 300-400. 
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ABSTRACT: One of the most energy-intensive industries is the production of 

construction materials, particularly cement. To save clinker component, reduce costs and 

improve operational properties of cement in its formulation is different mineral 

supplements natural and anthropogenic origin. One of the promising methods of 

optimization of cementations materials using such additives - that of mechanical activation. 

Increasing the useful properties of binders, called mechano-chemical activation of the 

active mineral admixtures and additives, fillers, to reduce their consumption while 

significantly increasing the strength of the products, reduce the time set grade strength. 

With the help of mechanical activation may make full use of the potential energy of the 

material, reduce the cost of operations. Activation is made by knitting fine grinding 

material and to increase its specific surface area, and the weakened fracture structure - 

unstable particles, which leads to a significant improvement in the quality of newly formed 

surfaces. Methods of activation has long established itself in the treatment of stockpiled 

low type and cement to restore and improve the properties. 

 

1. THE URGENCY OF THE 

PROBLEM. 

 It is known that during the fine grinding 

of loose materials for the formation of a 

new surface is consumed only part of the 

supplied energy, the remaining portion of 

the energy accumulated in the material to 

be treated in a strained structural defects. 

The effectiveness of the method of fine 

grinding of materials depends on the 

degree of expansion of the model range 

units activation materials in order to 

adapt them to the conditions of existing 

facilities for the production of products 

and materials of construction industry. 

Currently developed techniques and 

technology of recycling many types of 

waste, in particular waste of ashes TPP 

slags black and nonferrous metallurgy, 

chemical industry waste, concentrators, 

etc.. Through recycling of construction 

materials and products. The use of 

equipment for crushing and complex 

Activation is especially important to 

improve the quality of products while 

reducing its cost to the enterprises of the 

construction industry in the production of 

dry building mixes, foam, low density 

polystyrene, cement, lime, gypsum and 

other types of binders. 

Methods of performing experiments. For 

fine mineral powders used non-standard 

installation - dismembrator exerted on the 

material to be ground on the shock - Split 

- abrading effects, designed in the design 

office of LLC "Composite". In carrying 

out experimental studies of training 

materials and tests carried out in 

accordance with GOST 25094. The 

chemical compositions of the raw 

materials, clinker and ingredients of 

composite additives were determined in 

accordance with the requirements of 

GOST 5382-91 "Cements and materials 

of cement production. Methods of 

Chemical Analysis". Additional cement 

clinker by JSC "Akhangarancement" and 

various mineral additives and fillers were 

prepared in two ways: 1) by co-grinding 

the ingredients in a two-chamber lab ball 

mailto:gupft@inbox.uz
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mill type MBL to fineness, estimated by 

sieve residue number 008; 2) the separate 

grinding of clinker and additives, i.e. 

clinker and gypsum was ground in a ball 

mill to a specific surface of 2800 cm
2
/g, 

and additives - a laboratory model 

developed by the activator to a specific 

surface of 5000 cm
2
/g, followed by 

mixing the components. 

  The starting materials. In carrying 

out experimental work on finely divided 

mineral ingredients to produce composite 

materials of high binding activity was 

used as template clinker JSC 

"Akhangarancement" meets the 

requirements of GOST 10178-85 on the 

general construction of cement clinker, 

and additives, fillers - local raw materials 

and man-made industrial waste 

enterprises, the characteristics of which 

are given below: 

-staleplavilny slag of "Uzmetkombinat" 

currently are not used. Recent studies 

have shown that it is, after magnetic 

separation can be used as an additive 

filler for cement additive. The average 

fineness of the steelmaking slag after 

magnetic separation comprises SiO2 

(35,1%), MgO (12,45%), Al2O3 (7,22%), 

Fe2O3 (15,34%), CaO (28,10%). The 

content of impurity oxides Na2O, K2O, 

SO3, P2O5 - relatively low. 

-slag of ashes Angren  TPP formed as the 

solid residue from the burning of coal 

mine "Angren", represented mainly by 

quartz (0,425; 0,333; 0,212; 0,181; 0,153 

...) nm; hematite (0,268; 0,251; 0,168 ...) 

nm; mullite (0,342; 0,338; 0,288 ...) nm; 

nizkoosnovnymi calcium silicate (0,370; 

0,288; 0,285 ...) nm. Its chemical 

composition predominantly comprising 

silicon oxide (45.86%) and aluminum 

oxide (18.70)%. Fractional composition 

represented by the number of samples 

ashes waste grain size (10 to 1,25) mm, 

which comprise 12% by weight. The 

sample predominate particle size 300-160 

microns (~ 45 wt.%). Larger particle 

sizes (630-300 microns), 18.5% by 

weight, and the quantity of the fraction 

smaller than 80 microns, 13% by weight. 

-the wet waste asbestos cement 

production - asbestos is formed after 

drying in sumps in vivo asbestos aqueous 

slurry and a highly humid mass (relative 

humidity of about 70% by weight) 

consisting of hydrated Portland cement 

70-85% (fine-grained and hydrous gel) 

and 15- 30% of the remaining mixture of 

long asbestos fibers from a fraction to 12 

mm. The content of the long fibers is not 

more than 17% of that of asbestos waste. 

-dolomit deposit "Shorsu" is a natural 

calcium carbonate and magnesium, thee  

major rock-forming minerals of 

sedimentary carbonate rocks. In addition 

to these minerals are present in admixture 

as quartz, gypsum, clay minerals. 

Dolomite is reactive, reacts with the acid, 

it is characterized by a high content of the 

oxides of Ca and Mg, and low 

concentration of oxide inclusions (SiO2; 

TiO2; Al2O3, Fe2O3; MnO; Na2O; K2O; 

P2O5; SO3). X-ray analysis of test 

samples dolomite identified all the 

diffraction reflections of the main mineral 

- dolomite at d / n = 0,410; 0.368; 0.288 

... 0.143 nm and a reflection of quartz 

with d / n = 0,424; 0.334; 0.222; 0.218; 

0,181 nm low intensity. There have been 

a low-intensity lines of calcite (d / n = 

0,303; 0,190 nm) and clay minerals (d / n 

= 0,761; 0,321 nm). 

-gypsum stone deposit "Ramitan," used 

as a regulator setting time when grinding 

without adding cements and cementitious 

materials in an amount of (5-6)%, in 

chemical and mineralogical composition 

complies Oz'DSt 760-96. 

Below, more detailed description of the 

construction dismembrator is shown in 

Figure 1.2. From figure 1,2,3 and 4 

shows that the frame 1 via brackets 2 

mounted on the frame 3. The shaft also 

fixed hollow tube 9 with a hopper 10. 

The pipe 9 is intended for pre-grinding of 

the feed material. This operation is 

performed by rotating beaters 4 fixed on 
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a shaft 3. On the tube 9 is fixed so as 

fixed disk 11 with the fingers 12, the 

segments (sm.fig.3) Structurally, 

provided that the gap between the fingers 

12, the segments may vary, as shown in 

Figure .3 in large range of 0.1 to 12 mm 

by rotation of the finger about its own 

axis and subsequent fixation and nuts 

material, which gap varies and increases 

the gap between the fingers is selected 

depending on the desired degree of 

grinding and mechanical properties of the 

crushed material, which gap varies and 

increases from the maximum 

circumference to the minimum number of 

fingers. The number of circumferential 

rows of teeth on the disk can be variable 

from 3 to 7 and more. 

Consider in more detail in this 

construction the location of fingers on the 

fixed disk. The maximum distance from 

the center of rotation of the shaft fingers 

arranged on a circle 693 mm and a pitch 

between 22.44 mm (or 40), the minimum 

distance between the masses of two 

adjacent fingers is 0.2 mm, the next 

number (closer to the center) is fixed to 

the finger diameter 0563 mm increments 

between the toes 24.558 mm gap between 

the masses of 1 758 mm. As seen in 

Figure 1 on the rotating shaft 3, except 

beat 4 is also fixed disc 6 at the end face 

of which are fixed concentric rows of 

fingers 7 with varying distances between 

them, which increases during the 

transition from maximum to minimum 

concentric circle. Structurally fastening 

fingers on both discs formed so that the 

diameters of the concentric circles on the 

rotating disk fingers 6 does not coincide 

with the same circumferences finger 

segments on the fixed disk 11 and the 

approach of these discs concentric 

segments of the plurality of fingers 11 

includes a disc between two concentric 

rows of pins rotating disc 6 and vice 

versa. The disk 6 (the other end side) is 

fixed vent disc 8 9sm.fig.1 and 3) 

designed to strengthen the centrifugal air 

stream and to provide the ground material 

output through the outlet 14. The fixed 

disc 11 with the fingers 12, the segments 

and the rotating disc 6 fingers 7 are 

closed casing 13 and the working 

chamber are micronization. 

Dismembrator operates as follows in the 

hopper 10 (Figure 2) operates 

continuously loading installation (about 

5-7 kg for 1 minute) particulate material 

having a particle size of 3-8 mm and a 

moisture content of 3-7%. Entering the 

pre-crushing chamber (hollow tube 9 

with rotating beaters 4, obliquely 

mounted on the shaft 3), the material falls 

under the blow beat 4 and partially 

crushed, mixed in the direction of the 

working chamber for a few hundredths of 

a millimeter per revolution. 

This movement is caused by the fact that 

the 4 beats  at the angle relative to the 

axis of the rotating shaft 3. The material  

after passing from the pre-grinding zone, 

the camera enters the fine grinding in its 

center.  Further to the first series of 

concentric circle finger 7 rotating disk 6 

and after the collision with him. The first 

row of fingers segments 12 of the fixed 

plate 11 partially regrinding and under 

the action of its own centrifugal force 

moves to the next (more remote from the 

rotation axis), a pair of concentric circles 

of both disks. 

Thus, crushed material passing through 

all rows of concentric circles fingers of 

both drives. Under the action of 

centrifugal force and air flow exits 

through the outlet 14 out into a suitable 

container for packaging. 

Studying of the effect of mechanical 

activation of mineral ingredients on the 

physical and mechanical properties of 

cement composite materials were tested 

using a mechanical-chemically activated 

components fineness, assessed by the 

100% passing through a sieve with a 

mesh of 10,000 holes / cm 2, which are 

then mixed in certain proportions with 

the ground to a specific surface 2800-
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3000 cm2 / g of cement (pass through a 

sieve with 4900 holes / cm2 88 - 90%) 

containing gypsum dihydrate calculated 

to 3,5% SO3. To compare the strength 

characteristics mechanical-chemically 

activated binding compositions additional 

indicators are not activated cements with 

the same additives is carried out jointly 

grinding clinker and additives to the 

fineness, estimated by sieve residue 

number 008 (4900 holes / cm 2) 10 -12%. 

It is found that the impact shock - Split -

abrasive effects on mineral components 

occurs increase their dispersity, which 

leads to uniform distribution of the 

nanoparticles throughout the volume 

cement dispersion, and accordingly when 

it hardens - active chemical interaction 

with the reaction medium cement 

minerals. This in turn leads to an 

acceleration of the process of structure 

formation and redistribution of pore 

space of the cement stone toward the 

formation of a large number of small 

pores, a sharp decline in the number of 

capillary pores. Through this is formed a 

dense and homogeneous structure of 

artificial conglomerate provide increased 

strength (20-30%) and reduced 

permeability of the cement stone in 

comparison with the hardened stone 

based cements containing active mineral 

additives, fillers and additives with 

conventional fineness. 

 

CONCLUSION 

In the basis of a detailed studying of the 

theoretical and technological bases of 

developments in the use of mineral 

additives and compositions concluded 

advantage of a method for producing 

multicomponent cements with nano-

grinding mineral additives. Summarized 

and analyzed the results of theoretical 

research on the choice of the least 

energy-intensive chopper activator. The 

design is developed and manufactured 

laboratory model of non-standard 

equipment (dismembratora), the principle 

of which is shock - Split - abrading action 

on the ground material to produce 

nanostructured powder material, 

determine the optimum grinding, 

investigated the properties of activated 

mechanical-chemically binding 

compositions with high physical and 

mechanical properties. 
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ABSTRACT: It is shown that the structure of the coating by adjusting the ratio of change 

of the composition of excipients, coatings can be obtained with optimum heterogeneity. 

Due to the increase of reinforcing properties of fillers enables improving the adhesive 

properties of the compositions.  

 

1.INTRODUCTION  

In domestic and foreign practice for 

protection of machines, equipment and 

devices from deterioration and corrosion 

widely used coverings on the basis of the 

diversified polymeric materials providing 

their long term safety in various 

conditions of operation and also high 

physical – chemical and mechanical  

properties. 

Epoxide resins are used for creation of 

adhesive, coatings, impregnating and  

flood compounds. In order to ensure the 

required safety properties such as 

ductility, fire protection, anti-corrosion, 

thermal, conduct modification of epoxy 

resins.  

As modifiers for epoxide resins are used 

stillage bottoms of furfuryl alcohol. 

By adjusting the structure of the coating 

by varying the composition ratio of fillers 

can be obtained with optimum coating 

heterogeneity. Comparison was made 

with filled and unfilled composition. 

More than 200 deposits and displays of 

mineral raw material, suitable for 

application as fillers thermoreactive and 

thermoplastic polymers [1] are registered 

in Uzbekistan. Common to local natural 

mineral fillers is their multimineral and 

high salt content, thereby coagulated 

primary particles, which indicates that 

they roughly dispersion.  

Consequently, the question of 

disaggregation is a major obstacle to 

large-scale use as fillers.  

Such as  industrial waste,  thermal power 

stations as ash, slag, red mud, 

phosphogypsum, and others may be 

classified as mineral and synthetic fillers.  

 

2.OBJECTS AND METHODS OF 

INVESTIGATION  

From the above, we investigated the 

corrosive destruction of composition  in 

various corrosive environments  as  

method (GOST 12020-72 - weight 

change, physical and mechanical 

properties, visual - to 5-point system) and 

indirect (changes in electrophysical 

characteristics) based on epoxy resin  

pentocompound (COFFS) filled with 

various fillings - kaolin, phosphoslag  and 

phosphogypsum.  

Phosphogypsum (PG) - a departure 

production of phosphate fertilizers, 

sulfuric acid obtained by processing 

natural phosphate raw materials - apatite 

and phosphorite. Currently in the dumps   

Almalyk plant in Uzbekistan has 

accumulated tens of millions of tons of 

phosphogypsum.  

Phosphoslag (PS) - Shymkent plant waste 

phosphoric salts, is a uniform light gray 

glassy granule substance. Phosphor  glass 
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slag is sometimes found in small amount 

in the form of  fluorine.  

Kaolin - or white clay - mineral 

representing hydrogenated plate 

aluminum silicate, having a chemical 

composition: Al2O3 ∙ 2SiO2 ∙ 2H2O. Its 

structure can be represented as alternating 

between a plate tetrahedron   SiO4 and 

octahedron Al (O OH)6 conjugate by 

hydrogen bonds and dipole interaction. 

When filling kaolin resin improves the 

uniformity of the flow, which allows to 

obtain composite materials and coatings 

with more uniform properties based on 

them. The chemical composition of 

powder fillers (table 1) 

 

                                                                                                                        

Table 1. The chemical composition of powder fillers based on waste products 

 
Fillers SiO2 Al2O3 Fe2O3 CaO MgO CaPO4 P2O5 Na2O K2O PPP total 

PG 10,17 0,63 след. 32,00 0,80 46,64 2,07 0,07 0,12 7,50 100 

PS 42,73 2,38 0,16 45,72 3,20 0,25 1,57 0,65 0,30 1,47 99,25 

Kaolin

e  

51,20 43,40 2,22 0,21 0,30 0,25 0,70 0,30 0,25 1,17 100 

 

The wide application for research the 

process of formation of polymeric 

coverings was found by the method of 

study kinetics of increase and relaxation  

intravenous pressure [2]. With the help of 

this method the influence of the various 

physical -chemical factors on process of 

formation of coverings, such as chemical 

structure oligomers, nature of a substrate, 

durability of interaction on border a film - 

substrate and polymer - filler, conditions 

of drawing and formation was 

investigated. 

The most important stage during 

formation of coverings is hardening of 

compositions. 

Composition, developed by us, on the 

basis of  cubic  rest pentozan containing 

connections with epoxy pitch of the mark 

ED-20, filled various mechanical 

activated fillers hardened using reagent – 

hardener  polyethyleneamine .  

The formation of defects at hardening of 

coverings usually contacts to destruction 

of bubbles, hit of a dust increased 

humidity of air, non-uniform distribution 

of hardener in oligomer system and non-

uniform hardening of various sites of a 

surface change of structural elements 

under the action inner pressure. 

Study of the dependence  of  adhesive 

durability of compositions on the basis  

of Indigo cubic rest of pentozan 

containing connections with epoxy pitch 

of the mark  ED-20,  ED-16,  ED-20 and  

ED-22 from interaction of aggressive 

environments have shown their identity 

in practice i.e.  adhesive durability of 

these coverings in all cases is reduced, 

namely in sulfite acid on 40, in water 60, 

hydrochloric acid 70 % concerning size 

in air at endurance in these environments 

more than 10 days. The coverings 

completely lose adhesive durability in 

nitrate and acetic acids during 6 and 10 

day accordingly owing to destruction of 

polymers on border of the unit of phases 

polymer - substrate. 

 

3.RESULTS AND ANALYSIS  

For estimation of influence of 

temperature of hardening on time of 

drying and the physical - mechanical 

properties of coverings of research are 

carried out at temperatures from 40 up to 

200 C. The process of drying of a 

composition was carried up to a degree 3,  

characterized by absence of a trace and 

sticking a paper after removal of loading 

in 0,2 H, according to a standard 
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technique [2]. The results of tests are 

submitted in the table 2. 

   For the all composition with different 

fillers minimum flexural breaking tension  

is obtained when the content of the filler 

30 mas. p and thus a decrease in the 

values of the failure tension compared to 

the control sample - σr (contr) = 585 × 

102 kgf/cm
2

 .  

In all likelihood, the  higher increase in 

the physical and mechanical properties of 

the composite polymer material when 

administered  phosphoslag, compared to 

compositions with other fillers due to the 

fact that phosphoslag contained in a large 

amount compared to other fillers, calcium 

oxide, silicon, magnesium up to a total 

over 92%, compositions which impart 

specific properties (hardening).  

                                                                                                        

                                                                                                                               

Table 2. Influence of temperature  hardening on time of drying of a composition, durability 

at impact, adhesive  and hardness of coverings on a basis CRPC  + ED-20 

 

Temperature, 

C 

Time hardening 

up to a degree 

3,4 

Hardness of 

coverings, 

relative unit. 

Adhesive in 

numbers 

Durability at 

impact, кгс.см 

50 

80 

100 

120 

150 

200 

 

3 

2 

1,5 

0,75 

0,5 

0,25 

0,35 

0,37 

0,40 

0,45 

0,47 

0,45 

2 

2 

2 

1 

1 

1 

35 

35 

35 

40 

50 

40 

 

It should be noted that the addition of 

fillers improves the adhesion properties 

of the compositions compared to control 

(σA = 50.2 kg/cm
2
).  The Best results are 

obtained by adding 30 parts by weight 

fillers. So for phosphoslag: σA = 123.5 

kgf / cm
2
; phosphogypsum: σA = 110.5 

kgf/cm
2
, which confirms the above 

conclusion on the reinforcing filler 

phosphoslag property.  

As it is known, in most cases, the 

chemical resistance of composite 

materials is estimated changes observed 

in these various properties, as under the 

influence of the processes of interaction 

of the polymer with an aggressive 

environment is a change of operational 

properties: optical, mechanical, dielectric, 

sorption, etc. It is possible to establish the 

following series of corrosion resistance of 

the studied Composites: ED-20 + COFFS 

< ED-20 + COFFS phosphogypsum < 

ED-20 +  COFFS phosphoslag.  

The test of the unfilled and filled 

composite on chemical resistance was 

carried out according to GOST 9.403-80 

by the method of complete immersing of 

samples in a solution of a sulfuric acid 

(table 3). 

 In the table presented the data on 

preservation of protective properties of 

coverings with various fillers and without 

them. 

The all samples have a weight change on 

a high anti-corrosion properties (stability 

evaluation score 1, the weight change is 

less than 5%) as the weight change at all 

much smaller than according to GOST 

12020-72. However, it should be noted 

that the maximum loss weight (-5%) is 

observed in the initial sample, then after 

exposure phosphogypsum filler in highly 

aggressive 30% H2SO4 acid for 40 days.  

In   alkaline solutions there is not loss of 

the samples, which confirms the above 

investigation on the properties of a more  
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stable modified epoxy composition in 

them than in acid solution. Some increase 

of the samples is likely due to diffusion 

processes of chemical reagent in the 

polymer composition. As is known, the 

difference in the chemical stability of the 

polymeric coatings depends on their 

nature and structure.  

 

 

 Table 3. The dependence of protective properties of systems chemical resistant coverings 

with chemical resistant coverings from time of its presence in 30%- H2SO4 

 

The name of a material Duration, day Protective properties, % 

 

The unfilled composite 

100 

200 

300 

400 

60 

40 

30 

25 

 

The composite filled with 

phosphogypsum 

100 

200 

300 

400 

75 

65 

60 

60 

 

The composite filled with 

phosphoslag. 

100 

200 

300 

400 

80 

75 

70 

68 

The composite filled with 

kaolin 

100 

200 

300 

400 

90 

85 

80 

80 

 

4. CONCLUSION  

Сorrosion of the polymer coating by the 

interaction of the chemical reagent runs 

through the following stages: diffusion of 

the reagent to the surface of the polymer, 

sorption reagent,  solid phase diffusion, 

chemical reaction, then the diffusion of 

the reaction products from the surface of 

the polymer (mass loss) in the liquid.  

Thus on the basis is higher stated it is 

possible to conclude, that at process of 

formation of a composite covering of 

optimum temperatures hardening the 

developed composition should consider 

120-140
0
 C. 
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ABSTRACT: Corrosion happens naturally, it is caused to lost materials and their 

characteristics by environmental effects. In this study, natural zeolite has been chosen as 

anticorrosive additive for dye. By using natural zeolite as an additive, it is aimed to 

improve of coatings that shows high anticorrosive characteristics at low film thickness. 

Meshwork structure of zeolites form huge internal and external surface area for ion 

exchange and chemical reactions. Clinoptilolite is the more commonly used zeolite type. 

Study has been started with 30 µm zeolite and it is understood that this size of zeolite has 

been prevented corrosion and it should be modified. Many different size of zeolites have 

been obtained from different speeds and time intervals. Studies has been continued with 

these different samples. With modification of different materials and the obtained results, 

the samples have been ready to dye. The result of the literature researches, it is understood 

that zeolite has different dispersants. Zeolite samples have been mixed with all these 

dispersants and size of the zeolite samples have been obtained. 

After the experiments nanozeolite samples have been added to dye and some problems 

have been detected. As a result, to reduce these problems, experimental and improving 

steps are still in progress. 
 

1. INTRODUCTION 

The well-defined porous structure of 

zeolites makes them true shape-selective 

molecular sieves with wide ranging 

applications in catalysis, ion exchange 

and adsorption processes [Zaarour et al., 

2013].Besidesthe different pore size and 

shape, the hydrophilic/hydrophobic 

nature of zeolites renders them as useful 

selective sorbents and hosts for guest 

molecules (organic or inorganic) that are 

stable in gas and liquid phase. [Bellussi et 

al., 2013].  In order to control the 

synthesis process and to obtain zeolites 

with predetermined properties, significant 

efforts have been dedicated to the 

fundamental understanding of the zeolite 

crystallization process and the influence 

of numerous variables and their impact 

on the physicochemical properties of the 

final product [Cundy et al., 2003]. 

Zeolites can be used in many advanced 

applications because of their special 

physicochemical characteristics. 

Precision adjustment and material control 

has been took in consideration in the 

synthesis of the structure. In consequence  

of zeolite’s structure, porosity, size, 

morphology and composition, chemical 

and physical parameters controls the 

zeolite synthesis and clarifies the cyristal 

mechanism of it. Diffusion of the nano-

zeolites are faster than other different 

organic and inorganic materials. Because 

of the fact that its large and reactive 

interior surface, usage of nano-zeolite 

cyristals in different morphological 

applications is very critical. 

Characteristics of nano-zeolites allow to 

use in Photovoltaic and holographic 

sensors and medicine applications. 

Zeolite films can be grown, either as 
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individual crystals or as intergrown layers 

on a wide variety of supports including 

metal surfaces, ceramic and polymeric 

plates, metallic wires, organic and 

inorganic fibers and even surfaces with 

especial characteristics, such as electronic 

circuits or medical prostheses.[Pina et al., 

2011].To protect dyes from corrosion, 

especially epoxy has been used but some 

nanosize additives has been put into 

because of its disadvantages.Nanosize 

additives are used at the new applications 

and when they add into epoxy, they show 

stronger protection and their durability 

increases [Moazeni et al., 

2013].Clinoptilolite is the most common 

zeolite group. Zeolites are used in many 

different ares because of their high cation 

exchange capacity. However, in spite of 

the excellent performance shown by 

zeolite membranes in manylaboratory 

studies of gas and liquid phase 

separations there areno other commercial 

applications of zeolite membranes 

[Tsapatsis et al., 2010]. There are more 

than 50 natural and 150 synthetic types of 

aluminosilicate zeolites. Natural 

clinoptilolite is the most widely used type 

due to its high absorption rate, cation 

exchange, catalysis and dehydration 

capacities. It can be utilised as a chemical 

sieve, feed and food additive, as well as 

gas and odour absorber. Suitability for 

such applications is due to its large 

amount of pore spaces, a high resistance 

to extreme temperatures, and chemically 

neutral basic structure [Charkhi et al., 

2009]. The exact chemical formula of 

clinoptilolite is: 

(Na,K,Ca)2-3Al3(Al,Si)2Si13O36•12(H2O) 

That translates into Hydrated Sodium 

Potassium Calcium Aluminum Silicate, 

also called Potassium-calcium-sodium-

aluminosilicate for short.Lattice structure 

of zeolites compose large internal and 

external surface area for ion exchange 

and chemical reactions. Zeolites are 

naturally negatively charged and they 

have high ion exchange capacity. Zeolites 

have absorption of many different gasses 

and smells; water and humidity; 

petrochemical materials, low level 

radioactive elements, ammonium, toxins, 

heavy metals and many other solution 

with their porous structure and capacity 

of ion exchange. 

 

2. MATERIALS AND METHODS 

 

2.1 Preparation of Nanozeolite 
The study was started with 30 µm size 

zeolite and it has been understood that 

zeolite can prevent the corrosion at thşs 

size and it is necessary to modificate. The 

Microsize zeolite sample was grinded at 

two different speed (500 & 550 rpm) and 

two different time interval (10 & 20 

min)in the mill and 4 different zeolite 

samples ware obtained in nanosize.  

 

The obtained four different nanozeolite 

samples were washed with alcohol to 

remove the stearic acid particles which 

are added during grinding to prevent 

adhesion of zeolite particles to the mill. 

Then all the samples were dried first at 

the room temperature then in the drying-

oven. This is done for evaporating the 

alcohol from samples. 

 

2.2 Modification of Clinoptilolite  

Samples were mixed with pure water and 

they stirred at the magnetic stirrer at 70 
o
C during 1 week to obtain homogeneous 

solutions. To dehumidificate the 

clinoptilolite samples, they had been put 

into dessicator for 2 weeks. The samples 

which are taken from dessicator were 

weighed to check the humidity ratio. 

Modification of zeolite samples were 

started with stock solutions which were 

prepared 1:100 (solid:liquid) ratio in 125 

ml volumetric flask with a quaternal 

ammonium salt (dynosylan ammo). 

 

At the first study, there was 5 different 

samples (500 rpm / 10 min, 500 rpm / 20 

min,550 rpm / 10 min, 550 rpm / 20 min 
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ve 30 micron) were prepared in 50mM, 

100mM and 200 mM molarity and 15 

new samples were composed. Obtained 

solutions had been shaken at 150 rpm 

25
o
C for 24 hours with the help of shaker 

After shaking the all samples, they were 

centrifugated at 3000 rpm for15 minutes 

and washed with double distilled water. 

Before the grain size analysis by sieving, 

all the samples were dried in open air. 

 

At the second part of the study,all these 

steps were repeated with 6µm zeolite 

sample to cure the problems. At the 

present study instead of pure water,butyl 

glycol was used because modification of 

butyl glycol is easier and better than pure 

water 3 different kinds of stock solution 

was prepared with dynosylan ammo at 

50mM, 100mM and 200 mM. At this 

study samples were mixed to the paint 

without centrifugation as wet samples. 

 

2.3 Corrosion Tests 

Corrosion tests were applied to all 

prepared samples after thet added to the 

dye. Corrosion tests took 500 hours. 

After these corrosion tests, SEM 

observations are done to the some 

successful samples.  SEM observations of 

the better samples which are thin film 

application of clinoptilolite samples can 

be seen from the figures 1, 2, 3 and 4. 

 

3. RESULTS AND DISCUSSION 

After characterize the type and size of the 

zeolite samples, SEM images of 

modificated zeolite sampleswere 

illustrated in (Figs 1, 2, 3 and 4).  

 

 
Fig. .1 SEM image of clinoptilolite at low 

film thickness which is applied to paint 

with butyl glycol. 

 

Fig. 2. SEM image of clinoptilolite at low 

film thickness which is prepared at 500 

rpm at 20 min and 50 mM. 

 

 
Fig. 3. SEM image of clinoptilolite at low 

film thickness which is prepared at 500 

rpm at 20 min and 200 mM. 
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Fig. 4. SEM image of clinoptilolite at low 

film thickness which is prepared at 500 

rpm at 10 min and 100 mM. 

 

The SEM images show that the crystals 

of modified zeolites were substantially 

necessary for paint production and some 

samples have very good ability to mix 

with paint for corrosion resistance. These 

samples are shown this better corrosion 

protection as thin zeolite film samples. 

Other film samples are not shown this 

kind of protection at the applied surfaces. 

 

4. CONCLUSION 

It is discovered from the experiments that 

thin zeolite film applications are very 

successful for paint production and 

corrosion resistance. Zeolite coatings 

show very good ability to protect surfaces 

from corrosion at low film thicknesses. 

 

Clinoptilolite is very good alternative raw 

material for paint production with its anti-

corrosive applications. Turkey is very 

rich in this natural source, especially 

Manisa Gördes region.  
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ABSTRACT: An emulsion consists of two immiscible liquids (usually oil and water) 

dispersed in each other in form of droplets. In most cases, a surface active component (an 

emulsifier or a stabilizer) is added to the system for achieving stability. Food industry 

heavily relies on emulsifiers, which may or may not be biocompatible, as additives in 

many of its products. Therefore, use of biocompatible emulsifiers is extremely important 

for general public health. Bovine Serum Albumin (BSA) was tested in this study as an 

emulsifier to disperse n-dodecane in water. Besides being highly biocompatible due to its 

homologues structure with Human Serum Albumin (HSA), BSA is also a low cost and 

widely available protein.  

The main parameters tested were air/water and oil/water surface tensions and size and 

electro-kinetic potentials of BSA as a function of concentration. The performance of BSA 

on emulsification was tested through in-situ kinetic size measurements of a model 

dispersed phase (dodecane). These studies showed that BSA does not seem to have a 

significant effect on emulsification kinetics even though BSA resulted in a significant 

decrease in the air/water and oil/water surface tensions. However, the presence of BSA 

prevents the coalescence of oil droplets, even in the non-stirring conditions and provide 

stability. Stability of the emulsion was confirmed through microscopic observations of the 

oil droplets as a function of time.  

 

1. INTRODUCTION 

Emulsions are unstable systems in which 

the droplets of the dispersed phase tend to 

agglomerate or coalesce and separate out 

as a distinct phase. The emulsifiers are 

surface-active molecules which adsorb at 

the interface between the two phases and 

reduce the interfacial tension. Reduced 

surface energy leads to smaller droplets 

and a more stable suspension [1].  

A large number of food products (soft 

drinks, milk, cream, salad dressings, 

mayonnaise, soups, sauces, dips, butter, 

margarines, etc.) exists in the form of 

emulsions stabilized by proteins. Hence, 

the process of ‘homogenization’, which is 

basically preparation of stable and well-

defined emulsions, is extremely 

important in food industry [1, 2, 3].  

 

 

The purpose of this study was to achieve 

stable dodecane/water emulsion system 

employing a biocompatible protein (the  

Bovine Serum Albumin, BSA) as the 

emulsifier to achieve stability. 

 

2. MATERIALS AND METHODS 

 

2.1. Materials and Methods 

The properties of BSA and Dodecane are 

given in Table 1. The characterization 

and analysis methods of the study are 

summarized in Table 2. 

 

Table 1. Selected properties of BSA and 

Dodecane employed 
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pH
4 5 6 7

ZE
TA

 P
O

TE
N

TI
A

L,
 m

V

-20

0

20

1.5x10-4 M BSA in distilled 

water at 25 
o

C 

PZC

Table 2. The Analysis and 

characterization methods used 

 
 

2.2. Methodology 

The methodology for the system can be 

seen from Figure 1.  

 

 
 

Figure 1. Methodology employed in the 

characterization and emulfication tests 

carried out in this study 

 

3. RESULTS AND DISCUSSION 

3.1. Size and Charge of BSA 

The size and charge measurements of 

BSA solutions were conducted and 

presented in Figure 2, 3 and 4.   As it is 

seen from figure 2  that the size of BSA 

is higher at 10
-5

 M than the other 

concentrations. This might be due to the 

possible agglomeration of BSA 

molecules at low concentrations.    At the 

higher concentrations, on the other hand,  

BSA is known to have a compact 

structure. Threfore the sizes are smaller. 

Then the size of BSA did not change 

much with a further increase in BSA 

concentration.  

 
 

Figure 2. Size measurement of BSA at 

different concentrations 

 

Figure 3 gives the change of zeta 

potential of BSA as a function of pH. 

Figure 4 gives the zeta potential of BSA 

at a fixed pH value as a function of BSA 

concentration.   As it is seen there is an 

İEP point (at pH 4.7) where the charge of 

BSA changes from positive to negative. 

The charge of BSA at fixed pH (pH 7), 

on the other hand, changes depending on 

its concentration. It is negative at all the 

concentrations.  However, zeta potential  

is higher at certain concentrations 

compare to the others.   

 

 

 

 

Figure 3. Zeta 

potential measurements of BSA at 

different pH values 
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 Figure 4. Charge measurements of BSA 

at different concentrations at pH 7. 

 

3.2. Surface Tension (air/water) and 

Interfacial Tension (oil/water) 

Measurements 

The surface tension (at air/water surface) 

and the interfacial tension (at oil/water 

interface) measurements were conducted 

in the presence of BSA.  The results are 

presented in Figures 5 and 6. As it is seen 

that the presence of BSA molecules 

decrease surface tension from 72 mN/m 

down to 25 mN/m. This result shows that 

the BSA has a strong surface activity and 

it is suitable to use as an oil emulsifier.   

 

 

 

Figure 5.  Surface 

tension measurement of BSA 

 

In the case of interfacial tension 

measurements (at oil/water interface),  

the presence of BSA again decreased the 

value of interfacial energy from 42 

Ergs/cm
2 

to 20 Ergs/cm
2
.  This result 

again proves that the BSA has a strong 

surface activity and it is suitable to use in 

oil/water emulsion systems.  It shows that 

the BSA molecules tend to adsorb at 

interfaces and reduce the interfacial 

energy at its high concentrations. At 10
-5

 

M BSA that is the concentration used in 

this study, however, the interfacial 

tension at oil/water interface did not 

change.       

 

 

 

Figure 6.  Interfacial tension of BSA at 

different concentrations 

 

3.3. Emulsification Studies 

The kinetic emulsification studies were 

conducted using the experimental set-up 

given above using a standart cell. The 

results are presented in Figure 7. As it is 

seen that the size of the droplets decrese 

as a function of time in the both cases.   

The breakage rate in the emulsion system 

remained nearly the same with and 

without BSA, indicating that protein did 

not affect the breake rate significantly. 

This might be due to the negative charges 

of both the oil droplets and BSA 

molecules. Therefore the BSA molecules 

did not adsorb at the surface of the 

dodecane droplets instead they remained 

between the two dodecane droplets. 

However, the droplets coalesced after 

stopping emulsification (stirring) and 

phase separation took place in the 

absence of BSA.   With BSA, emulsions 

were stable even after 1 month. This 

indicates that the mechanism of 

stabiliation is by prevention of 

coalescence of oil droplets due to the 
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increase in the energy to drain the water 

film between oil droplets to coalesce.  

 

 

Figure 7. Mean droplet 

size in the absence and presence of BSA 
 

The stability of emulsion systems with 

BSA was also observed by a long focal 

length  microscope and . the images were 

given in Figure 8. It is seen that BSA 

provides perfectly stable emulsions   

  So, this study demonstrated that natural, 

highly biocompatible protein, BSA can  

succesfully substitute  the synthetic 

surfactants as an emulsifier in food 

industry. 
 

 

 

 
Figure 8. Microscope images for droplets 

(a) 1 hour after stopping agitation (b) 24 

hour after stopping agitation (c) 10. 30 

day after stopping agitation 
 

4. CONCLUSIONS 

The study aimed at observing the relative 

effects of BSA on the stability of 

dodecane in water emulsions. The results 

indicated that: 

  The presence of the protein 

significantly reduced both the 

air/water and oil/water interfacial 

tensions, indicating the strong 

surface activity of the BSA. 

  The breakage rate in the emulsion 

system remained nearly the same 

with and without BSA, indicating 

that protein did not affect the 

breake rate significantly. 

  The droplets coalesced after 

stopping emulsification and phase 

separation took place in the 

absence of BSA.  

  With BSA, emulsions were stable 

even after 1 month. The 

mechanism of stabiliation is by 

prevention of coalescence of oil 

droplets. 

  The study demonstrated that 

natural, highly biocompatible 

protein BSA can  succesfully 

substitute  the synthetic 

surfactants as an emulsifier in 

food industry. 
 

  

(a) 

(b) 

(c) 
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ABSTRACT: In this study, Al-Cu-Mg/B4Cp metal matrix composites with reinforcement 

of up to 20 wt.% were produced using the powder metallurgy technique. The effects of 

reinforcement ratio, reinforcement size, milling time and compact pressure on the density 

and porosity in composites reinforced with B4C particles of 0, 5, 10 and 20 wt.% were 

studied. The proposed neural network model has used the measured parameters namely the 

weight percentage of B4C particle, the size of B4C particle, milling time and compact 

pressure to predict the density and porosity. As a result of this study the ANN was found to 

be successful for predicting the density and porosity of Al2024-B4Cp composites. The 

mean absolute percentage error (MAPE) for the predicted values did not exceed 1.6%. 

 

Keywords: Artificial neural network, metal matrix composite, density, modeling 

 

1. INTRODUCTION 

Particle reinforced metal matrix 

composite materials (PMMCs) have 

received considerable attention due to 

their high strength, high stiffness, 

superior wear resistance and retention of 

strength at elevated temperatures. They 

have been widely used in the fields of 

aeronautical, space, automotive, 

mechanical and electronic. A better 

understanding of the mechanical behavior 

of the particle reinforced metal matrix 

composites will improve material design 

and processing [Hassan et al., 2009; 

Goujon and Goeuriot 2001]. Al-based 

particulate-reinforced metal matrix 

composites have attracted much interest 

due to their potential use and desirable 

properties. Hard particles in the ductile 

matrix lead to superior properties. These 

properties include increased strength, 

higher elastic modulus, higher service 

temperature and improved wear 

resistance compared to conventional 

metals and alloys [Altinkök and Köker 

2005].  

The use of an artificial neural network 

(ANN) is one of the most powerful 

modeling techniques, and in conjunction 

with a statistical approach, ANN is likely 

to be suitable for the prediction of the 

mechanical milling outputs. matrix 

powders fabricated by flake powder 

metallurgy. Therefore, the aim of this 

study is to predict of the effect of 

reinforcement size, reinforcement ratio, 

compact pressure and milling time on the 

density and porosity of Al2024-B4C 

MMCs produced by powder metallurgy 

with the use of ANN.  

 

2. EXPERIMENTAL 

 

2.1. Materials 

To produce Al2024/B4C (5, 10 and 

20wt.%) composites, Al2024 powders 

with average particle size of about 75µm 

and B4C powders with particle size of 49 

µm and 5μm were used. The mixtures 

were milled using a planetary ball mill 

(Fritsch “Pulverisette 7, Premium line”) 

at different milling times (0.5, 1, 2, 5, 7 
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and 10h). A ball to powder weight ratio 

of 10:1 was kept constant in the tungsten 

carbide vials. Methanol (2 wt.%) was 

used as a process control agent. The 

rotational speed was controlled at 400 

rpm. The microstructure of composites 

was characterized by means of scanning 

electron microscopy (SEM). The density 

(δ) of compacts was determined by the 

Archimedes method. The theoretical 

density of compacts was calculated from 

the simple rule of mixtures taking the 

fully dense values for Al2024 (2.8 g/cm
3
) 

and B4C (2.52 g/cm
3
). 

 

2.2. Artificial Neural Network 

The quantities (wij) demonstrate the 

effect of a data point on an arrives at a 

artificial neural cell. The addition 

function (threshold function, Eq.1) (netj) 

calculates the net input on a neural cell. 

The sigmoid function (Eq.2) is the most 

common activation function in the ANN 

because it combines nearly linear 

behavior, curvilinear behavior, and nearly 

constant behavior [Ma et al., 2009; Jiang 

et al., 2007]. 
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                             (2) 

 

From the well known and widespread 

identification tools, the root mean 

squared error (RMSE) and the mean 

absolute percentage error (MAPE) values 

are calculated from Eqs.3 and 4. Models 

that produce the best estimated values 

were selected as the forecasting models. 
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Figure 1 shows the ANN models 

containing one input layer, two hidden 

layers and one output layer. The compact 

pressure, milling time and reinforcement 

volume fraction were used as the input 

variables, while the green density, 

sintered density and hardness values were 

used as the output variables in the ANN 

models.  

 
(c) 

Fig. 1. ANN architecture  

 

 

3. RESULT AND DISCUSSION  

 

3.1. Microstructure 

Fig. 2 shows the microstructure and 

distribution of the B4C particle milled 

from 0h to 10h. It can be seen that the 

distribution of reinforcement particles 

obtained by a simple mixing method (0h, 

Fig. 2a) which is known as the 

conventional powder metallurgy process. 

As it expected at initial milling time, the 

particle distribution was not uniform and 

the distance between alumina particles 

was so high. With increasing milling time 

the distance between B4C particles 

decreased gradually. After 10h milling 

time (Fig. 2b), these particles were 

dispersed throughout the Al alloy matrix 

with a better homogeneity 
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.  

 

 
(a) 

 
(b) 

Fig. 2. SEM images of the Al2024-10 

wt.% B4C composites after different 

milling times, (a) 0h-conventioanal (b) 

10h. 

3.2. Porosity 

As a result, the porosity of the compacts 

increases as the milling time increases 

due to the hardening effect of the 

mechanical alloying (Fig. 3a). This can 

be attributed to the hardening effect of 

the mechanical alloying process, which 

increased the hardness of the powder 

particles and consequently limited the 

plastic deformation response of the 

aluminum. However, the porosity of the 

compacts decreases with increasing 

compression pressure due to good 

packing and increasing density of metal 

powders (Fig. 3b) 

 

(a) 

 
(b) 

Fig. 3. The change of porocity with 

milling time and compaction pressure for 

(a) unreinforced Al2024 alloy, (b) 

Al2024-20 wt.% B4C (D50:49µm) 

composite. 

Fig.4 shows the compressibility curves of 

Al2024-10 wt.% B4C composite powders 

at different reinforcement ratio (wt.%), 

reinforcement size and compact pressure. 

Experimental results indicate the 

presence of B4C ceramic particles the 

consolidation ability decreases dependent 

on the reinforcement ratio and the 

reinforcement size. The addition of B4C 

particles decreased the consolidation of 

Al2024 matrix and the effect was more 

pronounced at higher B4C content. 

Decreasing the size of B4C particles also 

decreased the compressibility (Fig. 4). 
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Fig. 4. The variation of porosity with B4C 

particle content and size. 
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3.2. Prediction capacity of the ANN 

The regression curves of the output 

variables for the experimental and ANN 

datasets are shown in Figs. 5-6. The 

correlation coefficient was calculated to 

be 0.98 (testing, Rdensity= 0.99495, 

Rporosity= 0.995567, Rhardness= 0.99235; 

training, R density=0.99741, Rporosity= 

0.99722) indicating good agreement 

between the experimental results and the 

model predication. The statistical results 

namely, the root-mean squared error 

(RMSE) and the mean absolute 

percentage error (MAPE), are within an 

acceptable range and meet the integrity of 

the ANN learning and testing stages.  

 

 
(a) 

 
(b) 

Fig. 5. Regression analysis for the neural 

network responses and the target for 

training data set: (a) density, (b) porosity 

 

 
(a) 

 
(b) 

Fig. 6. Regression analysis for the neural 

network responses and the target for 

testing data set: (a) density, (b) porosity 

 

A comparison of the measured and 

predicted (ANN) density, and porosity, at 

the testing stage is provided in Figs. 7 

and 8. From these comparison charts, it 

can be clearly observed that the ANN is 

properly trained and shows consistency in 

predicting the properties of the 

composite. Comparison between 

measured and predicted composite 

properties at the testing stage indicates a 

high correlation. In other words, the 

results of the comparison plots indicate 

the similarities between the experimental 

study and the ANN model, and support 

the reliability of the model. The 

comparison diagrams reveal that the 

slope and intercept of the regression 

equations for the outputs are very close to 

1 and 0, respectively.  

 



388 
 

 
(a) 

 
(b) 

Fig. 7. The comparison of measured 

values and ANN values for the density 

(a) training data set, (b) testing data set. 

 

 
(a) 

 
(b) 

Fig. 8. The comparison of measured 

values and ANN values for the porosity 

(a) training data set, (b) testing data set. 

 

4. CONCLUSIONS 

► The mechanical alloying technique is 

a effective processing technique for 

particle-reinforced metal matrix 

composites which has some advantages 

over the conventional P/M method. In 

this technique, the B4C ceramic particles 

can be distributed uniformly within the 

matrix alloy.   

►The porosity of the compacts increases 

as the milling time increases due to the 

hardening effect of the mechanical 

alloying. 

► The porosity of the compacts 

decreases with increasing compression 

pressure due to good packing and 

increasing density of metal powders. 

► The compressibility of composite 

powder mixtures is decreased by 

increasing of the B4C content. Therefore, 

the highest porosity value is observed in 

the powder mixture containing 20 wt.% 

of B4C particles. 

► The compressibility of composite 

powder mixtures is decreased by 

decreasing of the B4C size. The 

agglomeration regions restrict the 

movement of Al2024 particles, 

preventing the rearrangement mechanism 

of densification. 

► ANNs can be an alternative approach 

for the evaluation of density and porosity 

values of synthesized metal matrix 

composites. It was shown that 

experimental variables such as the 

milling time, compact pressure, 

reinforcement size and reinforcement 

ratio could be employed as inputs for 

predicting density and porosity values of 

synthesized composite materials. 

► The mean absolute percentage error 

(MAPE) for predicted values does not 



389 
 

exceed 1.625%. Therefore, using ANN 

values, satisfactory results can be 

estimated rather than measured which 

thereby reduces the testing time and cost. 

Moreover, the ANN is an alternative 

method for estimating the properties of 

metal matrix composites produced by the 

mechanical alloying method. 
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ABSTRACT: In this study, unsupervised clustering algorithms were used for prediction of 

concrete class. In this manner, a series of tests including impact resistance, compressive 

strength and split tensile strength was used. In this manner, specimens having 28-days 

compressive strength of 20, 35  and 50 MPa were prepared. In the concrete mixtures, CEM 

I 42.5 R type cement and limestone based aggregate with maximum size of 25 mm were 

used. 150/300 mm cylinder concrete samples were prepared and cured under standard 

conditions for 28 days. Besides, twelve 150/300 mm cylindrical samples from each series 

of concrete were cut to 150/64 mm dimensions with a stone-cutting machine. The impact 

test, proposed by ACI Committee 544, was applied to these cylindrical samples. The 

number of the blows leading to initial and failure cracks were determined. The results of 

the impact tests were statistically evaluated and impact resistance of the specimens were 

determined. Afterwards, making necessary analyses on dataset, it was decided to use the 

splitting tensile strength and blows to failure to classify the concrete classes. It was 

concluded that, concrete specimens having different classes can be classified by applying 

these algorithms on selected parameters.   

 

1. INTRODUCTION 

Concrete is a brittle material and is 

vulnerable to impact loading. Since it has 

a heterogenous structure, different levels 

of internal stresses arise in concrete due 

to impact loading. Concrete roads, 

airports, concrete pipes under extreme 

pressure, and military structures are 

exposed to impact loading. Impact 

resistance is an important aspect of 

concrete used in these structures (Neville, 

1981; Erdoğan, 2003 Teng et.al., 2008; 

Mindess et.al., 1998). Details of the 

impact resistance test proposed by ACI 

Committee 544 can be found elsewhere 

(Nataraja et al, 2005; Teng et.al., 2008; 

Mindess et.al., 1998). 

Using impact resistance tests, maximum 

energy that can be absorbed by concrete 

can be computed. As stated earlier, 

heterogenous structure and brittle 

behavior of concrete causes a great 

uncertainty in obtained impact resistances 

(Badr, et al, 2006).  

In this study, an attempt was made to 

classify the concrete classes in a dataset 

including split tensile strength and impact 

resistance data. It was investigated 

whether a dataset including the above 

mentioned parameters can discriminate 

between different concrete classes. It was 

aimed to investigate whether a 

relationship underlies between 

compressive strength, impact resistance 

and split tensile strength. The results 

revealed that classification ability of 

fuzzy c-means algorithm, which has the 

capability of compensating uncertainties 

in ambiguous data was better, in 

comparison with hard k-means approach.  

 

2. EXPERIMENTAL STUDY 

In preparation of concrete mixtures, CEM 

I 42.5 R type normal portland cement was 

used. C3S, C2S, C3A and C4AF contents 

of cement are 53.61, 16.35, 11.62 and 

6.75%, respectively. Crushed limestone 

aggregate were separated into three 

different size fractions as 0/5 mm (AI), 
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5/15 mm (AII) and 15/25 mm (AIII). 

SSD specific gravity of AI, AII and AIII 

aggregates are 2.65, 2.68 and 2.71, 

respectively. The absorption capacity of 

AI, AII and AIII aggregates are 0.92, 0.3 

and 0.2%, respectively. Aggregates 

recombined to a specified uniform 

grading during mixing. The blend 

consisted of 40% AI, 35% AII and 35% 

AIII. The proportioning and description 

of the concrete mixtures are summarized 

in Table 1. Slump values of concrete 

mixtures were kept constant of 100±20 

mm.  

 

Table 1. Mix proportions and description 

of concrete mixtures 

Materials (kg/m3) 
Mixture code 

C20 C35 C50 

Cement  286 335 410 

Water  201 161 167 

0-5 mm aggregate  731 757 725 

5 -15 mm aggregate 644 667 639 

15- 25mm aggregate 465 482 462 

Superplasticizer 0,0 1,7 4,7 

Unit weight  2363 2439 2443 

 

The uniaxial compressive and split tensile 

strengths of 28 days cured 150x300 mm 

cylindrical concrete specimens were 

determined in accordance with ASTM 

C39 and ASTM C496 standards, 

respectively. Furthermore, impact 

resistance test were conducted on 64 mm 

concrete disks at 28 days. These disks 

were obtained by cutting 150x300 mm 

cylinder concrete specimens with stone 

cutter. Impact tests were performed in 

accordance with proposed test methods 

by ACI Committee 544. The number of 

the blows leading to initial and failure 

cracks were determined. 

 

3. UNSUPERVISED CLUSTERING 

TECHNIQUES 

 

3.1. Hard K-means algorithm 

Hard k-means classifier (HKM), was 

presented by MacQueen (1966). This 

algorithm provides a simple approach 

distinguishing input data in a crisp 

manner. In HKM approach, a data point 

cannot partially belong to a cluster, and 

this is commonly addressed as the main 

disadvantage of the crisp classification 

methods. The user initially selects the 

number of clusters. Later, minimization 

of the objective function leads to the 

categorization of n input vectors with m 

dimensions into c clusters (Ross, 1995; 

Lanhai, 1998): 
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, vU         (1) 

where, U denotes dissimilarity matrix of 

m×n dimensions, xk is k
th

 data point to be 

partitioned, vi is cluster center matrix of c 

elements and m features, and χi is the 

membership value which is 1 if xk is the 

element of cluster i or 0, otherwise.  

Coordinates of cluster centers are 

computed using following relationship 
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Consequently, the difference between 

dissimilarity matrices obtained after 

consecutive iterations is determined. The 

procedure is terminated when the above-

mentioned difference is less than a 

predefined error level (ε). In the contrary 

case, partition matrix is updated by the 

following formulation (Ross, 1995): 
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ij
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where, t represents the calculation step in 

computational procedure. Outcomes of 

the algorithm is unsatisfactory when 

applied on noisy, duplicate, or non-

convex-shaped data. It should be 

underlined that, selection of initial cluster 

centers plays a significant role in the 

success of the method. Interested readers 

can find a detailed explanation of the 

algorithm in literature  (Ross, 1995; 

Lanhai, 1998). 
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3.2. Fuzzy c-means algorithm 

Different from crisp classification 

techniques, in “softer” classification 

approach, a data point can partially 

belong to a cluster. A partial 

belongingness concept is utilized by 

applying a modification in membership 

calculation procedure of HKM method in  

Fuzzy c-means (FCM) algorithm, which 

was first implemented by Bezdek (1981),. 

A fuzzification parameter (m), ranging 

between 1 and feature number (n) 

determines the membership of a point to 

each cluster, the strength of its 

belongingness to any cluster center is 

calculated, and the cluster possessing the 

greatest membership value of any data 

point is determined as the winner. 

Similar to HKM, minimization of 

modified objective function terminates 

the algorithm given in Equation 4 

(Lanhai, 1998):  
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where, μik is the membership value of the 

k
th

 data point in the i
th

 cluster and dik is 

the element of the dissimilarity matrix 

computing the distance between k
th

 data 

point and i
th 

cluster center, and 

calculation of this distance is given in 

Equation 5:  
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The cluster centers are computed by use 

of the following relationship: 
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in which, v denotes matrix including 

cluster centers, x is the data point, and m′ 

is fuzzification parameter. Hereafter, 

distances between each data point and 

cluster center are determined by use of  

Euclidean distance formulation. 

Moreover, the error level can be 

computed by use of the dissimilarity (or 

objective) matrix (d). Modified partition 

matrix can be obtained similar to the 

error comparison in HKM (Ross, 1995):  
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where, t is iteration number. The 

calculation procedure above is continued 

until the dissimilarity function (Jm) is 

minimized within a predetermined error 

criterion. The last but not the least, sum 

of membership values for any data point 

should be equal to 1 (Bezdek, 1981; Wu 

and Yang, 2002). 
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4. EXPERIMENTAL RESULTS AND 

CLASSIFICATION OF CONCRETE 

CLASS 

The algorithms described above are used 

to classify the concrete classes. 

Therefore, the database in hand is 

analyzed in detail and it was considered 

to work with splitting tensile strength and 

blows to failure. Basic statistical analyses 

of the selected parameters are given in 

Table 2.  

A total 36 specimens of three different 

concrete classes were tested. Analyzing 

these values, it was found that, the 

number of blows to failure (Nk) and 

splitting tensile strength (ftc28) of these 

concretes form different clusters. 

Arguably, different concrete classes show 

different levels of Nk and ftc28 values. 

Standard deviation of Nk and ftc28 tend 

to increase, as the concrete strength 

increases. Moreover, it is evident that as 

the concrete class is upgraded, the range 

of the selected values apparently 

broadened. Surprisingly, skewness of 

these two parameters obtained by C50 

was smaller than those obtained from 

C35 and C20, which demonstrates a more 

normally distributed data. Entire dataset 

showed a negative kurtosis value, which 

is the evidence of a platykurtic 

distribution of data. Regarding to these 

statistical evaluation, it was considered to 
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investigate whether the concrete class can 

be predicted using the data obtained from 

impact resistance and strength tests. In 

other words, it is investigated whether 

these tests provide valuable information 

or not, when the concrete class is 

unknown. Classification ability of the 

hard k-means algorithm is given in Table 

3. 

 

Table 2. Statistical analysis of the test 

results on samples categorized by 

concrete class. 
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Parameter 

Number 

of blows 

to failure 

(Nk) 

Splitting 

tensile 

strength of 

specimen 

(ftc28)(MPa) 

C
2

0
 

Number of data 36 36 

Average 71.41667 3.020556 

Std. Deviation 7.940403 0.257548 

Maximum 84 3.37 

Minimum 56 2.52 

Range 28 0.85 

Kurtosis Coef. -0.99567 -1.23534 

Skewness -0.34613 -0.31946 

C
3

5
 

Number of data 36 36 

Average 107.0278 3.836667 

Std. Deviation 9.216402 0.105099 

Maximum 122 4.01 

Minimum 93 3.67 

Range 29 0.34 

Kurtosis Coef. -1.25242 -1.28084 

Skewness 0.156244 0.001338 

C
5

0
 

Number of data 36 36 

Average 141.0833 4.6125 

Std. Deviation 14.21141 0.230073 

Maximum 164 5 

Minimum 119 4.17 

Range 45 0.83 

Kurtosis Coef. -1.32315 -0.63703 

Skewness 0.105673 -0.03849 

 
Table 3. Evaluation of success of HKM 

algorithm. 

Concrete 

class 

No. of 

data 

Uncorrect 

classification 

Accuracy 

(%) 

C20 36 36 100.00 

C35 36 32 88.89 

C50 36 32 88.89 

Total 108 100 92.59 

 

Analyzing Table 3, it is evident that Nk 

and ftc28 data belonging to C35 and C50 

concrete classes are somehow close to 

each other, and this is apparently 

observed in Figure 1. The range of the 

data increases as the concrete strength 

increases, therefore it becomes harder to 

distinguish between these two concrete 

classes. On the other hand, Nk and ftc28  

parameters in C20 concrete class are 

relatively lower than the data belonging 

to the remaining two concrete classes, 

therefore the data in C20 class is 

perfectly discriminated.  

Same type of analyses are carried our 

using FCM algorithm. The results are 

given in Table 4.  

 

Table 4. Evaluation of classification 

ability of FCM algorithm. 

Concrete 

class 

No. of 

data 

Uncorrect 

classification 

Accuracy 

(%) 

C20 36 36 100.00 

C35 36 36 100.00 

C50 36 32 88.89 

Total 108 104 96.30 

 

Analyzing results in Table 4, it is 

observed that the classification ability of 

FCM is greater in comparison with HKM 

algorithm. Use of this algorithm 

increased the accuracy in C35 concrete 

class to 100%. Analyzing the entire 

results obtained, it should be emphasized 

that fuzzification and partial belonging 

concepts provide a better classification 

ability to FCM algorithm. Figure 1 shows 

the concrete classes provided by FCM 

algorithm. In the 2D plot, green, red and 

blue coloured data belongs to concrete 

classes C20, C35 and C50, respectively. 

Moreover, the black dots in the figure 

demonstrates cluster centers.  

For comparison purposes, the cluster 

centers calculated by the two algorithms 

are given in Table 5. It is evident that the 

cluster centers are somehow different 

from each other, which was induced by 

introducing partial belongingness concept 
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during minimization of objective 

function.  

 

  
 

Figure 1. Concrete classes provided by 

FCM algorithm. 

 

Table 5. Cluster centers obtained using 

the two algorithms. 

 

HKM FCM 

Nk ftc28 Nk ftc28 

145.5517 4.6372 149.1886 4.6279 

109.5581 3.9463 112.0435 3.9812 

71.4167 3.0206 72.1224 3.0500 

 

5. CONCLUSIONS 

In this study, hard k-means and fuzzy c-

means methods are used to question 

whether a relationship exists between 

compressive strength, impact resistance 

and split tensile strength of concrete 

speciemens. Using the number of blows 

to failure in impact resistance test and the 

split tensile strength, the algorithms were 

used to carry out classification studies 

and compare it with the previously 

known conrete specimens. The results 

show that a relationship underlies among 

the aforementioned parameters. In this 

research field,  there is a great potential to 

use this algorithms for classification 

aims. 
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ABSTRACT: In this research the flow distribution in fixed beds of foam spheres and 

monolithic foams was compared. The results of Finite Volume simulations indicated that 

in fixed beds of foam spheres, the more fraction of the total flow pass through between 

spheres and the contribution of flow through internal pores is small. But, in monolithic 

foams, the only path for passing flow is internal pores that leads to increase in turbulence. 

The obtained results also showed that with decrease in pore diameter of foams, the fraction 

of flow outside the spheres increases and the turbulence decreases. Therefore, it can be 

concluded that with substituting conventional catalytic pellets with monolithic foams, the 

process efficiency will be increased, significantly. 

  

 

1. INTRODUCTION 

Packed beds are complex structures in 

which catalysts placed, randomly. The 

fluid flow patterns in a packed bed are a 

direct result of the porosity structure of 

that bed [Paek et al., 2000] . Areas of 

large pores, or large inter-pellet 

dimensions will have larger flows than 

tightly packed regions [Stitt, 2005]. The 

void fractions of packed beds are in the 

range of 0.3-0.6 [Hadley, 1986]. In order 

to increase the efficiency of the bed, it is 

necessary to design the catalysts in such a 

way that turbulence in internal pores 

reach to a maximum. In this regard, 

recently, foam materials with porosity in 

the range of 0.8-0.95, has been 

introduced to overcome some of the 

above shortcomings. In fact, foam 

materials are structures with high specific 

surface areas which have significant 

advantages as catalyst supports 

[Richardson et al., 2000]. Ceramic foams 

are typically open-cell structures with 

tortuous flow paths in which the flow 

paths are interconnected [Ranut et al., 

2013]. This feature of ceramic foams 

makes them suitable in order to increase 

turbulence and hence heat transfer in bed. 

However, the shapes of the foams as 

catalysts in fixed beds must be chosen so 

that process efficiency increases. 

 

Computational Fluid Dynamics (CFD) 

method is a great tool that gives 

significant insight into the distribution of 

voidage and the resulting fluid flow. 

Hence in this research, CFD used for 

studying and comparing the fluid flow 

behavior in spheres and cubic shapes of 

foams. 

 

2. SIMULATION METHOD 

Monolithic ceramic foams with porosity 

of 90 % and different pore diameters (dp) 

and specific surface areas (s0) were 

produced by GeoDict software (trial 

version). The properties of foams are 

represented in Table 1.These foams were 

10 × 10 × 10 mm and are shown in figure 

1. In order to investigate the fluid flow 

behavior in fixed beds of spheres, sphere 

foams with diameter of 10 mm in cubic 

beds were studied. 
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Table 1: The main pore characteristics of 

alumina foams with 90 % porosity. 

number dp (mm) S0 

1 1.230 1101.44 

2 0.901 1495.31 

3 0.633 2091.54 

 

 

Figure 1: Alumina foams with 90 % 

porosity and different pore diameters; a) 

1.23 mm, b) 0.901 mm, and c) 0.633 mm.  

 

The governing equations including the 

equations of conversation of mass and 

momentum. These equations may be 

written as: 

 
𝜕(𝜌𝑣𝑖)

𝜕𝑥𝑖
= 0                                              (1)                                                                                                        

𝜕(𝜌𝑣𝑖𝑣𝑗)

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕(𝜇𝑣𝑖)

𝜕𝑥𝑗
                 (2) 

 

In the present study, the above equations 

form for laminar flows were solved using 

a house code. The SIMPLE algorithm 

was used for pressure-velocity coupling 

and the convergence criterion was 10
-6

.  

 

3. RESULTS AND DISCUSSION 

Figure 2 shows the streamlines in z = 5 

mm for sphere and cubic foams with 

different pore diameters. Obviously, fluid 

flow distribution in cubic foams is 

approximately uniform. But, in sphere 

foams the vortices related to turbulent 

regime only formed inside the sphere. 

The changes are such that in cubic foam 

with decreasing the pore diameter, 

turbulence and velocity magnitude are 

increased. But, in sphere foam, decrease 

in pore diameter results to increase the 

velocity magnitude outside the sphere. 

Therefore, it can be concluded that the 

fraction of flow outside the foam is 

greatly increased. 

 

Furthermore, quantity calculations in 

Figure 3 show that the overall fraction of 

flow outside the sphere is more than the 

flow through inside the foam. Also 

comparison of the fraction of mass flow 

rate inside the sphere foams in samples 

with different pore diameters (figure 4) 

indicates that with decrease in pore 

diameter, the fraction of flow inside 

sphere decreases. With regard to the 

obtained results, it seems that using 

monolithic foams help to increasing 

turbulence and hence increasing the 

process efficiency. 
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Figure 2. Streamlines in z = 5 mm in samples with different pore diameter; (a,d) 1.23 mm, 

(b,e) 0.901 mm, and (c,f) 0.633 mm. 

 

4. CONCLUSIONS 

The obtained results indicated that the 

fluid flow behavior in fixed beds of 

sphere foam and cubic foam is different. 

In fact, turbulence inside the sphere foam 

is more than turbulence outside the foam 

(between spheres in fixed bed). Also it 

concluded that the contribution of flow 

pass through outside the spheres is more 

than flow inside them. However, the 

results showed that in comparison to 

sphere foam, the intensity of turbulence 

inside the monolithic foam increased. 

These changes were in such a way that 

with decreasing the pore diameter in 
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foam, turbulence increased. This 

parameter is an important issue in heat 

and mass transfer studies. Hence, using 

monolithic foams as catalysts in fixed 

beds improves the efficiency of the 

process. 

 

 
Figure 3. Comparison of the fraction of 

mass flow rate outside and inside of the 

sphere foam in sample with dp=1.23 mm. 

 

 
Figure 4. Comparison of the fraction of 

mass flow rate inside of the sphere foams 

in samples with different pore diameter. 
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ABSTRACT: The necessity of describing inherently transient phenomena of the granular 
flows or the spontaneous separation of the particles because of differences in size or 
density is some of the several issues related to the description of surface flows in granular 
media. In this work an existing rheology based on hydrodynamic analogies between fluid 
and granular flows has been used to simulate the behavior of free surface flows in different 
types of batch mixers (rotating drums, double cone mixers) where the interface evolves 
progressively with time. Two-phases flow made of granular solid and air has been 
described according to the level set approach. Flow patterns have been described and 
commented, highlighting the ability of the model to capture typical features of the granular 
flows in rotating tumblers such as the existence hysteretical phenomena in periodic flows 
or the stationary free surface during the rolling regime. In addition, the surface flow pattern 
in the double cone mixer has been simulated and compared with that of the rotating drum. 
 
1. INTRODUCTION 
The use of batch mixers to mix the 
granular material is common in  the 
industrial processes. Rotating drum or 
tumbler are the most used as mixers, 
reactors or granulators.  
The solid motion in drum is complex. 
Several regimes of flow have been 
identified with increasing the angular 
velocity of the drum [Heinen et al.,1983]: 
slipping, slumping, rolling, cascading, 
cataracting and centrifuging modes. In 
industrial operations, the rolling regime is 
the most desirable condition to promote a 
good mixing of the particles [Boateng et 
al.,1997]. 
In this work we present a rheological 
model, based on hydrodynamic analogies 
between fluid and granular flow, which is 
used to simulate the behavior of the free 
surface flows in different types of batch 
mixers. We focus on the rolling regime 
that is common for mixing purposes. The 
model was validate comparing the 
numerical data with experimental ones 
obtained by Ding et al.[2001]. Then, we 
used the model to compare three different 

geometries of mixers that rotate with 
different angular velocities. We described 
and commented the flow pattern and how 
it changes according to the geometries 
simulated. We evaluated the velocity 
profiles and quantified the active 
surfaces, responsible for the mixing and 
for the segregation in granular materials. 
 
2. THE MODEL 
The flow of the granular material is 
described like a fluid with non-
Newtonian viscosity characteristics and 
using the level set approach to take into 
account the two phases flow composed 
by air and solid material. 
 
2.1. Rheological Model Outline 
The granular material was modeled as a 
continuum pseudofluid through a system 
composed by three equations: mass, 
linear momentum and translational 
kinetic energy [Artoni et al.,2009]. 
The model was simplified by some 
assumptions: [1]the effect of the 
interstitial fluid have been neglected; [2] 
the pseudo-fluid representing the granular 
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material has been considered 
incompressible and [3] the stress tensor 
was considered symmetric. 
With these assumptions the conservation 
equations can be written as: 
 

0=u  
 

ρg+π=uρu+ 



p
t

u
ρ  

 

TT zquπuρ+
t

θ
ρ 



:=θ
2

3

2

3

 
 

where ρ is the bulk density, u is the 
velocity vector, p is the isotropic part of 

the stress tensor, π   the deviatoric stress 

tensor, g is the gravity vector, θ    is the 
granular temperature, qT and zT are the 
diffusive flux and the dissipation rate of 
fluctuating energy respectively. 
The granular temperature is defined as 
the mean square of the velocity 
fluctuations. To close the conservation 
equations some constitutive relations 
were used. They ensure that the pseudo-
fluid has the same behavior as that of a 
flowing granular material.  
The deviatoric part of the stress tensor  
is defined as: 
 

π ij= −ρd p
2η'(∂ui

∂ x j

+
∂u j

∂ xi
)                                                                                                                 

 
The effective viscosity has been 
formulated to depend on granular 
temperature in such a way to contain the 
phenomenological relationship between 
bulk fluidity and local mobility analogous 
to that of glassy system [Doolittle,1951]: 
 

η' =η0 exp
B
θ                                                                                                                                  

 
where 0 represents an analogous of the 
pre-exponential factor in the Eyring's 

equation for simple liquids and B is a sort 
of temperature scale with granular 
temperature dimension. 
To describe the velocity at the wall an 
approach based on Navier slip condition 
has been used.  
 
2.2. Model for the Description of the 
Free Surface Flow 
The granular material-air interface was 
described using an Eulerian approach: the 
level set method. In two dimensions the 
level set method represents the surface as 
a iso-potential closed curve in function of 

the level set variable ϕ The domain is 
considered composed by two materials, 
air and granular material, that differ for 
densities and viscosities. The surface is 
defined when is equal to zero; when in 
the domain one phase exists, for 
example air; where, instead,   the 
other phase exists, granular material in 
this case. 
The interface function  is moved by a 
convective equation [Olson and Gunilla, 
2005]: 
 

0u+ =
t





                                                                  

                                                                                          
2.3. Numerical Implementation 
The system of conservation equations 
was solved using a commercial CFD 
solver. 
Three different geometries were 
simulated: drum, symmetric double cone 
(SDC) tumbler and asymmetric double 
cone (ADC) tumbler. The equation of 
motion and the level set equation were 
solved in a fixed coordinate system (x,y) 
and the rotation of the mixer was 
simulated by rotating the gravity vector   
ḡ   according to: 

 
gx= ḡ sin (ωt)ρ                                                                  

 
gy= ḡ cos(ωt)ρ .                                                                
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ABSTRACT: Mixtures of powders and granular materials often segregate. The 
segregation is caused by small differences in some physical properties of the constituent 
particles (size, density, shape,...) able to modify their relative mobility. 
In this work, a model for the quantitative prediction of powder segregation was developed. 
The proposed model has been coupled to a rheology for the granular material through finite 
element method (FEM) simulations. To take into account the two phases system made by 
granular solid and air, the level set approach was used. The flow of binary mixtures of 
equal-density particles, differing by size, has been simulated in funnel and mass flow silos 
and compared with the experimental data found in published literature. Several simulations 
were performed changing the particle size ratios and the initial mass fractions of the 
particles. Size segregation inside the silos and the variations in composition at the outlet 
were tracked during the whole discharge of the silos finding a nice quantitative agreement 
with the experiments.  
 
1. INTRODUCTION 
Mixture of granular materials often 
segregate due to the difference in some 
properties like particle size distribution, 
shape and density. Segregation can 
reduce the final products quality, for 
example in food and pharmaceutical 
industries. The control and the 
minimization of segregation is an 
important challenge. In this work 
segregation in silos is studied by 
developing a segregation model, which 
will be validated with numerical 
simulations carried out with a continuum 
approach. 
The flow of granular material was 
modelled through a rheological model, 
based on hydrodynamic analogies 
between fluid and granular flow [Artoni 
et al., 2009]. The rheological model was 
combined numerically with a transport 
equation, which describes the variation of  
granular material composition and so the 
segregation, and with a convective  
equation that describes the motion of the 
air-granular material interface. Numerical 

simulations are compared with 
experimental data published in 
Ketterhagen et al. [2007] and in Arteaga 
and Tüzün [1990] for validate the model. 
Two types of silos are studied: a funnel-
flow silo and a mass-flow silo. Different 
discharge regimes cause different extents 
of segregation, as demonstrated by 
Sleppy and Puri [1996] in their 
experiments: funnel-flow regime 
promotes the segregation while mass-
flow promotes no-segregation condition.  
 
2. THE MODEL 
Granular material flow was described 
through a hydrodynamical model that 
considers the granular material like a 
fluid with non-Newtonian viscosity 
characteristics and using a level set 
approach to take into account the two 
phases flow composed by air and solid 
material. The segregation was described 
using a transport equation. 
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2.1. Rheological Model Outline 
The rheology, which describes the 
granular material behaviour, was 
represented by a phenomenological 
hydrodynamic model illustrated in Artoni 
et al. [2009]. This model, valid for dry 
and cohesionless powders, assumes the 
granular material to move as a dense flow 
with mechanical energy dissipation due 
to friction forces, and it consists in an 
system of three equations: mass, linear 
momentum and translational kinetic 
energy.  
The conservation equations are: 
 

0=u  
 

ρg+π=uρu+ 



p
t

u
ρ  

 

TT zquπuρ+
t

θ
ρ 



:=θ
2

3

2
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where ρ is the bulk density, ū  is the 
velocity vector, p is the isotropic part of 

the stress tensor, π   the deviatoric stress 

tensor, g is the gravity vector, θ    is the 
granular temperature, qT and zT are the 
diffusive flux and the dissipation rate of 
fluctuating energy respectively. The 
granular temperature is defined as the 
mean square fluctuating velocity and it 
may be considered as a local mobility of 
granular material. Terms in the energy 
conservation equation and linear 
momentum equation may be expressed 
through constitutive laws [Artoni et al., 
2009]. 
 
2.2. Free Surface Flow 
In this work an Eulerian approach called 
level set method has been used to 
describe the  granular material-air 
interface. This method represents the 
interface and its motion through a level 

set variable  ϕ ; the surface is defined 

when ϕ is equal to 0. When is major  

then zero in the domain there is one 
material, for example air; when  is less 
then zero in the domain the other material 
exists, hence granular material. 
The interface function is moved by a 
convective equation [Olson and Gunilla, 
2005]: 
 

0u+ =
t





 

 
2.3 Segregation Model 
To describe segregation we used 
transport mass equation [Fan et al., 2014; 
Hajra et al., 2012]: 
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where ω1 is the mass fraction of the fines, 
u and v are, respectively, the x- and the y-

component of the velocity vector ū  , D 
is the diffusion coefficient of the fines 
and Js,1 is the segregation flux.  
The segregation flux is defined as: 
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where γ̇ is the shear rate, d1 and d2 are, 
respectively, the small and the large 
particle diameter; K and m  are fitting 
parameters for the segregation equation. 
 
2.3. Numerical Implementation 
Simulations have been carried out with 
the commercial code COMSOL 
Multiphysics 4.3, using PARDISO as 
solver. The transport equation has been 
implemented through a general 
coefficient form PDE. The momentum 
balance has been closed by Navier slip 
relation at the wall. 
The hydrodynamic model parameters 
were fitted to obtain the desired flow 
regime: funnel or mass flow. 
 
3.  EXPERIMENTAL STUDIES 
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Numerical results were compared with 
experimental data presented in literature. 
In particular we considered the studies 
made by Ketterhagen et al. [2007] and by 
Arteaga and Tüzün [1990]. The first 
study considered the segregation only in 
the hopper part of the silo, while Arteaga 
and Tüzün considered the segregation 
also in the cylindrical part of the silo. The 
simulations, in according with these 
studies, were carried out both in mass and 
funnel flow silo. The silo were filled with 
a binary mixture of solid material 
differing in  size. Several simulations 
were done, varying the initial mass 
fraction and the diameter of the particles. 
 
4. NUMERICAL RESULTS AND 
DISCUSSION 
The fines mass fraction during the 
discharge of granular material was 
measured, in a similar manner used in the 
experiments. In Figure 1 we can see the 
results obtained both in mass and funnel 
flow silo, using the experimental 
condition of Ketterhagen et al. [2007]. 
The fractional mass discharged, i.e. the 
ratio between the total granular material 
mass discharged and the total mass of 
granular material loaded in silos, was 
reported in x-axis; the normalized fines 
mass fraction, i.e. the ratio between the  
fines mass fraction measured in outlet 
and  the initial fines mass fraction, was 
reported in y-axis. The graphs in figure 1 
were obtained considering the initial fines 
mass fraction equal to  0.05 and a 
diameter ratio of particles equal to 1.9; 
the graphs in figure 2 were obtained with 
a diameter ratio of particle equal to 4.3.  
It is possible to observe that increasing 
the diameter ratio the segregation 
increases. Numerical results agree  
qualitatively well the experimental data 
in all the cases, and the quantitative 
correlation is good for the mixture where 
the diameter ratio is 1.9 and also for 
funnel-flow regime a with 4.3-diameter  
ratio. As expected the segregation is 

 larger when the diameters ratio is 
greater. 
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Figure 1:  Mixture with an initial fines 
mass fraction of 0.05 and a diameter ratio 
of particles equal to 1.9. 
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Figure 2:  Mixture with an initial fines 
mass fraction of 0.05 and a diameters 
ratio of particles equal to 4.3. 
 
There is a good agreement between 
experimental data and numerical ones 
when the diameter ratio is the lowest both 
in mass and funnel flow regime. There is 
a discrepancy between experimental data 
and numerical ones in the case of mass 
flow for diameters ratio equal to 4.3.  
In the experimental graph of figure 2 it is 
possible to see that there is an excess of 
fine during the first moments of 
discharge. It seems that the segregation 
occurs before the discharge due to the 
large difference of particles dimension; 
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so the condition of perfect homogeneity  
as initial condition is not respected 
experimentally; thus numerical results 
can not fit experiments properly, in 
particular for mass-flow regime, where 
however the qualitative trend is 
respected.  
In figures 3 and 4 a 0.5-initial fines mass 
fraction mixture was used. The graphs in 
figure 3 were obtained with a diameters 
ratio equal to 1.9; the graphs in figure 4 
were obtained with a diameters ratio 
equal to 4.3. Experimental data show an 
extent of segregation very low both for 
mass-flow regime and for funnel-flow 
regime when the initial fines mass 
fraction is equal to 0.5. The higher the 
quantity of fines loaded in the mixture, 
the lower is the extent of segregation. It is 
possible to determine the  initial fines 
mass fraction above which there is a no-
segregation condition. Arteaga and Tüzün 
[1990] developed a correlation that 
defines this value. The equation is: 

ωf , L=
4

4+
d2

d1  
where ωf,L is the maximum fines mass 
fraction causing segregation and d1 and d2 
are the diameters of small and large 
particles, respectively. Thus, for a 4.3 
diameters ratio the greatest value of 
initial fines mass fraction causing 
segregation is 0.48, less than 0.5 used in 
these experiments; so for this value a no-
segregation situation occurs, while for a 
1.9 diameters ratio the maximum initial 
fines mass fraction is 0.68, and in this 
case a very low extent of segregation 
occurs.  
Figures 3 and 4 show numerical results 
that agree quantitatively with the 
experimental ones, both for the funnel-
flow regime and for the mass-flow 
regime.  
The last tests done concern silos used in 
Arteaga and Tüzün [1990] experiments.  
As shown in figures 5 and 6, both funnel-
flow regime and mass-flow regime have 

been analysed.  From experimental data it 
is possible to recognize three different 
stages of discharge: an initial transient,  
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Figure 3:  Mixture with an initial fines 
mass fraction of 0.5 and a diameters ratio 
of particles equal to 1.9. 
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Figure 4:  Mixture with an initial fines 
mass fraction of 0.5 and a diameters ratio 
of particles equal to 4.3. 
 
where there is an enrichment of fines; a 
pseudo-steady state where the fines mass 
fraction is around the initial value and 
there is no segregation; a final stage that 
shows a segregation typical of that occurs 
in the hopper zone, with an extent of 
segregation greater in the funnel-flow 
regime and a no-segregation in the mass-
flow regime [Sleppy and Puri, 1996*. 
Also numerical results show three stages 
of discharge  both on funnel-flow (figure 
5) and on mass-flow (figure 6). The 
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numerical results are quantitatively in 
agreement with the experimental data. 
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Figure 5:  Mixture with an initial fines 
mass fraction of 0.2 and a diameter ratio 
of particles equal to 4. 
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Figure 6:  Mixture with an initial fines 
mass fraction of 0.2 and a diameter ratio 
of particles equal to 4. 
 
5. CONCLUSIONS 
In this work segregation was studied 
numerically using a continuum approach. 
Granular material flow was described by 
a rheological model valid for free-
flowing materials and by a level set 
approach that captures the interface 
between two phases, air and granular 
material. The segregation was  described 
by a mass transport equation applied on  a 
binary mixtures of granular material  
differing in size. These models were used 
to simulate the granular material 
behaviour in funnel flow and mass flow 
silos. The results of simulations were 

compared with experimental data find in 
literature, with the purpose of verifying 
the validity of the models used. The 
simulations were done in two different 
cases: silo with short and long cylindrical 
part. In both cases the numerical results  
are qualitative similar to the experimental 
ones. For silos having long cylindrical 
three zones of discharge were identified: 
an initial transient, where there is an 
excess of fines discharged; a pseudo-
steady state, where the fines mass 
fraction is around the initial value; and a 
final transient, where the segregation 
trend is typical of the hopper zone, both 
on funnel-flow and on mass-flow. 
This work prove the validity of this 
continuum approach and his applicability 
in other geometries and industrial 
operations for develop further the study 
of segregation. 
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ABSTRACT: One important and challenging issue in modeling of RVEs to predict the 

mechanical properties of materials and comparable with the experimental results is to 

adopt the best boundary conditions. A numerical investigation has been conducted here to 

determine the effect of various boundary conditions and the cross- section of the cell wall 

microstructure of aluminum foam on compressive mechanical properties, including 

stiffness, plateau stress and onset strain of densification. In this study, open-celled 

AA6101-T6 aluminum foam, Duocel is used for the analyses. Physical characteristics of 

the foam using microscopic images are extracted, including cell size, relative density, cross 

sectionandthickness of cell wall. Then the considered microstructure foam is modeled as a 

two-dimensional case. The ligaments are modeled as shear deformable beams with the 

elasto-plastic material behavior of the aluminum. In these analyses the ABAQUS software 

is used. In order to prevent interpenetration of nodes and surfaces inside the cells at large 

strain levels and deformations, frictionless interaction of the self-contact type is stipulated 

between the internal surfaces. Several different boundary conditions were imposed on the 

model, and the results of FEM simulations are compared with the experimental results 

available in the literatures. Finally the most appropriate boundary condition leading to 

more consistent results with the experiments is introduced. 

 

1. INTRODUCTION 

Natural materials such as wood, cork or 

cancellousbone, and man-made materials, 

such as metal honeycombs and foams, are 

well-known examples of cellular solids. 

Common to all of them is a 

microstructure consisting of an 

interconnected network of struts or 

plates[C. Tekogluet al., 2005]. 

 

Metal foams are a new class of materials 

with low densities and novel physical, 

mechanical, thermal, electrical and 

acoustic properties. They offer potential 

for lightweight structures, for energy 

absorption, for thermal management, for 

the cores of sandwich panels andvarious 

automotive parts; and some of them, at 

least, are cheap enough. 

 

The mechanical behaviour of cellular 

materials is importantfor their use in a 

wide variety of applications that take 

advantageof their ability to dissipate 

energy during compression. Thisproperty 

is affected by thestructure of the foam 

and by the typeof material that constitutes 

the walls of the cells. Because of 

theindustrial importance of such 

materials, the relationship betweentheir 

structure and mechanical properties is an 

ongoing topic of intenseresearch [Laurent 

Maheo,2013]. 

 

There have been extensive investigations 

on the effect of different microstructural 

parameters of the foams on their 

mechanical properties. These parameters 

include dimension, shape and cross-

section of cell walls and also the structure 

and layout of cells. In these 
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investigations, different boundary 

conditions have been considered in 

analyzing the microstructure of the 

foams. Nevertheless, the effect of 

boundary conditions on mechanical 

properties of the foams has never been 

explored thoroughly. In this paper, the 

effects of different boundary conditions 

on the stress-strainbehaviour of open-cell 

Aluminium foams are investigated. The 

study will be based on the finite element 

analysis and a comparison will be 

performed with existing experimental 

results and the most proper boundary 

condition will be introduced. 

 

In some of the previously performed 

studies, it is assumed that the foams have 

regular structures and hence regular 

theoretical models are used to model 

them[M.F. Ashby et al., 2000]. On the 

other hand, in some applications, foams 

have irregular and random structures and 

Voronoimodelling are used for this 

purpose. In this paper, a structure which 

is obtained from an actual microscopic 

imageis used in order to find the best 

boundary condition. This is important, 

since it provides the closest 

correspondence with the reality[Danuta 

Miedzinska et al., 2012]. According to 

the microscopic images, the actual 

surface area of the cell wall of the foams 

has a shape with properties between those 

of a square and those of a circle. 

Therefore, in this paper we will also 

examine how choosing an appropriate 

cross-section can affect the stress-strain 

behaviour of the foams. 

 

2.MODELING 

In this study, theopen-celled AA6101-T6 

aluminium foam, Duocel,40PPI is used. 

First, the thickness and the shape of 

cross-section of cell wall are estimated 

using the microscopic images, as depicted 

in Fig. 1.  

 

 
 

Figure 1: Optical microstructures of 

open-celled AA6101–T6 aluminium 

foam 

 

A camera is then used to capture the 

foam’s image (Fig. 2) and its microscopic 

structure is extracted using the AutoCAD 

software. This structure along with the 

thickness and the shape of cross-section 

are used to model the foam using the 

ABAQUSFEM software. In the 

microscopic structure of the foam, beam 

elements with elastic-plasticbehaviour 

and self-contact elements are used to 

model cell walls and touch points, 

respectively. 

 

 
Figure 2: Micrograph of open-celled 

AA6101–T6 aluminium foam 

To obtain the best match with empirical 

results, we use results from 

Aluminium6101-T6 during modelling the 
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elastic-plasticbehaviour of the cell wall. 

Flat plateswere considered at below and 

above the models, where load and 

boundary conditions applied to the 

model. The platesare assumed to be rigid. 

The stress-straincurve is obtained up to 

50 percent strain point in order to 

describe the elastic behaviour, elastic-

plastic behaviour and the densification 

initiation.  

Figure 3 depicts the elastic-plastic 

behaviour for the Aluminium 6101-

T6[Hidetaka Kanahashi et al., 2002]. 

 

 
Figure 3: Compressive engineering 

stress- strain curve for the fully dense 

AA6101–T6 aluminium alloy  

In this paper, we have used compressive 

loading. Table (1) shows five boundary 

conditions which have been already used 

in the literatures.  

 

Table 1: Selected boundary conditions 
∅𝑢𝑝𝑒𝑟 𝑦𝑢𝑝𝑒𝑟 𝑥𝑢𝑝𝑒𝑟 ∅𝑙𝑜𝑤𝑒𝑟 𝑦𝑙𝑜𝑤𝑒𝑟 𝑥𝑙𝑜𝑤𝑒𝑟   

× L × × × × 1*  

√ L ×× √ × ×× 2  

× L ×× × × ×× 3  

× L × × × × **4  

Periodic*** 5  

√:Free 

×: constrained 

××:Constrained in middle node 

L:Loading 

*:The plates below and above the model arerigid.  

**: The plates below and above the models are made of the same material as the foam 

***: To fulfill the periodic boundary conditions, opposite borders of the model have to 

maintain the same shape during deformation. The boundary conditions are exemplarily 

described for the foam shown in Fig.4for the upper and lower boundaries[Harald Harders 

et al., 2005]: 
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Figure 4: Foam structure with periodic 

boundary conditions 

 The node displacements in x 

direction must have the same 

value on opposite boundaries: 

𝑢𝑥
(𝐷)́

= 𝑢𝑥
(𝐷)

 

𝑢𝑥
(𝐸)́

= 𝑢𝑥
(𝐸)

            (1) 

𝑢𝑥
(𝐹)́

= 𝑢𝑥
(𝐹)

 

𝑢𝑥
(𝐺)́

= 𝑢𝑥
(𝐺)

 

 The difference of the y 

displacements of two nodeshas to 

be the same on opposite 

boundaries as shown in Fig.5. 

 

𝑢𝑦
(𝐸)́

− 𝑢𝑦
(𝐷)́

= 𝑢𝑦
(𝐸)

−  𝑢𝑦
(𝐷)

 

𝑢𝑦
(𝐹)́

− 𝑢𝑦
(𝐷)́

= 𝑢𝑦
(𝐹)

−  𝑢𝑦
(𝐷)

   (2) 

𝑢𝑦
(𝐺)́

− 𝑢𝑦
(𝐷)́

= 𝑢𝑦
(𝐺)

−  𝑢𝑦
(𝐷)

 

 

Here the nodes 𝐷and �́�are the reference 

nodes forcalculating the shape. 

 The rotation ∅must be equal for 

correspondingnodes in order to 

avoid kinks in the cell walls: 

∅(�́�) = ∅(𝐷) 

∅(�́�) = ∅(𝐸) 

∅(�́�) = ∅(𝐹) 

∅(�́�) = ∅(𝐺) 

 

Figure 5:Visualisation of the periodic 

boundary conditions 

These conditions are applied accordingly 

to the left and right boundaries of the 

models. These boundary conditions 

inhibit shear deformations of the foams 

structure as it is true with normal tension 

tests, too. Fully free deformation could be 

achieved by replacing Eq. (1) by similar 

formulas as Eq. (2) in the x direction. 

Exactlyone node has to be fixed to 

determine the model statically, e.g. 

𝑢𝑥
(𝐷)

= 𝑢𝑦
(𝐷)

= 0 

For example, Fig. 6 corresponds to the 

first boundary condition. 

 

𝑢 = ∅ = 0   ,         𝑣 = 𝑉 

 
𝑢 = 𝑣 = ∅ = 0 

Figure 6: The first boundary condition 

 

3. RESULTSAND DISCUSSION 

Fig.7 displays the stress-strain behaviour 

of open-cell Aluminium foam with 

respect to five boundary conditions 
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applied to the model. Since, in the 

experimental stress-strain plot described 

in [Hidetaka Kanahashi et al., 2002], the 

stress has been normalized with a relative 

density of 1.5, hence, the stress values in 

Fig.7 are also normalized according to 

σN = σ

(ρ)
3

2
⁄  

 
 

Figure 7: Normalized stress- strain curves 

foropen-celled AA6101–T6 

aluminiumfoam 

The cross sections in five boundary 

conditions are assumed to be square. Fig. 

7 shows that the first boundary condition 

illustrates the most correspondence with 

the obtained behaviour from experimental 

results. This is because, during the 

experiment there are two rigid plates 

below and above the sample and the 

below plate is fixed in all directions. 

Therefore, the first boundary condition is 

applied to the below plate during test. 

Also, the above plate does not allow 

horizontal motions and twisting when a 

force is applied on that. Therefore, the 

first boundary condition is also applied to 

the above plate. This justifies the result 

illustrated in Fig.7. Furthermore, the fifth 

boundary condition has a close 

correspondence with the experimental 

results. The reason behind this difference 

goes back to how the sample is 

structured. In an actual sample, the 

microscopic structure varies completely 

from point to point; however, the fifth 

boundary condition implies that the same 

structure is used in all four sides of the 

sample. Since, this contradicts to random 

structure of the foam, the difference in 

the results is expected. 

Two cross sections of circle and square 

are also considered and their effects on 

the stress-strain behaviourare 

investigated. Fig.8 shows the obtained 

results.  One can see that the square cross 

section result is the closest one to the 

experimental results. This can be 

confirmed by observing the microscopic 

images in Fig.1.  

 

 
 

Figure 8: Normalized stress- strain curves 

foropen-celled AA6101–T6 

aluminiumfoam 

4.CONCLUSIONS 

In this paper, the effects of boundary 

conditions and surface area type of wall 

cell on the predicted stress-strain 

behaviour for open-cell Aluminium foam 

with a relative density of 0.087 and 

compressive loading were investigated. 

Five boundary conditions and two cross 

sections of circle and square were studied 

using the Abacus software and it was 

concluded that the first boundary 

condition and square surface area has the 

closest correspondence with the 

experimental results. 
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ABSTRACT: In the present research, the effect of pore size on fluid flow in open-cell 

foams with 85 percent porosity was studied. The results obtained through finite volume 

method indicated that by decreasing the pore size (from 100µm to 50µm), the pressure 

gradient (
∆𝑃

𝐿
= 𝛼𝑣 + 𝛽𝑣2), the Darcy and non-Darcy coefficients (α and β, respectively) 

were increased. 

 

1. INTORDUCTION 

The importance of the permeability is that 

reduce the pressure drop, causes reducing 

energy consumption and in cases such as 

reactant mass transfer in fuel cell, 

increasing pressure drop is an advantage. 

Therefore, permeability is an important 

factor in the pressure drop in porous 

media [Paek et al, 2000]. To calculate 

permeability we need to investigate 

pressure drop and fluid flow in porous 

media. Experimental investigation of 

flow through porous media for the first 

time in 1856 by Darcy was done. 

According to Equation 1, known as 

Darcy law, fluid flow with pressure drop 

has relation linearly [Tasnim et al, 2013]. 

𝑄 = 𝑘𝐴
𝑑𝑃

𝑑𝑥
                           (1) 

Where dx is the length in the direction of 

flow, dP is average pressure drop across 

dx, Q is volumetric flow rate of fluid 

flow and A is the cross-sectional area 

perpendicular to the flow. k is also the 

permeability tensor that is constant  for a 

homogeneous porous media. After Darcy, 

many researchers showed that Darcy's 

law for low flow rates or low Reynolds 

number, whether when the pressure drops 

linearly with velocity, will be establish. 

By increasing the flow rate of fluid, 

followed by increased inertia and 

confusion, pressure drop is non- linear 

with velocity. That increasing the 

velocity, always will cause increasing the 

share of non-linear term. So by reforming 

the Darcy law, the overall relationship 

between pressure drop and steady state 

flow through porous media can be define 

by  the model of Dupuit-Forchheimer, 

according to Equation 2 [Innocentini et 

al, 2009]. 

−
𝜕𝑃

𝜕𝑥𝑖
=

𝜇

𝑘1
𝑢 + 𝑘2𝜌𝑢2                (2)

 

In this relation, the first term represents 

the viscous force and the second term 

represents the force of inertia. k1 and k2 

are constant and depending on structural 

characteristics of the porous medium and 

ρ is density of fluid. By increasing the 

Reynolds number, inertia force began to 

increase and at higher velocity the non-

linear term regain the linear term. 

Because of the complexity of thermo  

physics properties of the foams, pressure 

drop relationships are of great variety. 

An other famous relation, that is use for 

foams, is Organ equation. Organ in 1952 

present a relationship for fluid flow 

around a fixed bed of spherical particles 

with a diameter dp, as follows [Edouarda 

et al, 2008]: 
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𝑑𝑃

𝑑𝑥

= 150
(1 − 𝜀)2

𝜀3𝑑𝑝
2

𝜇𝑢

+ 1.75
(1 − 𝜀)

𝜀3𝑑𝑝
2

𝜌𝑢2      (3)
 

First term in the right hand of equation is 

famous to Blake-Kozeny equation, 

which is represents viscose energy waste 

in laminar flow and for low Reynolds 

number. The second term in right hand 

of this equation is famous to Burke-

Plummer equation, which is represents 

the kinetic energy dissipation in 

turbulent flow and by increasing the 

Reynolds number this term has greater 

share in the pressure drop of fluid flow. 

Organ equation is presented for intensive 

environments consisting of a number of 

particles that are usually spherical. In 

porous media such as foams, the 

geometry is very complex, for this 

reason Organ equations need to reform 

to apply. Other researchers using 

assumptions, such as Kelvin model to 

build the structure and then went to 

check the behavior of fluid flow in 

porous media [Boomsa et al, 2003]. The 

distinctive feature of this study, using 

actual geometry of foam instead of the 

assumptions that were causing results. 

Also this study examined the effect of 

pore diameter on fluid behavior. 

 

2. SIMULATION METHOD 

Required geometry for simulation by 

using GeoDict2014 (Trial Version), was 

designed. Figure 1 shows the sample 

made by software provided. In this 

study, three samples with porosity of 

86% and pore diameter (dp) of 100, 80 

and 50 micrometers were designed. It 

should be noted that over 90% of the 

pores in the samples are open.  

 
 

Figure 1: Foam with 100μm pore 

diameter. 

Acording to Figure 1, the foam with 

dimentions 400×400×400 µm
3
 were 

simulated. Then, an in-house code 

[Zafari et al, 2014] , based on the finite 

valume, was employed to solve the 

governing equation are the following 

expression (Equation 4 and 5): 

𝛻. 𝑈 = 0                                              (4) 

𝜌𝑈. 𝛻𝑈 = −𝛻𝑃 + 𝜇𝛻2𝑈                     (5) 

In this equation air viscosity is µ= 

1.789×10
-5 

(Pa.s) and the air density is 

ρ= 1.225 (kg / m3). In addition P and U 

are pressure and velocity respectively.  

We use Hexagonal mesh for samples and 

after checking the number of grid cells 

independent of the solution, about 1 

million cells were obtained. Also, flow 

was steady state and on 3-dimentional 

manner. Air was the fluid used for 

simulation.  

 

3. RESULTS AND DISCUSSION 

 

3.1. Foam Property 

Distribution of prosity at diffrent cross 

section of the foams (in the range of 0 to 

400µm) is show in Figure 2. 
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Figure 2: Changes in porosity at diffrent 

cross section. 

One of the special features of the metal 

foam is their high surface area. High 

specific surface area (S0) especially has a 

large impact on the local velocity of 

foam. To further investigate of this 

effect, the specific surface area diagram 

of samples is drawn in Figure 3. As can 

be seen, the sample with porosity of 50 

micrometer diameter has maximum and 

the sample with porosity of 100 

micrometer diameter has minimum 

specific surface area. 

 

 

Figure 3: Change of specific surface area 

versus pore diameter. 

 

 

3.2. Flow Velocity inside the Foam 

Flow with velocity inlet 2 and 4 m/s of 

foam was passed and the diagrams of the 

flow velocity is drawn in Figure 4. As 

seen in this figures, the inlet velocity has 

a sudden rise that this increase is 

proportioning with input velocity. After 

a distance of about 10 micrometers from 

inlet, the velocity begins to fluctuate. 

The fluctuations has a direct relationship 

with the pore diameter, as the sample 

with porosity of 100 micrometer 

diameter has maximum swing. The cause 

of the observed variations can be 

attributed to the internal surface of foam 

which increases the velocity through 

successive encounters. So the sample 

with porosity of 50 micrometer diameter 

due to more specific surface than other 

samples, has less increases the velocity 

than others.  
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 Figure 4: The average velocity along the 

foam length for inlet velocity a) 2m/s b) 

4m/s. 

 

3.3. Static Pressure  

The static pressure in the flow direction 

to the velocity inlet of 2 m/s for three 

samples of foam with porosity of 85% 

and a pore diameter of 100, 80 and 50 

micrometers, measured. As seen in 

Figure 5, the sample with porosity of 50 

micrometer diameter has maximum and 

the sample with porosity of 100 

micrometer diameter has minimum 

pressure drop. At the inlet of flow, due to 

sudden cross section decrease, the static 

pressure is increase, but then, despite 

fluctuations in the foam, almost linearly 

decreases. These fluctuations due to that 

porosity is not constant throughout the 

stream bed.  

 Figure 5: The curve of static pressure 

along the foam length for a velocity inlet 

of 1 m/s. 

 

3.4. Linear and Non-Linear Terms in 

Fluid Flow 

The pressure drop of samples for 

velocity inlet of 0.1-10 m/s for no-slip 

boundary condition at the walls is shown 

in Figure 6. As seen in this figure, first 

area of curves has a linear relationship, 

as the rate of change of pressure drop 

with velocity inlet is low. But after the 

first zone, the slope was more and it is 

not a direct relationship between the 

pressure drop and velocity inlet. In this 

area, small changes in velocity inlet can 

cause a large pressure drop in the 

system. Also, the slope of the linear 

region (Darcy) and non-linear (non-

a 

b 
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Darcy) increased with decreasing pore 

diameter. The difference between the 

curves at high velocity inlet is more 

noticeable because as seen in figure, in 

the first part of the curves overlap almost 

on the other side but this distance by 

increasing the velocity, gives rise. Using 

a flow rate curves in the foam can be 

said that changes in pressure drop as the 

flow rate of fluctuation is within foams. 

Equation 6 show more accurate change 

of pressure drop with velocity inlet: 

∆𝑃

𝐿
= 𝛼𝑣 + 𝛽𝑣2                             (6)  

This equation consists of two terms, that 

in the first term, the velocity is of the 

first and second term is of the second 

grade. Darcy factor in this regard defined 

as α=μ/K and non-Darcy coefficient as 

β=(ρCf)/√K. In fact, this equation shows 

that the main factor controlling the 

pressure drop at low velocity is the 

viscosity while at high velocity the main 

cause of the pressure drop are inertial 

forces. So this equation predicts that the 

curve has a linear relationship at low 

velocity and at high velocity with a non-

linear relationship. To explain the 

difference in pressure drop between 

samples with different pore diameters at 

high velocity can be said that the 

pressure drop in the high velocity is the 

second order (ΔP≡V
2
). This second 

degree of the velocity, cause that by 

increasing the velocity of flow, the 

difference of pressure drop is even more. 

So the curves at high velocity inlet has 

greater distance from each other. By 

matching the pressure drop curves, 

Figure 6, with Equation 6, can be 

obtained coefficients that shows in Table 

1. 

As can be seen in the table, by increasing 

the diameter of porosity, permeability (k) 

increases. In fact, by increasing the 

diameter of the porosity, pressure drop 

decreases because the permeability has an 

inverse relation with pressure drop. It can 

be seen that by increasing the pore 

diameter, Darcy coefficient (α) and non-

Darcy coefficient (β) is reduced and thus 

gives Cf  also decreases. This indicates 

that by increasing the diameter of the 

pores, the share of non-Darcy term low 

and Darcy term added. 

 

 Figure 6: Pressure drop changes versus 

velocity inlet. 

 

Table1: Coefficients of pressure drop 

graph. 
dp(µm) α (kg/m

3
.s) β (kg/m

4
) k(m2) Cf 

100 166672 20670 10-10 0.169 

80 241348 24317 7.5×10-11 0.172 

50 573495 38634 3.2×10-11 0.178 

 

4. CONCLUSION 

The effect of changing the pores 

diameter in the metal foam on fluid flow, 

was investigated. The results showed 

that by reducing the pore diameter in the 

foam, the pressure drop at a constant 

velocity, increases. By calculate the 

Darcy and non-Darcy term of equation 

ΔP/L=αV+βV
2
, it was found that by 

reducing the pore diameter, Darcy term 

(α) increase and thereby the permeability 



420 
 

of the foam decreases. Also, the non-

Darcy (β) term and Cf increase by 

decreasing the pore diameter. 
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ABSTRACT: In this research, the effect of pore size and shape on mechanical properties 

of open-cell metal foams were studied. In fact, by combining molecular dynamics 

simulations with python codes, the mechanical properties of the foams were calculated. 

The results indicated that by decreasing the porosity and pore size, Young’s modulus (E), 

yield strength and ultimate tensile strength (UTS) were increased.Also by changing the 

pore shape from spherical to cylindrical Young’s modulus, yield strength and ultimate 

tensile strength were decreased with fixed relative mass density. 

 

1. INTRODUCTION  

Nanoporous materials have gained 

significant attentionbecause of their 

applications in catalysis, aerospace,heat 

exchangers, filtration, and tissue 

engineering. They have researchers 

attention primarily for chemical 

characteristics such as catalysis, 

adsorption, filtration, and sensing. But 

recently investigations have begun on 

their mechanical properties [Xia et al, 

2009]. 
Much theoretical and experimental 

attempts have been dedicated to 

exploring the mechanical properties of 

nanoporous materials. The yield strength 

and elastic modulus of np-Au have been 

experimentally measured by various 

methods such as nanoindentation, 

microtension, and buckling-based 

metrology. It was found that the 

mechanical properties of np-foam depend 

on microstructural parameters such as the 

relative mass density (the ratio between 

the density of the nanoporous material 

and its bulk density) and ligament 

size[Biener et al, 2006, Xiao et al 2013]. 

Most theoretical studies on the 

mechanical properties of np-foam have 

been based on the Gibson-Ashby model. 

This model allows to estimate the 

Young’s modulus, yield strength, and 

ultimate tensile strength of a porous 

material. By using mathematical 

relationships between the foam relative 

density (ratio of the density of the foam 

to the density of the bulk material) and 

the bulk material mechanical properties, 

they have developed scaling equations for 

open-cell and closed-cell foam.Gibson-

Ashby modelhas beenwidely used for 

porous materials in the scale of 

micrometers and more and it may be 

incorrect for nanoporous materials due to 

the large surface-to-volume ratio[Xia et 

al, 2009].Therefore, the Gibson-Ashby 

model should be modified for nanoporous 

materials. So Hodge et al. presented a 

modified scaling equation for the yield 

stress which was related to mass density 

and ligament size of np-foam [Hodge, 

2007]. 

Molecular dynamics (MD) simulations is 

a powerful tool to study the mechanical 

properties of nanoporous materials with 

atomic resolution. However few studies 

of nano foam materials using MD are 

available. Erhart et al.studied the 
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compression of np-Cu and np-Al, with 

porosities of up to 20%. Crowson, 

Kolluri and Demkowikcz et al.studiednp-

foams with porosities larger than 50%. 

Additionally, the deformation and growth 

of voids has been studied in several 

papers. Cantrell andTo et al investigated 

the mechanical behavior of closed-cell 

nanoporous foams. They using a 

tetrakaidecahedron simulation model and 

the model randomly generated spheres 

that partially overlap with one another 

[To et al, 2011]. 

In this study,the foam structure in micro 

scale simulated usinghouse codes. It is 

also used MD simulations to study the 

deformation mechanisms of np-Al under 

tension. Finally the results obtained from 

MD simulations is used to develop 

scaling laws for the mechanical 

properties of np-Al in terms of 

microstructural parameters. 

 

2. MODEL AND METHODS 

Metal foams have verycomplex structures 

so differentstructuresintendedto 

compareandevaluate 

themechanicalpropertiesof the 

foams.Simplegeometryof the 

samplesused in thebasicsimulationswere 

made. 

The models are constructed by initially 

creating randomly generated spheres in a 

cubic structure (fcc) , with sizes L = 74a0 

× 74a0 ×74a0 , where a0 = 4.05 nm is the 

lattice constant, with 85% porosity with 

pore size of 20 nm (sample I). Then 

models are constructed by creating 

generated cylinder in a cubic structure  

(fcc) with same size (sample II). For type 

I, the samples have the same relative 

mass density of ρ= 0.15 but different pore 

size of 20 and 10 nm.Atomic 

configuration of np-Al samples with the 

average ligament diameter of 20 nm and 

porosity of 85% for two types of samples 

are shown in figure 1. 

The MD simulation was performed by 

LAMMPS program with the embedded 

atom method (EAM) potential for 

Al[Crowson et al, 2009] which has been 

widely used in the simulations of metals 

and alloys. Prior toloading, each sample 

is relaxed to the minimum energy 

configuration using conjugate gradient 

method and then thermally equilibrated at 

300 K for 60 ps using a Nos e-Hoover 

thermostat. Uniaxial tensile loading was 

subsequently applied in the [100] 

direction with a strain increment of 0.1% 

that was held constant for 1 ps at 300 K. 

 

 
 

 
 

Figure 1: Atomic configuration of np-Al 

samples with the average ligament 

diameter of 20 nm and porosity of 85%. 

a. sample I with spherical pores. b. 

sample II with cylindrical pores. 

 

3. RESULTS AND DISCUSSION 

Thestress-strain curves obtained for 

samples of types I and II with different 

pore shape (spherical and cylindrical) are 

shownin Figure 2. To investigate the 

http://www.sciencedirect.com/science/article/pii/S1359646209003406
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Young’s modulus Es, the yield strength 

σs, and the ultimate strength σu , these 

curves characterized by the following 

three regimes of distinct deformation 

behaviors that show in Figure 3. 

Inthe earlystages ofdeformation (AB), 

until the yield stress is reachedthe stress 

increases linearly with strain. The 

Young’s modulus from the stress-strain 

curve is about 3.54 GPa, and the 

plasticyield strength at point B is 

measured to be 143MPa.In the second 

regime (BC), stress reaches to maximum 

stress value (tensile strength), the 

ultimate strength is reached at point 

C,with σu :650 MPa. Then the stress 

decreases as the strain is further 

increased. 

 

 

 

 
 

 

 

 
 

Figure 2: The stress-strain curves of Al 

samples for (a) type I samples, (b) type II 

samples. Table 1 shows  The Young’s 

modulus Es, the yield strength σs, and the 

ultimate strength σu of a given samples 

that are measured from the stress-strain 

curves.  

Consistent with previous experimental 

results on np-Au [Biener, 2005] the 

elastic modulus, yield stress, and ultimate 

stress all decrease with increasing 

porosity, similar to the general 

mechanical behavior of macroscopic 

porous structure. 

 

 

 
 

Figure 3: Variations of stress σ with the 

applied strain ε of np-Al with relative 

mass density ρ = 0.25 (in the sample II). 
 

Accordingtothe curves the samples soften 

after reaching peak in all the present 

simulations. This behavior was named by 

Biener, “macroscopic brittle but 

microscopic ductile behavior,” that 

weakest ligament bigans to necking, and 

its subsequent rupture leads 

tooverloadsthe adjacentligaments, 

ultimately leading to further failure of the 

structure [Biener, 2005]. 
 

Table 1: Mechanical properties of Al 

sample from molecular dynamics 

simulation in 300 k. 
 

Ultimate 

strength 

(MPa) 

Yield 

strength 

(MPa) 

Youngs 

modulus 

Es(Gpa) 

Porisity% Sample 

650 143 5 65 I 

450 110 4.2 75 I 

380 102 3.8 85 I 
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550 112 4.7 65 II 

370 108 3.5 75 II 

190 65 2.3 85 II 

 

So it focus onatomic configuration of 

the samples. Figure 4 

showsconfiguration of np-Al two type of 

samplesbefore and after applied tensile 

stress with the average ligament diameter 

of 20 nm and porosity of 85%. 

Accordingto the figure 4,the necking 

seen in I type of samples. So 

accordingto Biener’sstudy,these 

samplescan be suitablefor the study 

ofthe mechanical properties of foams.  

According to thelatestresultsofTable 

1,andcompare with theresults obtained in 

To et al.[To et al, 2011]study that 

measured mechanical behavior of 

nanoporous aluminum, it was found 

mechanical behavior ofthese type of 

samples haveapproximatelycompatibility 

with previousstudies. 
 

Gibson and Ashby have investigated the 

mechanical properties of open-cell foam 

materials based on the Timoshenko beam 

theory. they derived the following scaling 

law:  
 

Es / Eb = C1ρ
2
                                         (1) 

 

Where Es and Eb, are the Young’s 

modulus of foam and the Young’s 

modulus of the bulk phase, and C1 is a 

constant to be determined from 

experiments and the relative mass 

density: 
 

ρ = ρnp / ρb                                                        (2) 
 

Accordingto the resultsofEq.(1), an 

apparent deviation is observed between 

the results of our MD simulations and 

the Gibson-Ashby’s scaling law in Eq 

(1). So it use Xiao’s modified 

relationship between the effective 

Young’s modulus and the relative mass 

density of nanoporousmaterials. 

Es / Eb= C2 (ρ
2
 + C3ρ)                          (3) 

 

Where C2 and C3 are dimensionless 

constants to be determined by 

experiments or theoretical calculations. 

For np-Au samples in this study, fitting 

our MD simulation results by Eq.(2) 

leads to:C2= 0.8 and C3= 0.12  
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Figure 4.a. Atomic configuration of a np-

Al samples with the average ligament 

diameter of nm and porosity of 85% 

before applied tensile stress. b. Atomic 

configuration of a after applied tensile 

stress 

To investigate the size effects of np-Al, 

the sample with a ligament diameter of 

10 and 20 nm and relative mass density 

of ρ= 0.25 is studied. The uniaxial tensile 

stress-strain curves for the np-Al samples 

of types I are shown in figure 5. 

Accordingto the curves, the ultimate 

strength σu varies significantly while the 

effective Young’s modulus Es and the 

yield stress σs of samples exhibit little 

changes. In this samples, ligament 

diameters of the sample with pore size of 

20 nm are weaker than sample with pore 

size of 10 nm, so weakest ligament 

undergoes necking and ultimately 

leading to more failure of the structure.  

 

 

 
 

Figure 5: The stress-strain curves of Al 

for type I samples with fixed relative 

mass density of ρ= 0.25 but different 

ligament diameters 10 and 20 nm. 

 

4. CONCLUSION 

In summary, the geometry of foam made 

with code and the tensile deformation 

behaviors nanoporous aluminum have 

been investigated for two type of samples 

using MD simulations. It is found that, 

the pore size, shape and geometry of the 

foams have important effect on 

mechanical properties of the foams. The 

results obtained from this study can be 

employed to better design open cell 

nanoporous structures to prevent 

catastrophic failure. 
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ABSTRACT: An optimal use of soil potential productivity requires a precise decision 

making about soil water characteristics and its hydraulic properties and functions. The 

objectives of this study were i) to determine hydraulic properties and parameters from a 

real-time measured data and ii) to simulate pore size distribution for better drainage 

management in the field. Real-time moisture sensors were built in the soil profile depths of 

0 to 30 cm, 30 to 60 cm, and 60 to 90 cm. Climate variables of rainfall, evapotranspiration, 

temperature, and rainfall intensity were measured in the field by a weather station. 

Calibrated and validated data showed moderate to strong correlations with the observed 

values. The RMSE was 0.31 for water content and 0.0018 cm.d
-1

 for Hydraulic 

conductivity. Soil saturated hydraulic conductivity was low (0.14 cm.d
-1

) and thus drainage 

rates during the study. Because of the low drainage rates, independently and spatially 

measured pressure head and hydraulic conductivity data are needed to better evaluate soil 

hydraulic functions for drained and undrained conditions in the field. 

 

1. INTRODUCTION 

Soil partitions precipitation into different 

compartments of hydrological cycle, 

such as evaporation, transpiration, 

infiltration, interception, deep drainage 

and surface runoff. However, soil also 

stores and conserves big part of the 

precipitation for its use and productivity 

functions in the agroecosystems. 

Therefore, the stored amount of water is 

subjected to the processes in the vadose 

zone that transforms, transports, and 

stores the water. Soil water in the vadose 

zone is very critical to soil ecological 

functions for their continuity. In dry and 

semi-arid agriculture, surface water 

excess is mainly stored in the vadose 

zone, rather than reaching at 

groundwater body. Sometime 

extremities in climatological events 

(rainfall, and temperature) can surplus 

the capacity of vadose region in the soil 

and result in runoff and groundwater 

accretions. The Amik Plain, Turkey, is 

one of the rainfed agricultural areas that 

suffer from both drought and floods for 

years. Since 1975, open drain ditches 

and subsurface drainage systems have 

been implemented in the Plain’s soils to 

manage excess precipitation that 

translates mostly to floods in the region. 

Managing water flow and drainage in 

agricultural soils requires having 

knowledge of soil hydraulic functions 

such as soil saturated conductivity and 

retention functions for better 

management of scarce soil water 

resources. Measuring soil properties can 

represent the volume support of the 

sample mostly. However, soil properties 

spatially and temporally change in the 

landscape. Therefore, modeling and 
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simulations are disintegrable parts of soil 

water and management issues in 

agriculture. Soil hydraulic parameters 

are critical to know initially and then 

they can be installed in a simulation 

process to describe a flow process in 

more details. Inverse solution is mostly 

used and well-acclaimed method to 

optimize soil hydraulic parameters 

before deciding about a flow model’s 

robustness. The method minimizes the 

deviations between observed and 

predicted variables to estimate and 

optimize unknown soil hydraulic 

parameters [Kool et al., 1987; Kool and 

Parker, 1987]. HYDRUS-1D code by 

[Simunek et al. 2008] was implemented 

to parameterize and estimate soil 

hydraulic properties of a drained alluvial 

clayey soil in the Amik Plain. 

The objective of this study was to 

estimate soil hydraulic properties and 

elaborate soil hydraulic conductivity for 

its role in water flow into tile drains. 

2. MATERIALS AND METHODS 

2.1. Site Details 

The experiment was established on an 

alluvial clayey soil in 2010 in Tarla 49 

research station of Mustafa Kemal 

University. The research site situates in 

the Asi Basin, the Amik Plain, Turkey 

and about 1 km away from the Asi 

River. The elevation of the field from the 

sea level is 71 m. The soil profile 

predominantly has a A horizon and an 

argillic B horizon (Bt). The climate of 

the region is semi-arid/semi-humid 

temperate. The mean annual rainfall and 

evaporation are 1141 mm and 1278 mm 

in the basin, respectively. The mean 

annual temperature over the last 50 years 

is 18.1 
o
C. 

2.2. Textural Properties  

Soil samples were collected to a depth of 

100 cm for soil particle size analysis 

with Edelman auger and hydrometer 

method was used [Day, 1965]. 

Undisturbed soil samples were collected 

by soil cores of 7.6 cm height x 7.6 cm 

diameter with 10 cm intervals in the soil 

profile. Soil saturated hydraulic 

conductivity (Ks) was measured for each 

depth according to [Klute and Dirksen, 

1986] in two replica. Bulk density, 

porosity, water retention curves, and soil 

hydraulic parameters were determined 

on the undisturbed soil core samples in 

the laboratory. Starting from saturation 

water content, water discharges during 

successive matric potential decreases 

was measured on both the tension table 

and porous pressure plate successively at 

0, -10, -15, -33, and -1500 kPa. The [van 

Genuchten, 1980] and [Mualem, 1976] 

equation with 2 cm pressure head air-

entry value was fitted to the data points. 

2.3. HYDRUS-1D Model 

Water movement in soil profile and 

drain discharge rates from tiles in the 

soil profile were simulated using 

HYDRUS-1D [Simunek et al., 2008]. 

The Richards equation for saturated and 

unsaturated soil conditions are 

numerically solved in HYDRUS-1D. 

Water retention curves (WRCs) of soil 

were developed from undisturbed soil 

core samples.  

𝜃(ℎ)

= {
𝜃𝑟 +

𝜃𝑠 − 𝜃𝑟 

[1 +  (𝛼|ℎ𝑚|)𝑛]𝑚
  ℎ ≤ 0

𝜃𝑠                             ℎ ≥ 0    

(𝑒𝑞. 1)  

𝐾(ℎ) = 𝐾𝑠𝑆𝑒
𝑙 [1 − (1 − 𝑆𝑒

1
𝑚 )

𝑚

]2 (𝑒𝑞. 2) 

𝑚 = 1 −
1

𝑛
        𝑛 > 1                    (𝑒𝑞. 3) 

𝑆𝑒 =
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟 
                                    (𝑒𝑞. 4) 

Where 𝜃(ℎ) is water retention curve 

function,  𝜃 is arbitrary volumetric water 

content, 𝜃𝑟 the residual volumetric water 
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content, 𝜃𝑠 saturated volumetric water 

content, ℎ𝑚 is the matric head (cm). The 

parameter 𝛼 is air-entry parameter and 𝑚 

and 𝑛  are retention curve fitting 

parameters. 𝐾(ℎ) is unsaturated 

hydraulic conductivity function 

computed from the water retention 

curve.  𝐾𝑠 is saturated hydraulic 

conductivity. 𝑆𝑒 is the reduced water 

content and 𝑙 is the pore connectivity 

parameter with an estimated value of 0.5 

[Mualem, 1976]. The hydraulic 

parameters of soil, 𝜃𝑟, 𝜃𝑠, 𝛼, and 𝑛, were 

initially determined from the measured 

soil water retention data according to 

[van Genuchten, 1980] computational 

steps. Then, they were optimized using 

the RETC software by fitting retention 

data (θ-h relationship). These optimized 

values of hydraulic parameters were 

required by HYDRUS-1D.  Two 

automated moisture probes were inserted 

in to soil depths of 0-30 cm and 90-100 

cm for soil matric head determination 

 2.4. Initial and Boundary Conditions  

The model assumed no flux boundary 

along the sides of the research field. An 

atmospheric boundary condition with 

runoff was implemented along the top of 

the soil surface to allow for interactions 

between soil and atmosphere (time-

variable boundary conditions). The 

bottom boundary was defined by several 

horizontal drain tiles, installed in a 

homogeneous soil above impervious 

layer. 

2.5. Soil Drainage System 

Drain tile flow was measured by 

automatic flow gauges connected to the 

lateral drains and the outlet of the main 

drainage pipe. Drain depth and spacing 

was 0.9 m and 40 m respectively. Three 

parallel laterals (gridiron type drains) 

and a main were designed to discharge 

excess water from the study area to the 

outlet. A corrugated and perforated 

polyvinyl chloride (PVC) pipe of 100 

mm and 50 mm diameters for main and 

laterals, respectively, were used in the 

drainage system design in the field. The 

impervious layer was assumed to be 

around 3 m depth in the soil profile.  

3. RESULTS AND DISCUSSION 

3.1. Soil Hydraulic Models 

Time continuous field data were used to 

estimate the soil’s hydraulic properties in 

an alluvial clayey soil profile with a tile 

drainage system. Soil moisture 

characteristic curves were obtained 

through draining water from the cores 

while they were applied high suctions. 

The initial estimates of soil hydraulic 

properties were obtained from the 

moisture retention curves and used in the 

inverse solution to optimize the 

estimations of soil hydraulic parameters 

[van Genuchten, 1980]. The initial 

estimates of soil hydraulic parameters 

that were optimized are displayed in 

Table 1 and Table 2. The initial 

estimates of soil hydraulic parameters 

provided the best guess values to start 

the inverse solution for the parameter 

estimation that were eventually used in 

soil hydraulic models. 

Table 1: Initial estimates of soil hydraulic parameters. 

Soil 

depth, 

cm 

Textural 

class 

Sand, 

% 

Silt, 

% 

Clay, 

%  

Bulk 

density, 

Mg.m-
3
 

θr, 

cm
-3

 

cm
-3

 

θs, 

cm
-3

 

cm
-3

 

α 

cm
-1

 

n 

0-30 SiCL 38.8 18.6 42.6 1.28 0.221 0.379 0.071 1.468 

30-60 SCL 23.8 50.4 25.7 1.35 0.242 0.317 0.011 2.069 

60-90 SL 10.2 62.9 26.9 1.28 0.236 0.309 0.081 2.175 
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The optimized hydraulic parameters 

developed very good fit of models with 

very low root mean squared errors 

(RMSE), 0.31 for water content and 

0.0018 cm.d
-1

 for soil saturated hydraulic 

conductivities. The variability of soil 

saturated hydraulic conductivity in the 

soil profile was very high that the lowest 

and highest Ksat values were 0.14 cm.h
-1

 

Ksat was 5.2 cm.h
-1

, respectively. 

Table 2: Soil optimized hydraulic 

parameters. 

Soil 

dept

h, 

cm 

θr θs α,cm
-

1
 

n Ks, 

cm.

d
-1

 

0-30 0.07

2 

0.45

8 

0.002

3 

1.73

7 

10.2 

30-

60 

0.1 0.39 0.059 1.48 5.5 

60-

90 

0.08

3 

0.47

0 

0.001

5 

1.85

6 

6.56 

 

The optimized soil characteristic curve, 

θ(h), and the unsaturated hydraulic 

conductivity function, K(h) are presented 

in Figure 1. Soil hydraulic conductivity 

function reaches almost zero cm.d
-1

 

between 600 and 700 kPa soil matric 

head potential. As a result of this short 

range of water availability in the soil, 

soil hydraulic conductivity (log-scale) 

reached at 10
-7

-10
-8

 cm.h
-1

 in the 90 cm 

depth of the soil profile. 

 

Figure 1: Soil water retention curve (θ(h)) and logarithmic unsaturated hydraulic 

conductivity function (K(h)). 

Figure 2 presents the calibrated and 

validated cumulative drainage fluxes at the 

bottom boundary of the soil profile. The 

calibrated and validated soil hydraulic 

parameter based models produced 0.28 cm 

and 0.3 cm drainage losses to the outlet of 

the drainage system, respectively. The 

observed period of drainage discharges were 

17 days and recorded values (not shown in 

the Figure 2) were greater (1.2 cm) than the 

simulation results. This is because soil 

hydraulic conductivity values were small 

enough that delayed precipitation water to 

reach at the drain tiles (Figure 1). The 

evaluation of soil profile, 2 to 3 days after a 

precipitation event, showed that soil was 

barely moistened at the 60-65 cm depth of 

the profile. Tile drains started flowing a 

week after a heavy rainfall (> 3 mm.h
-1

). 

This is mostly because of groundwater 

accretion by the drain depths of the soil 

profile. During this period, soil automatic 

moisture probes recorded positive pressure 

heads in the soil profile depth of 90 cm. 

although the optimized parameters produced 

good fit of model calibration and 

validations, the uniqueness of the optimized 

values are unlikely to characterize all over 

the drained field. On the other hand, a very 

highly representative Ks value set should be 

targeted through field measurements rather 

than the one from laboratory experimental 

results. In addition, saturated conditions 

were very common in the top 0 to 60 cm 
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layer in the soil studied and this limited field 

trafficability and mechanization. The 

simulated data can improve our 

understanding about how many times 

productive and unproductive fluxes may 

occur in a rainy season in the Amik Plain, 

Turkey. 

 

Figure 2: Simulated Cumulative bottom 

fluxes at the 90 cm depth in the soil profile 

for lateral 1. 

4. CONCLUSIONS 

Water availability for optimal use of soil 

productivity in agriculture especially in the 

vadose zone of soil profile is essential. This 

simulation study can be used to separate 

productive and unproductive water fluxes in 

the studied agroecosystem and flow domain. 

Soil moisture profile, pore size distribution, 

and tile drainage flow were analyzed and 

simulated in this study. HYDRUS model 

showed that model simulations of water 

transport in soil resulted in more promising 

drain discharge rates than initial estimations 

of hydraulic properties, resulting in high 

drain discharges in the soil. Application of 

this modeling approach to the field in 

different climatic conditions, especially 

between June and October, will be more 

beneficial in the agroecosystems of the 

Amik Plain where cash crops, such as cotton 

and maize plantations, are disintegrable 

parts of crop rotation patterns. In conclusion, 

modeling hydraulic behaviors of the Amik 

Plain soils, a detailed evaluation of soil 

profile saturated hydraulic conductivity for 

drained and undrained conditions is needed. 
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ABSTRACT: Ultrafiltration (UF) is a pressure-driven process that removes emulsified 

oils, metal hydroxides, colloids, emulsions, dispersed material and suspended solids from 

waste water and other solutions. Surfactants are also invariably present in these waste 

waters, or added intentionally. 

In this study, methylene blue (MB), a dye widely employed in textile, paper and chemical 

industries, was chosen as the model contaminant. Surfactants selected were anionic sodium 

dodecyl sulfate (SDS), cationic hexadecyltrimethyl ammonium bromide (CTAB) and non-

ionic ethoxylated octylphenol (TX-100). Surface tension, size, charge, ultraviolet–visible 

spectroscopy and contact angle measurements were conducted to investigate dye-surfactant 

interactions. Cellulose nitrate filters were employed to determine the effect of these 

interactions in filtration efficiency. It was aimed to elucidate the effects of the surface 

active agents on the mechanism and efficiency of ultrafiltration. 

In general, surfactants decreased the efficiency of MB removal. In the absence of 

surfactants, the removal efficiency is high, 83%, due to the attachment of MB on the 

negatively charged cellulose nitrate filter. The presence of surfactants in the monomer 

range had a significant effect on the filtration depending on their charge. In the micellar 

range, on the other hand, the filtration efficiencies were low for all the surfactants. The 

interaction between filter surface and the surfactants molecules were found to be as 

important as those between the filter surface and the contaminant.   

 

1. INTRODUCTION 

Ultrafiltration has been receiving 

significant attention as a separation 

process in chemical, pharmaceutical and 

food industries (Aouni et al., 2012; 

Cheryan, 1998). A more recent and 

advanced form of ultrafiltration is based 

on selectively enveloping smaller 

contaminants in comparably larger 

surfactant micelles to improve filtration 

efficiency (micellar enhanced 

ultrafiltration, MEUF) (Zaghbani et al., 

2009). Though a large volume of work is 

present on ultrafiltration (Ong et al., 

2014; Wenten and Ganesha, 1996), little 

attention has been paid to the ancillary 

effects of the surface active agents on the  

 

 

mechanism and efficiency of the process 

even though surfactants are invariably 

present in the process streams of the 

above industries or added intentionally as 

in the case of MEUF (Laughlin, 1994; 

Ruzitah and Sharifah, 2011; Yenphan et 

al., 2010)  

That is, an understanding of how these 

contaminants, or the membrane filter 

media, interact with various surface 

active agents is an important factor in 

successful application of these advanced 

removal techniques.  
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2. MATERIALS AND METHODS 

2.1. Materials 

Properties of three surfactants (anionic 

sodium dodecyl sulfate, cationic 

hexadecyl trimethyl ammonium bromide 

and non-ionic ethoxyleted octyl phenol) 

and the model contaminant (MB) were  

given in Table 1.  

 

Table 1. Selected properties of the 

surfactants and contaminant employed. 

 

 

 
Figure 1. The structure of cellulose 

nitrate filter paper used for ultrafiltration. 

 

2.2. Methods 

Surface energy measurements were 

conducted with a Digital Tensiometer  

(Kruss K10ST) employing the Du-Noüy 

Ring method using solutions of SDS, TX-

100 and CTAB at concentrations from 

10
-2

 to 10
-6

 M. Zeta potential 

measurements were carried out with SDS, 

CTAB and TX-100 solutions in the 

presence of 10
-5

 M (~ 2 ppm) MB by 

Laser Doppler Velocimetry (LDV) 

(Malvern Zeta Sizer Nano ZS). Particle 

size distribution (PSD) measurements 

were carried out with the solutions of the 

same surfactants using Dynamic Light 

Scattering (DLS) mode of the Zeta Sizer; 

however, only TX-100 solutions at 10
-2

 

M resulted in meaningful PSDs. UV/Vis 

spectroscopy (Perkin Elmer Lambda 45) 

was used to determine MB concentrations 

in solutions without and with surfactants 

of varying strength. Ultrafiltration 

experiments with the MB-surfactant 

solutions were carried out at surfactant 

concentrations from 10
-2

 to 10
-6

 M 

employing the CNM filters with pore 

sizes of 0.2 and 0.45 μm. 

 

 

3.  RESULTS AND DISCUSSION 
3.1. Morphology of Surfactant Molecules 

in the Absence and Presence of MB 

Surface tension measurements were 

applied to determine the association 

behavior of the surfactant molecules in 

aqueous surfactant solutions in the 

absence and presence of a fixed amount 

of  MB (2 ppm, 10-5 M) and the results 

are presented in Figure 2.  It can be seen 

that the surface tension behavior of the 

surfactants could be divided into two 

concentration region: Region 1 where the 

surface tension decreases with increasing 

concentration until a critical 

concentration (CMC). In Region 2 where 

the surface tension remains constant with 

changes in concentration, the surfactant 

molecules are in the form of micelles. 

The interfacial energies do not change 

significantly for the CTAB and TX-100 

surfactants when MB molecules are 

present. The surface tension in the 

micelle range also remain unaffected by 

the presence of MB for these surfactants. 

However, the lower interfacial energies 

obtained with the anionic SDS when MB 

is present show that the surface activity is 

higher at low concentrations of the 

surfactant where the monomer of SDS are 

present. 

 

Compound 
MW 

(Dalton) 
Explanation 

 SDS 288 
Anionic 

Surfactant 

 TX-100 628 
Nonionic 

Surfactant 

 CTAB 364 
Cationic 

Surfactant 

 MB 320 
Organic 

Contaminant 
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Figure 2. Surface tension of surfactants  

in Distilled water and MB solution. 

 

3.2. Micelle Size and Charge 

Measurements in the Absence and 

Presence of MB 

The charge and size measurements were 

carried out to elucidate more clearly the 

interactions between the surfactant and 

MB molecules in the micellar range. The 

charge on the MB molecules was positive 

at the natural pH of 7.0 in the absence of 

any surfactants. The changes in the 

charging behavior of the surfactant 

micelles in the presence of MB are 

presented (Figure 3).  The figure shows 

that the changes were not significant at 

this concentration of MB (2 ppm, 10
-5

 

M). It was not possible to obtain charge 

data at higher concentrations of MB due 

to problems with the transparency of the 

solution to the laser beam of the charge 

measurement system. Similarly the 

changes in the size of micelles were also 

not significant at this concentration of 

MB (10
-5

 M) and it was not possible to 

obtain size data at higher concentrations 

of MB due to the similar problems.  

10-5 10-4 10-3 10-2 10-1

Z
e

ta
 P

o
te

n
ti
a

l,
 m

V

-60

-40

-20

0

20

40

60

SDS 

CTAB

TX-100

Concentration, Moles

10-5 10-4 10-3 10-2 10-1 100

with MB
without MB

 

Figure 3.  Charge of SDS, CTAB and 

TX-100 micelles in the absence and 

presence of MB (2 ppm, 10
-5

 M). 

 

3.3. Contact Angle of Surfactant 

Treated CNM Filters in the Absence 

and Presence of MB 

It can be seen from Figure 4. that the 

filter surface is hydrophilic in the pure 

water. When it is treated with 10
-5

 M 

MB, the surface becomes hydrophobic. It 

shows that cationic MB molecules 

interact with the negatively charged filter 

surface. The hydrophobicity of the filter 

surface changes depending on the type 

and concentration of the surfactants 

added. The reasons for the same contact 

angle with pure water with at the 

surfactant concentration (10
-2

 M) can be 

that micelles do not adsorb on the surface 

at all or the micelles adsorb on the 

surface, however, the filter surface is still 

hydrophilic since the ionic heads of the 

surfactants are towards the solution side.  

 
 

Figure 4. Contact angle values on 

cellulose nitrate membrane (CNM) filters 
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before and after treatment with MB and 

surfactant solutions. 

 

3.4. UV Absorbance of SDS, CTAB, 

TX-100 Surfactant Solutions 

UV-analyses were conducted to test and 

understand the effect of surfactants on the 

UV absorbance of MB (Figure 5). 

Addition of CTAB and TX-100 does not 

have significant effect on the absorbance 

value while the absorbance values varied 

in the presence of SDS.  

 
Figure 5. UV-absorbance of MB in the 

absence and presence of SDS, CTAB and 

TX-100 

 

3.5. Ultrafiltration of MB: Removal of 

MB in the presence of SDS, TX-100 

and CTAB 

Filtration experiments were carried out 

with CNM filters using MB solutions at 

different surfactant concentrations in 

order to see the effect of surfactants in the 

filtration behavior (Figure 6).  In general, 

surfactants decreased the efficiency of 

MB removal. In the absence of 

surfactants, the removal efficiency is 

high, 83%, due to the attachment of MB 

on the negatively charged cellulose 

nitrate filter. In the presence of low 

concentrations of SDS (<10
-3

 M), the 

removal efficiency of MB increases little 

due to the interaction between MB-SDS 

pairs and filter paper surface.  In the 

presence of low concentrations of CTAB 

(<10
-3

 M), the removal efficiency does 

not change due to no interaction between 

MB and CTAB. In the presence of low 

concentrations of TX-100 (<10
-4

 M),  the 

removal efficiency decreases most 

probably due to the increase in the 

hydrophobic character of filter surface. 

At high concentrations above CMC, the 

efficiency of MB removal is low for all 

the surfactants most probably due to the 

formation of surfactant-micelles that also 

include MB molecules in them to pass 

through filter paper.   

   

 

4. CONCLUSIONS 

In this stdy, anionic (SDS), cationic 

(CTAB) and non-ionic (TX-100) 

surfactants as model surface active agents 

and MB as a model contaminant were 

used for elucidating of ultrafiltration in 

the presence of surfactants. Surface 

tension, charge and contact angle 

measurements applied to aqueous 

solutions as a function of concentration to 

clarify the forms of surfactants and MB-

surfactant molecules. UV was used to 

determine the MB concentrations before 

and after ultrafiltration. Based on these 

results it was observed that significant 

amount of MB (83%) was removed from 

solution. The presence of surfactants had 

a remarkable effect on filtration outcome 

depending on both the type and 

concentration of the surfactant.    

 
Figure 6. Removal of MB by ultra 

filtration in the absence and presence of 

SDS, CTAB and TX-100. 
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ABSTRACT: In this study, the effects of hardness behavior with different compositions 

and different porosity of powder metallurgy parts coated with diamond nanoparticles 

added chromium have been investigated. 3 different alloyed powders pressed at 420, 550 

and 700 MPa, sintered and samples with different porosities have been obtained in 

32x12x10 mm sizes. Under the framework of bilateral agreement between the universities, 

samples have been coated with diamond nanoparticles added chromium in Bulgarian 

Academy of Sciences (BAS) at where the team has enough skill in electrochemical 

coating. The hardness values of the samples have been compared before and after coating. 

In addition, the powder metallurgy parts coated with diamond nanoparticles added 

chromium and full density parts coated with diamond nanoparticles added chromium have 

been compared and the reasons of these hardness differences have been investigated.   

 

1. INTRODUCTION 

Increasing technology generate a 

necessity to supply materials with 

superior properties. The economy of 

production costs is an important factor, 

therefore replacing of a new material, 

changing the surface characteristics will 

lead higher mechanical, tribological and 

chemical properties. Several surface 

treatment methods are used to provide 

superior properties. Surface coating is 

one of the efficient technics for 

improving the properties. Various coating 

techniques are used and one of them is 

the electrochemical coating technic. 

 

On the other hand, nanotechnology is 

also one of the most interested fields. 

Material components with 

nanotechnology provide significant 

effects on mechanical, chemical, optical, 

magnetic and electrical properties. Nano-

composite coatings with higher hardness 

and wear-resistant structure show a 

potential to supply today's demands.  

 

 

 

Diamond has high hardness, thermal 

conductivity, chemical stability, 

biocompatibility, optical properties and 

electrical insulation and is a unique 

nanotechnology material. It is used in 

aerospace applications, machine industry, 

automotive industry, metal industry, 

plastic industry etc. 

 

The idea is to supply diamond 

nanoparticles by applying a coating 

technic (i.e. Cr coating) to the material 

surfaces to increase mentioned properties 

above. It was confirmed that with 

increasing diamond particle amount, the 

metallurgical, mechanical and 

electrochemical properties of 

Cr/nanodiamond deposit were improved 

[Nguyen et al., 2009; Kaya, 2007]. In 

another study, electrochemical chromium 

composite coatings, modified with nano 

diamond particles on steel were applied. 

The hardness value were founded 878 

HV. In addition, the positive effect of 

nano diamond particles on the 

mailto:ayse.k.1989@hotmail.com


 

439 
 

characteristics and properties of 

chromium coatings are proven [Kandeva 

et al., 2011]. 

In this study, the effects of hardness 

behavior with different compositions and 

different porosity of powder metallurgy 

parts coated with diamond nanoparticles 

added chromium have been investigated. 

 

2. EXPERIMENTAL PROCEDURES 

The metal powders to be used in 

experiments have been noted to be 

industrial powders. 69.02.53, 69.02.507 

and 69.02.510 coded 3 different metal 

powders which was used in regular 

production in TOZMETAL Company 

and produced by Höganas, have been 

provided. The powder and lubricant 

components of these metal powders have 

been shown in Table 1. Powders, 

32x12x10 mm in size, have been pressed 

in 3 different pressures as 420, 550 and 

700 MPa and 3 different porosities have 

been obtained. In the sintering parameters 

determined by the amount of % C, 

samples have been sintered in 

TOZMETAL facilities. Sample codes are 

given in Table 2. Sintered specimens 

have been coated with diamond 

nanoparticles added chromium in 

Bulgarian Academy of Sciences (BAS). 

Before and after coating, the hardness of 

each sample has been measured and these 

values have been compared.  

 

3. RESULTS AND DISCUSSION 

The effects of compaction pressure on 

hardness have been shown in Figure 1. It 

should be reminded that there is no 

coating at this stage. Hardness values 

address to original samples. Increasing 

compaction pressure slightly increases 

the hardness. Nevertheless the powder 

mixtures have considerable effect on the 

hardness. The powder coded 69.02.53 has 

the highest hardness values. As it is 

depicted in Table 1, the content of % Cr, 

Cu and Mo in 69.02.53 is higher than the 

other two. Moreover there is no Ni ve Mn 

in this mixture. The other reason could be 

the content of C and Mo that these 

elements are higher in percentage in 

69.02.53 than other two mixture. As it is 

known, these elements (C and Mo) also 

increase the hardness. 

 

 
Figure 1. The hardness values of the pure 

samples. 
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Table 1: The components of the metal powder used in the experiments. 

Powder Code % C % Cu % Ni % Mo % Mn % ZnSt %H 

69.02.53  0.63 - 0.77 1.80 - 2.20 *** 1.35 - 1.65 **** 0.72 - 0.88 *** 

69.02.507 0,15 - 0,25 1,35 - 1,65 1,58 - 1,93 0,45 - 0,55 0,45 - 0,55 ** 0,81 - 0,99 

69.02.510    0.45 - 0.55 1.32 - 1.62 1.55 - 1.89 0.44 - 0.54 0.45 - 0.55 *** 0.81 - 0.99 

 

 

Table 2: Codes and properties of the samples. 

Powder Code 69.02.53(Astaloy Mo) 69.02.507(DİST AB) 69.02.510(DİST AB) 

Pressed  

Pressure (MPa) 
420 550 700 420 550 700 420 550 700 

Sample Code A420 A550 A700 D2420 D2550 D2700 D5420 D5550 D5700 

 

 

Figure 2. The comparison of before and after coating samples. 
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The changes in hardness on coated 

specimens are depicted in Figure. 2. It is 

clearly seen that the coating 

tremendously increased the hardness of 

each samples. The hardness after coating 

has had nearly 5 times higher than the 

hardness on uncoated specimens. As it is 

expected, Cr coating with nanosized 

diamond particles has a tremendous 

effect on hardness. Even though the 

lower hardness is measured on some 

uncoated samples, the final hardness is 

also multiplied by 5. 

 

It has been observed that density has a 

positive impact on surface hardness on 

coated samples. As shown in Figure 3, 

higher density results higher hardness. 

The hardness values in Figure 3 are 

obtained on coated specimens. The 

highest hardness values have been 

measured on the 69.02.507 powder 

mixture. As it will be seen on Table 1, 

this mixture has the low-carbon, Mo and 

Mn comparing to the 69.02.53 mixture. 

On the other hand the mixture 69.02.507 

contains lowest C among these three 

mixture. It could be concluded that lower 

C leads to have better implementation. 

 

 
Figure 3. The hardness values of the after 

coating samples. 

 

In previous study (Kandeva et al., 2011), 

full density samples were coated with the 

same coating parameters in this study. 

Coated porous P/M parts have resulted 

30% increase in hardness, comparing to 

the full density parts. The reason for this 

increase could be an increase on 

contacting area on the porous structure 

that interconnections between the coating 

material (Cr) and the substrate should be 

more than a fully dense substrate (Figure 

4). 

 

   
Figure 4. A macro image and san optical 

microscope coating thickness image of 

sample.  

 

4. CONCLUSIONS 

Uncoated 69.02.53 powder mixture has 

the highest hardness. 

 

It has been seen that sample density has a 

positive impact on the coating. 

 

After coating, the highest hardness has 

been achieved on the 69.02.507 powder 

mixture. Therefore it was assumed that 

low-carbon content is concluded a better 

implementation. 

 

Hardness after coating resulted nearly 5 

times higher hardness comparing with the 

uncoated samples. 

 

The coated porous powder metallurgy 

parts showed 30% increase in hardness. 
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ABSTRACT: Heat transfer due to oscillating water flow in open-cell aluminum-foam 

pipesubjected to constant wall heat flux was investigated experimentally.The foam had 20 

pores per inch and a porosity of 87.6%.  Two flow displacements 1.5 and 1.9 pipe 

diameters, at kinetic Reynolds number7493were applied.  Higher flow displacement 

generally produced higher heat transfer rates and led to lower and more uniform wall 

temperature.  The flow displacement had profound influence on heat transfer.  Steady-state 

heat transfer experiments were also conducted in the same porous medium and test 

facility.Oscillating flow was seen to produce lower rates of heat transfer compared to 

steady flow. This unexpected finding was explained.  The current results were compared to 

other studies from the literature employing oscillating air and water flows in various kinds 

of porous media.Some agreements and disagreements were stated and discussed. 

 

1. INTRODUCTION 

Open-cell metal foams have 

highporosity,permeability, thermal 

conductivity andsurface area density. 

Metal foamsare attractive for heat transfer 

enhancementdesigns due to their tortuous 

inner structure.Recent information 

regarding manufacturing, properties and 

applications of metal foams can be found 

in [Dukhan, 2013].   

 

Convective heat transfer can be enhanced 

substantially by employing oscillating (or 

reciprocating) flow,[Lambert et al, 2006], 

[Pamuk and Özdemir, 2012].  Oscillating 

heat transfer in porous media occurs in 

many engineered systems. In addition to 

higher heat transfer rates, oscillating flow 

in porous media can produce a more 

uniform temperature distribution. 

 

Pamuk and Özdemir [Pamuk and 

Özdemir, 2012] presented experimental 

heat transfer results for oscillating water 

flow in two sets of mono-sized packed 

steel balls 1 and 3 mm in diameter, with 

porosities36.9% and 39.1%, respectively. 

 

Leong and Jin[Leong and Jin 

,2006]studied the effect of frequency on 

heat transfer performance of10-, 20- and 

40-ppi metal foam heat sinks subjected to 

oscillating flow of air.  The cycle-

averaged temperature decreased with 

increasing kinetic Reynolds number, 

while Nusselt number exhibited the 

opposite trend. 

 

As indicated by the pertinent literature 

summary given above, all published 

experimental studies concerning 

oscillating flow and heat transfer in 

porous media used gas, as the fluid.  Heat 

transfer due to oscillating liquid, e.g., 

water,flow in metal foam has never been 

presented.  Dispersion is significant for 

water, while so weak that it has been 

ignored for the air [Calmidi and Mahajan, 

2000].   

 

The purpose of the current experimental 

study is to establishheat transfer 

characteristics due to oscillating water 

flow in open-cell metal foam.  In 

particular, the effects of flow frequency 
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and amplitudeonheat transfer will be 

investigated.  When possible, the results 

of the current study willbe contrasted to 

those in previous studies employing air 

flow in similar metal foam.   

 

2. EXPERIMENT 

The experimental model was an aluminum 

alloy (6061-T6) pipe with open-cell 

aluminum foam brazed to the inside 

surface of it, as shown inFigure 1. The 

pipe hadinner diameter 50.80 mm,wall 

thickness of 6.35 mm and length of 

325mm.  The foam had 20 pores per inch 

(ppi) and 87.6% porosity. 

 

 
 

Figure 1. Photograph of metal-foam pipe 

 

One-mm diameter 4-mm deep holes were 

drilled along the wall of the tube.  The 

holes were spaced 10 mm from each other. 

Each hole housed a type-K thermocouple. 

A surface heater was wrapped around the 

outer surface of the foam pipe. The rating 

of the heater was 1,780 Watts at 60 Volts. 

The whole assembly was covered with five 

layers of ceramic fiber for insulation. 

 

Figure 2 is a schematic of the complete 

experimental setup. As shown in this 

figure, the test section is connected to two 

50.8-mm-diameter 190-mm-long 

Polyethylene tubesat its two ends via 

flanges.  In each of these tubes, five 

thermocouples spanning the cross section 

were inserted to measure the inlet and 

outlet temperature of the water.  

ThePolyethylene tubes were connected to 

stainless steel pipes 32 mm in diameter 

and 110 cm in length.   The ends of these 

pipes were attached to an oscillating flow 

generatorvia hoses.The two steel pipes 

were inner tubes of two tube-in-tube heat 

exchangers. During an experimental run, 

two cooling thermostats with a cooling 

capacity of 0.225 kW each provided cold 

water to these heat exchangers to remove 

heat.supplied to the test section and to 

avoid overheating. 

 

The oscillation generator was essentially a 

double-acting cylinder which was 

connected to an electrically driven 

motoreductor by means of a flywheel and 

a crank arm. This mechanism could 

produce a maximum stroke of 200 mm.  

 
Figure 2. Schematic of Experimental 

Setup: 1. Computer, 2. Data Logger,3. 

Thermocouple Wires (from test section), 

4. Polyethylene Tubes, 5. Test Section, 6. 

Heat Exchangers, 7. Cooling 

Thermostats, 8. Water Inlet for 

Thermostats, 9. Water Outlet 10. 

Oscillation Generator, 11. Crank Arm, 

12. Flywheel, 13. Motoreductor,14. 

Inductive Proximity Sensor, 15. 

Connecting Hoses. 

 

For a givenrun, the water coolers provided 

cooling water at about 17
o
C.  The stroke 

length of the piston was set to a desired 

value, and the oscillating frequency was 

ramped to the targeted level which was 

0.464 Hz. After the system stabilized 

(about 2.5 hours) under the condition of 
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constant wall heat flux, a data logger 

recordedthe signals.The sampling rate 

changed between 10 and 30 readings per 

second. 

 

The error in the reading of thermocouples 

was ±1.1 °C or 0.4%, whichever was 

greater.The uncertaintiesin angular 

frequency and maximum fluid 

displacement were estimated at0.43% and 

0.51%, respectively [Figliola and 

Beasley, 2000]. 

 

3. RESULTS AND DISCUSSION 

The maximum flow displacements (xmax) 

in the foam are calculated from the ratio of 

the cross-sectional area of the piston as  

 
max

2 pRA
x

A
  (1) 

whereR is the flywheel radius and Apand 

Aare the cross-sectional areas of double-

acting piston and metal-foam pipe, 

respectively.  This results in 74.4 mm and 

97.2 mm forxmax.  The non-dimensional 

displacement is  

 
D

x
Ao

max  (2) 

where D  is the foam pipe inner diameter. 

 

The cross-sectional mean fluid velocity in 

the foam pipe is given by 

 tutu sin)( max  (3) 

where 2/maxmax xu  .   

 

The kinetic Reynolds number, which 

represents the non-dimensional flow 

frequency, is defined as 

 


 2

ω

D
Re   (4) 

whereρandμare the density and viscosity 

of water.For each displacement, flow 

frequency was 0.464 Hz corresponding to 

thekinetic Reynolds number,7493. 

 

Symmetry was observed along foam 

pipe. Hence, only one half of the test 

section (z/D = 0.04 to 3.2) was subjected 

to further measurements. 

Figure 3shows the wall temperature at 

various locations along half of the foam 

pipe as well as the flow velocity as 

functions of time for non-dimensional 

displacement Ao = 1.5 and the kinetic 

Reynolds number 7493.  The wall 

temperature oscillation is in phase with 

velocity. For porous media made of 

packed steel spheres of porosity 39%, 

Pamuk and Özdemir [2012] reported a 

phase shift of radians between velocity 

and wall temperature. Differences in 

porosity, thermal conductivity and 

internal structurebetween packed steel 

spheres and open-cell aluminum foam are 

responsible for this phase shift.  Phase 

shifts were also present in Pathak et al. 

[2013] for heat transfer due to oscillating 

helium flow in a 75%-porous medium 

composed of square cylinders.There was 

no mention or discussion of a phase shift 

between velocity and wall temperature in 

oscillating heat transfer studies due to air 

flow in metal and graphite foams,[Leong 

and Jin, 2005], [Leong and Jin ,2006], 

[Leong and Jin, 2004], [Fu et al, 2000]. 

Increasing the non-dimensional fluid 

displacement Aoto 1.9lowered the wall 

temperature at the middle point of the 

foam pipe, and the amplitude of the wall 

temperature, Figure 4.  These effects 

combined suggest that increasing the 

displacement leads to a more uniform and 

lower wall temperature, indicating better 

rates of heat transfer - attractive attributes 

for electronics cooling. 
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Figure 3.  Wall temperature and flow velocity as functions of time for fluid displacement A

0
 = 

1.5 for Reω = 7493. 
 
 

 

 
Figure 4.  Wall temperature and flow velocity as functions of time for fluid displacement A

0
 = 

1.9 forReω = 7493. 
 

 

Figure 5is a plot of the cycle-averaged 

wall temperature along half of the foam 

pipe for the twodisplacements. The time-

averaged wall temperature gradually 

increases as the distance from the entrance 

increases. This trend is similar to what 

occurred for water in packed spheres 

[Pamuk and Özdemir, 2012], air in 

aluminum foam,[Leong and Jin, 2005], 

[Leong and Jin ,2006]copper foam 

[Leong and Jin, 2004], and graphite 

foam[Fu et al, 2000].The combination of 

long displacement, A0 = 1.9, and high 

frequency, Reω= 7493, produces the lowest 

and the more uniform wall temperature, as 

seen in Figure 5. 

 

For oscillating heat transfer, the local 

cycle-averaged Nusselt number is defined 

as, [Leong and Jin, 2005], [Fu et al, 

2000], 

  iwf

z
TTk

Dq
uN




  (5) 

whereqʺis the heat flux, kfis the fluid 

conductivity, Twis the local wall  

 

 

 

temperature and Tiis the inlet 

temperature. 

 

 
Figure 5.  Cycle-averaged wall 

temperature for A
0
 = 1.5 and A

0
 = 1.9. 

 

The loss,8.2%,recorded by applying an 

overall energy balance to the test section 

was subtracted from the supplied heat 

flux.  The cycle-averaged local Nusselt 

number decays gradually as the distance 

from the entrance decreases, as shown in  

Figure 6.  
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The general behavior of Nuz is similar to 

that of oscillating air flow in aluminum, 

copper and graphite foam,[Leong and Jin, 

2005], [Leong and Jin ,2006], [Leong and 

Jin, 2004], [Fu et al, 2000].  For 

oscillating water flow in packed steel 

spheres (1 and 3 mm), Pamuk and 

Özdemir [2012] showed that the cycle-

averaged Nusselt number increased along 

the porous medium for long 

displacements, and it decreased for short 

fluid displacements. These trends may be 

attributed to the large differences in 

porosity,thermal conductivity and the 

internal topology of the two porous 

media. 

 

 
 

Figure 6. Cycle-averaged Nusselt number 

for the two displacements. 

 

A meaningful comparison can be made 

with the results of Leong and Jin [6] who 

studied heat transfer in 20-ppi aluminum 

foam due to oscillating air flow. In 

Figure 7, the length-averaged Nusselt 

number for air flow is higher than that for 

water flow.This is opposite to what is 

expected, and can be explained by the 

following differences between [Leong 

and Jin ,2006] and the current study: first, 

the rectangular channel of [Leong and Jin 

,2006] was heated on one side only, 

second, Aoin [Leong and Jin ,2006] was 

4.08 and third, the height of the channel 

of [Leong and Jin ,2006] was only 10 mm 

or only 4 foam cells, approximately.  This 

indicates that there might have been 

considerable size effects in the results of 

[Leong and Jin ,2006].  For size effects in 

metal foam, see[Dukhan and Ali, 2012a]  

[Dukhan and Ali, 2012b]. 

 

 
 

Figure 7. Length-averaged Nusselt number 

for oscillating water flow (current study) 

and for oscillating water flow Leong and 

Jin[Leong and Jin ,2006]. 
 

To bridge the gap between the current 

study and [Leong and Jin ,2006], Nu of 

[Leong and Jin ,2006] is divided by two 

(because it was heated on one side only) 

and plotted in 

Figure 7. Nu for oscillating air flow in the 

same kind of metal foam [Leong and Jin 

,2006] is still higher than Nu for 

oscillating water flow of the current 

study, even though the flow frequency of 

the current study is considerably higher.  

This comparison suggests rather strongly 

that the flow displacement has a profound 

effect on oscillating heat transfer in metal 

foam.   

 

A comparison between steady-state and 

oscillating heat transfer in the same metal 

foam of the current study is presented 

inFigure 8.  Counter what is typically 

believed, the steady-state flow clearly 

produces more heat transfer compared to 

oscillating flow.  A careful look into this 

issue reveals that heat transfer, or Nusselt 

number, indeed depends not only on the 

nature of flow (steady or oscillating), but 

also on flow displacement relative to 

length of porous medium, how and where 
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the heat is removed in a closed oscillating 

flow system and, to a lesser degree, on 

the range of flow frequency. 

 

The location and manner in which the 

heat is removed from oscillating flow 

(closed) set-up dictates the inlet fluid 

temperature to the porous medium.  This 

temperature can drastically change the 

value of the Nusselt number as defined in 

Eq. (5).  Therefore care should be taken 

when designing oscillating flow heat 

transfer systems in order to ensure more 

heat is removed and to avoid 

complication and energy waste. 

 

 
Figure 8. Length-averaged Nusselt number 

for oscillating and steady-state water flow. 

 

 

4. CONCLUSION 

Heat transfer results and instantaneous 

velocity ofoscillating water flow in metal 

foam were experimentally obtainedfor two 

flow displacements at a frequency.The 

wall temperature was in phase with flow 

velocity.The higher fluid displacement 

lowered the wall temperature and caused 

more uniformity. 

 

The current range of flow displacements 

produced lower heat transfer as compared 

to a previous study employing oscillating 

air flow in similar metal foam, but with 

significantly longer flow displacements.  

This suggests that flow displacement plays 

a dominant role in oscillating heat transfer.  

Based on a comparison between 

oscillatingand steady-state heat transfer in 

the same foam, it was found that steady-

state flow may produce higher heat 

transfer rates than certain oscillating flows 

employing short flow displacements. 
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ABSTRACT: Glazes consisting of large individual crystals are produced by using 

appropriate glaze recipes. However, the development of these crystals can only be obtained 

under the correct firing conditions, and the most important factor for the success of 

achieving large-sized crystals is the firing regime. Therefore, stating the most suitable 

firing regime in terms of gloss-firing temperature, crystal growth temperature, and holding 

times are the key factors in the production process in these types of glazes. In this study, 

the determination of the firing schedule for floor tile bodies was carried out by controlling 

the furnace parameters, as well as the compositional modifications. All firing regimes were 

graphically plotted according to their glaze systems. After firing, the crystals which 

developed on the glaze surfaces were visualized using a digital photograph. 

Characterization of the glazes was carried out using x-ray diffraction (XRD), scanning 

electron microscopy (SEM), and energy dispersive x-ray (EDX) techniques. 

 

Keywords: Firing regime, large crystal, glaze, floor tile. 

 

1. INTRODUCTION 

The glazes containing crystals which 

grow while cooling following the firing 

process are known as “crystal glazes” 

[O’Banon, 1994]. Crystal glazes, which 

are an artistic variety, may be considered 

as an alternative kind of glaze which may 

bring a great deal of added value to a 

ceramic product in a visual sense by 

providing the glaze layer with many 

different aesthetic effects. Those effects 

may vary from transparent to opaque and 

from a shine to satin-appearance, thanks 

to the micro and macro crystals which are 

distributed about the glaze during the 

firing process. 

 

Frits are the main raw materials for 

certain glaze compositions used in the 

manufacture of ceramic products. There 

is a wide variety of frits, which have 

different characteristics, such as opacity, 

gloss, fusibility, viscosity, and the ability  

 

 

 

for crystallization [Pekkan and Karasu, 

2009] [Karasu and Turan, 2001]. 

 

Crystalline glazes are fired at maximum 

temperatures of 1250-1300
ο
C and 

generally applied onto porcelain bodies 

because of the ability of the porcelain 

body to sustain higher temperatures 

[Pekkan, 2015]. The firing regime is as 

important a factor as the recipe in order to 

obtain successful results from the 

application of crystal glazes. Crystal 

glazes are obtained as the result of an 

extremely sensitive firing regime 

[Erkmen, 2007]. The crystal glaze firing 

necessitates the provision of the 

necessary conditions for crystals to be 

able to form and grow. Accordingly, the 

temperature of the kiln must reach the 

degree at which the glaze will completely 

melt as quickly as possible and again fall 

to the level of crystal formation as 

quickly as possible. The kiln must then 

be kept at a certain level within the 

temperature range for crystal formation. 
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If a glaze that has been determined as a 

result of experimentation to display a 

tendency for strong crystallization, the 

there is no need for a long waiting time to 

be maintained.  Otherwise, a longer 

waiting program should be applied. 

[Erkmen, 2007] [Genç, 1993]. 

 

After the firing temperature has been 

reached, while it is cooling and 

maturation temperature is being 

maintained, the formation of crystals is 

ensured. When crystal glazes were being 

developed, the largest amount of time 

was spent in finding the correct firing 

program. Each kind of crystal glaze has a 

firing program particular to itself. For this 

reason, it is necessary to carry out many 

experiments until the program which 

provides the most efficient and successful 

results are found. The carrying out of 

extensive and detailed characterization 

studies concerned with micro-structures 

alongside the crystals and their 

formations in macrocrystal glazes such as 

this contributes to the production of 

glazes. The most suitable firing for 

crystal glazes is firing with oxidation. 

[Genç, 2013]. The aim of this study is to 

determine the firing regime of frit-based 

glazes containing large individual crystals 

for floor tile bodies. 

 

2. EXPERIMENTAL PROCEDURE 

The frit recipes of the R1, R2, and R3 

glazes are given in Table 1. The weighed 

and thoroughly mixed batches were 

melted in alumina crucibles in a 

laboratory-type electrically-heated 

furnace (MSE Furnace 1600 ELV) at 

1450
o
C for 1 hour. The melts were then 

quenched by being poured into cold water 

to obtain frits. 

For glaze preparation, suitable amounts 

of frit, kaolin, carboxyl methyl cellulose 

(CMC), sodium tripolyphosphate (STTP) 

and water were mixed in a ball mill for 

45 minutes. (Table 2) The suspensions 

were applied to pre-engobed green floor 

tile bodies supplied by Kütahya Seramik 

San. A.Ş. of Turkey. The glazed 

specimens were fired in a laboratory-type 

electrically-heated furnace (REFSAN 

RSH27) at different special heat 

treatments. All firing regimes were 

graphically plotted, and after firing the 

crystals developed on the glaze surfaces 

were visualized using a polarized optical 

microscope. Characterization of the 

glazes was carried out using x-ray 

diffraction (XRD), scanning electron 

microscopy (SEM) and energy dispersive 

x-ray (EDX) techniques. 

 

Table 2. Weight percentage of glaze 

mixtures 

Material Weight % 

Frit 95 

Kaolin 5 

Water 50 

Carboxyl methyl cellulose 

(CMC) 
0.15 

Sodium tripolyphosphate 

(STPP) 
0.25 

 

3. RESULTS AND DISCUSSION 

The nucleation, glaze crystallization, and 

final surface properties are related to the 

chemical composition of the glaze and 

firing regime [Pekkan, 2015] [Fröberg et 

al., 2009] [Karasu and Turan 2002] 

[Atkinson et al. 2014]. The glaze gloss 

temperatures can vary from 1250 to 

1480
o
C according to the type of body 

substrate [Karasu et al., 2000]. 
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Table 1. Frit recipes of the studied glazes. 

 Glazes 

Raw Materials % R1 R2 R3 R3-Co R3-Mn R3-Ni R3-Cu 

K2O.Al2O3.6SiO2 - 20-25 25-30 25-30 25-30 25-30 25-30 

Na2CO3  16-20 4-6 4-7 4-7 4-7 4-7 4-7 

Li2CO3  - 1-3 1-4 1-4 1-4 1-4 1-4 

CaMg(CO3)2  - 1-3 1-3 1-3 1-3 1-3 1-3 

CaCO3  - 3-12 3-12 3-12 3-12 3-12 3-12 

ZnO  27-34 20-25 25-30 25-30 25-30 25-30 25-30 

SiO2  48-53 35-40 20-28 20-28 20-28 20-28 20-28 

Al2O3  1-5 - - - - - - 

Cobalt Oxide  - - - 0.02 - - - 

Manganese Oxide  - - - - 5 - - 

Nickel Oxide  - - - - - 2 - 

Copper Oxide  - - - - - - 1.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Firing regime of R1 glaze. 

(Max. peak temperature is 1300
o
C). 

 

The rising period of the temperature was 

programmed so that it might rise as 

quickly as possible depending on the 

power of the kiln, environmental 

conditions, and the kiln’s load factor, 

while the cooling period was carried out 

in a natural manner in the quickest way 

with the kiln’s upper lid being open, 

although it was again dependent on the 

kiln. The specified regime took a total 

time of 36 hours.  

 

As a result of this regime, small crystals 

formed on the surface of the structure. 

Despite the crystals forming on the  

 

 

 

 

surface and the maturation of the glaze in 

an ordered manner, because of the firing 

temperature not only being high and the 

firing period also being long, with the 

formula setting being carried out the R2 

glaze was developed and the regime was 

modified according to this glaze.  The 

firing temperature in the 2nd regime 

study in which the R2 glaze was used 

was lowered by 20
o
C and the waiting 

period by 2.5 hours (Fig. 2). 

 

 

 

 

 

 

 

 

 

 

Figure 2. Firing regime of the R2 glaze.  

 

As a result of this, the regime period, 

including the natural cooling, was 

shortened by about 10 hours. Even 

though glazes obtained thanks to this 

regime developed large crystals on their 



 
 
 

453 
 

surface, in order to lower the temperature 

and period even further, the R3 glaze was 

studied. By decreasing the ratio of SiO
2
, 

it was possible to increase the total alkali 

quantity, modify the amount of ZnO, and 

obtain a glaze with macro-crystals which 

mature at lower temperatures. The 

maturation temperature is lowered 

depending on an increase in the alkali 

quantity [Taylor and Bull]. The kiln 

regime was adjusted according to 

compositional changes and a 3rd kiln 

regime was determined in which the 

maximum peak temperature was reduced 

to 1205
o
C (Fig. 3).  

 

Besides the alkaline oxides, ZnO 

additions improve the glossiness of a 

glaze surface, modifies the action of the 

chromospheres, controls the thermal 

expansion coefficient, and reduces glaze 

viscosity. In silicate glasses, Zn atoms 

occupy either tetrahedral, Zn, and/or 

octahedral sites, Zn. [?] The Zn–O–Si 

angles formed are 127
ο
 in comparison to 

the 147
ο
 Si–O–Si angles in vitreous silica 

[Atkinson et al., 2014]. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Firing regime of the R3 glaze.  

 

Firing temperatures can be lowered by 

adding the correct amounts of fluxing 

agents into the glaze, such as LiO2, CaO, 

or ZnO. When the ZnO content is higher 

than 10wt% and the appropriate cooling 

cycle is adopted, decorative willemite 

(Zn2SiO4) crystals visible at macro scale 

can appear on the glaze surface which 

give rise to a unique ornamental effect to 

the glaze [Pekkan, 2015] [Atkinson et al., 

2014]. 

 

The total period of the firing was reduced 

to 16 hours. As a result of a firing in 

which the waiting period was 4 hours, 

large crystals on the surface of the glaze 

were obtained (Fig. 4). 

 

 

 

 

Figure 4. Digital photograph image of the 

R3 glaze.  

 

For the coloring of the R3 glaze, in which 

the most successful results were acquired, 

it was fired according to the regime 

shown in Fig. 3 at 1205
o
C and by adding 

CuO, NiO, CoO and MnO according the 

ratios specified in Table 1. After firing, 

surfaces on which the crystal grains were 

more distinctive were acquired by 

increasing the visual values of the glazes. 

The acquired results are presented in Fig. 

5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. a) Digital photograph of the 

R3-Mn glaze colored with manganese 

oxide. b) Digital photograph of the R3-Ni 

glaze colored with nickel oxide. c) 

Digital photograph of the R3-CU glaze 

colored with copper oxide. d) Digital 

photograph of the RD-Co glaze colored 

with cobalt oxide.  
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3.1. Mineralogical Analysis Results 

According to the XRD results obtained 

from the formulae, willemite and 

cristobalite phases developed in the 

glaze.While willemite and cristobalite 

phases were seen in the R3 glaze, only a 

willemite phase was observed in the R3-

Co, R3-Cu, R3-Mn, and R3-Ni glazes 

(Fig. 6). 

 

Figure 6. The XRD patterns of the R3, 

R3-Co, R3-Cu, R3-Mn and R3-Ni glazes.  

 

3.2. Micro-structure Analysis Results  

According to the SEM image of the glaze 

sample of R3 crystals, styliform crystals 

were observed (Fig. 7). In the EDX result 

obtained from the amorphic section, the 

Si ratio came out high, while in the EDX 

analysis obtained from the styliform 

grains, the Zn and Si ratios were high and 

it was also established in the XRD 

analysis that these crystals belonged to 

willemite crystals (Fig. 8). 

 

Fig. 9 emphasizes the fact that cobalt acts 

as a strong nucleating agent in zinc 

containing soft porcelain crystalline 

glazes for the formation of willemite 

crystals no matter which crystal growth 

temperature (1075
o
C) is used. The 

addition of CoO, CuO, MnO and NiO 

also ensured that similar crystals 

appeared.  

In order to see the overall effects of 

adding different coloring agents into the 

glaze on the general texture, the size, and 

shape of crystals at micro scale, SEM 

studies were conducted. Figs. 7 and 9 

show that CoO, CuO, MnO and NiO 

produce different textures depending on 

the heat treatment cycle. They all result in 

plate-like formation with higher crystal 

growth temperature (1075
o
C) at macro-

scale, while at micro-scale both the size 

and shapes of zinc crystals differ with 

different coloring agent contents of the 

glaze. 

 

 

 

Figure 7. The SEM micro-structure image 

and distribution of crystals in the R3 

glaze.  

 

 

 

 

 

 

 

 

 

Figure 8. The EDX patterns of the R3 

glaze.  

 

 

Figure 9. The SEM micro-structure image 

and distribution of crystals of the R3-Co 

glaze.  
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Figure 10. The EDX patterns of the R3-

Co glaze. 

  

The ratios of Si and Zn being high in the 

results of the EDX analysis taken from 

the crystals which formed on the surfaces 

of glazes developed by adding metal 

oxides shows the formation of a 

willemite phase, while the shapes of the 

crystals were in a styliform shape in a 

similar way to the R3 glaze.  

 

4. CONCLUSIONS 

No matter which crystal growth 

temperature is used, ZnO acts as a strong 

nucleating agent in zinc containing soft 

porcelain crystalline glazes for forming 

willemite crystals. 

 

CoO, CuO, MnO, and NiO produce 

different textures depending on the R3 

glazes The most interesting shape of 

willemite crystal is produced using the 

glaze composition containing CoO. 
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ABSTRACT: The work is dedicated to the development of technology for chemically 

bonded brick building method moist hyper molding powder consisting of local raw 

materials in Uzbekistan, given the characteristics of the raw materials, a study of physical 

and mechanical properties of the samples of bricks made with different combinations and 

ratios of ingredients. It was found that the best measures the strength of the samples show 

the press - powders comprising local dolomitic rocks, waste asbestos-cement production, 

ash and slag of thermal power plants: their strength after two weeks of storage under 

normal conditions or after hydrothermal treatment ranges from 15.0 to 25.0 MPa . The 

urgency of the problem of construction brick, which is produced by the classical 

technology involves the use of clay, loess, a career that forced discharged at the expense of 

agricultural land. For firing ceramic bricks used coal, gas and oil. Traditional calcination 

technology for producing ceramic bricks almost outlived its usefulness, since it is 

connected, first with high energy, and secondly, obtained from the local clay bricks 

nizkoplastichnyh no different aesthetics that require mandatory external plaster, and it does 

not come cheap. This technology is energy-intensive and not environmentally friendly, 

which leads to increased production costs.  

 

1. RAISING THE QUESTION 

The proposed production technology 

chemically bonded brick building, along 

with knitting - cement will be used local 

natural and man-made raw materials, 

such as dolomite, gliezh, ash, waste 

concentrators, asbestos cement and 

chemical industries metallurgicheksih 

and other breeds that do not apply other 

industries, however, are suitable for these 

purposes, deposits and reserves are in the 

required amounts are in close proximity 

to the proposed construction site of the 

new plant. Therefore, the cost of a new 

type of brick-chemically bonded, 

according to preliminary calculations on 

the (30-40)% is lower than traditional 

ceramic brick. According to customer 

requirements is possible to organize the 

production of chemically bonded bricks 

with different colors, bulk density, single 

or thickened, corpulent or hollow et al. 

[1, 2]. For the production of colored 

bricks as dyes may be employed various 

natural or artificial pigments. To speed up 

the curing process will be used steaming 

chamber (with temperature steaming up 

40-600S). 

Technology of production of chemically 

bonded brick building by dry pressing of 

fine mineral compositions comprising a 

binder cement, lime, gypsum and mineral 

filler - various available natural 

aluminosilicate materials or industrial 

waste is simple enough that you can 

realize the fulfillment of the following 

sequential steps: grinding, dosing, 

mixing, hydration, forming a semi-dry 

hyper, curing in air at normal temperature 

or a hydrothermal treatment at a 

temperature of 60-80 ° C, storage and 

shipment of finished products. According 

to the proposed technology can be 

obtained brick stamps 100-350, for 

construction and technical properties of 

the relevant regulatory requirements. 
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These bricks can be manufactured in 

color by introducing into the mineral 

compositions, various inorganic coloring 

agents of natural or synthetic origin and 

organic colorants. Chemically bonded 

brick sets them high adhesion with the 

cement masonry mortar that meets the 

requirements of SNIP, so that they, 

unlike ceramic bricks can be used in the 

construction of multi-storey civil and 

industrial projects in areas of high 

seismic activity. Research methods and 

raw materials used.  In carrying out 

experimental work with traditional 

methods such as general chemical, 

physical, mechanical, thermal 

differential, rentgenografazovy analyzes. 

The training materials and tests carried 

out in accordance with GOST 

25094.Podgotovku samples and chemical 

analysis of raw materials was carried out 

in accordance with the following 

regulations: clinker in accordance with 

GOST 8735-91 "Cements and materials 

of cement production. Methods of 

analysis "; gypsum for O'zDSt 760-96 

"Stone and plaster gipsoangidritovy for 

production of binders. Technical 

conditions; additives and HOFR VOFR 

GOST 8269.1- 97 "Rubble and gravel 

from dense rocks, and industrial waste 

products for construction works. Methods 

of Chemical Analysis ". Determination of 

the chemical composition of binders and 

raw materials was carried out in 

accordance with GOST 5382-91 

"Cements and materials of cement 

production. Methods of Chemical 

Analysis ".Sushka raw materials and 

finished samples produced in the 

laboratory oven. In laboratories, the 

maximum temperature in the drying 

cabinet ranges (100 to 350) 0C. Ignition 

loss components were determined by 

their firing in a muffle furnace at a 

temperature of 1000C under a constant 

weight. Activation of TPP ash in the 

laboratory carried by a two-stage 

grinding in a laboratory ball mill until all 

the powder through a sieve 10,000 holes / 

cm2. Formation of composite binders for 

beeobzhigovogo brick building was 

carried out by metering components with 

devices of various weighing instruments 

(technical, analytical, platform scales). 

Prepared raw materials batch weighing 5 

kg each, were ground for 50 min in a dual 

chamber laboratory ball mill. 

During the experimental work we used as 

a means to measure the temperature- 

different thermometers, instruments for 

linear measurements of samples, metal 

ruler (GOST 427-75) and calipers (GOST 

166-80). 

In developing the structure and the 

optimization of the ingredients mineral 

compositions comprising cement and 

mineral fillers for chemically bonded 

brick building used are natural and 

technogenic raw materials: Portland 

cement clinker of "Akhangarancement"; 

Sand standard GOST 6139; gypsum 

GOST 4013; ash and ash and ash Angren 

TPP, dolomite deposits "Shorsuv" 

naturally baked rock coal mine "Angren" 

(gliezh), recycled steel slag Uzbek 

metallurgical plant, tailings fluorite ores 

Toy Tepinskogo field (HOFR), tungsten 

ore tailings Ingichkinskogo field 

(Howrah), clay and sand Mayskoye 

deposit. The chemical compositions of 

these materials are given in Table 1 

below. A representative sample is 

selected from the Ashes gidrootvalov 

Angren thermal power station, which is 

represented by free-flowing granular 

material is dark gray, without zapaha.V 

during combustion of solid fuel mineral 

components of the change, interact with 

each other and form a variety of 

compounds that contribute to the 

formation of ash and slag variable 

chemical and mineralogical composition. 

The grain size of ash (1-50) mm. 

Rocks, represented mainly gliezhom 

represents overburden land allotment 

branch "Underground work" of 

"Uzbekugol". The main components of 
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the rock is gliezh with small amounts of 

kaolin clay, it is the color of burnt bricks 

and looks like sintered crock. It includes 

the content of basic oxides varies within 

the following limits,% by weight: SiO2 - 

(50,17-81,06); Al2O3 - (12,56-25,18); 

Fe2O3 - (1,86-4,50); CaO - (0,48-1,13). 

The content of the inclusions of oxides 

MgO, Na2O, K2O, SO3 in gliezhe 

insignificant. Gypsum. When grinding 

cement bezdobavochnyh as a regulator 

setting time using gypsum deposits 

"Ramitan" on Oz'DSt 760-96 in quantity 

(5-6)%. The total content of gypsum in 

the gypsum in% according to the results 

of chemical analysis of 93.74%. As the 

total content of gypsum and anhydrite 

based on gypsum (CaSO4 × 2H2O) stone 

plaster corresponds to class 2, which 

according to the requirement O'z DSt 760 

-96, can be used for cement production. 

Portland cement grade PC400 D20 used 

in tests on chemical and mineralogical 

composition corresponds to the 

requirements of GOST 10178-85. Its 

activity after 28 days of normal hardening 

of 39.7 MPa, which provides brand 400. 

The results of chemical analysis show 

that clinker selected for cement used in 

the preparation of chemically bonded 

molded bricks, meets the requirements of 

the Portland cement clinker O'zDSt 280: 

2013 "Portland cement clinker. 

Specifications "for civil cements. The 

mineralogical composition of clinker with 

SR = 0.92: S3S = 59.5%; C2S = 14,2; 

C3A = 9.7%; C4AF = 10,7%; Other = 

2.19%. Asbozurit - wet asbestos-waste 

production of "Akhangaranshifer" 

represents a highly humid mass with a 

relative humidity of about 70% by 

weight, is formed in a decanter, after 

drying in vivo and consists of 70-85% of 

a hydrated Portland cement and 15-30% 

of the remaining mixture of long asbestos 

fibers from a fraction to 12 mm. The 

mineralogical composition of the wet 

waste, according to X-ray analysis, 

mainly characterized by the presence of 

calcium compounds: portlandite, calcite, 

calcium silicate and hydroaluminate, 

anthophyllite structural formula [Mg.Fe] 

7 [Si8O22] (OH)2 as well as a sufficient 

amount of unhydrated clinker minerals 

depending on the timing of waste storage. 

 

 Table 1. The chemical composition of samples starting materials 
Name of 

Sample 
nnn 

Content of oxides%, % 

SiO2 Al2O3 Fe2O3 CaO Mg0 Na2O K2O SO3 P2O5 

Clinker 0,15 20,60 5,90 3,52 64,1 2,50 2,15 0,30 - 

Portland 2,52 19,94 6,28 2,84 61,9 2,8 1,16 2,58 - 

Ashes 

 
11,34 45,86 18,7 9,45 7,0 3,40 1,91 1,01 1,13 0,20 

Smelting 

slag 
5,87 32,61 12,24 17,80 19,1 9,43 0,60 0,72 1,61 - 

Howrah 8,30 47,50 6,19 14,30 21,0 2,10 0,48 0.13  

HOFR 2.52 85,20 3,72 1,02 4,43 0,14 1,46 1,51  

May clay    6,10 15,5  2,6   

May the 

sand 
2,38 90,98 1,69 0,36 2,04 0,54 0,46 1,55 -  

Gliezh of 

rock 
1,42 69,58 24,3 1,92 0,56 1,05 0,22 0,75 0,23 - 

The wet 

asbestos 

cement 

waste 

25,6 18,7 3,7 4,0 41,5 3,05 0,22 0,33 2,9 - 

Dolomite 45,3 2,87 0,32 0,29 31,5 19,2 0,05 0,15 0,30 0,03 
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The tails flotation fluorite ores are loose 

material with a fine grain structure with a 

yield of each fraction in% by weight: 

sv.0,315 to 0,63 mm - 15,43%; sv.0,16 up 

to 0,315 mm - 46,48%; from 0 to 0,16 

mm - 37,73% .Prisutstvie according to X-

ray diffraction and chemical analysis of 

the sample of sand flotation waste: 

minerals from the class of halides fluorite 

(CaF2) in the amount of (2,9- 3,3)%; 

3.70% of calcium carbonate (CaCO3); 

5.12%, based on the gypsum CaSO4 × 

2H2O, suggests the possibility of 

application waste investigated as an 

additive in the manufacture of portland 

cement in concrete and concrete products 

(chemically bonded bricks, paving tiles, 

etc.). 

Waste flotation tungsten ore deposits 

represented Ingichkinskogo tails of two 

enrichment plants, which until 1996 were 

processed ore eponymous native tungsten 

deposit. Total reserves in the tails of the 

two tailings comprise 15.6 million. M. 

Pyrrhotite present in the tails as disclosed 

grain size of 0.05-0.2 mm, or in a splice 

with non-metallic minerals, especially 

quartz. The pyrite in the tailings is 

present mainly in the form of grains of 

the disclosed 0.03 to 0.4 mm, and is less 

common in the form of inclusions in 

pyrrhotite and fragments of quartz. 

Arsenopyrite occurs as fully disclosed 

grain size of 0.05-0.2 mm. Scheele - only 

tungsten mineral is diagnosed when 

mineragraficheskom study tails. Scheel 

presented fully open grain size 30-70 

mm. Form beans scheelite always the 

acute fragmentation that is a consequence 

of the enrichment of pereizmelcheniya 

mineral ore. When X-ray analysis 

identified the presence of scheelite 

24.47% CaO; 1,13% FeO; and 74,4% 

WO3. 

Dolomite deposits "Shorsuv" - rock-

forming mineral sedimentary carbonate 

rocks, widespread in Uzbekistan. 

Dolomite is a natural calcium carbonate 

and magnesium. The color white, gray or 

light yellow. Hardness 10-point Mohs 

scale 3,5-4. The material is fragile, it 

lends itself well to processing (crushing, 

grinding, etc.). The mineral composition 

of pure dolomite CaCO3 • MgCO3 or 

CaMg (CO3)2  with CaO = 30.41%; MgO 

= 21,86%; CO2 = 47.73%.  

The contents of calcium and magnesium 

oxides in the natural dolomite are varies 

greatly, therefore there is a transition 

range between the limestone and 

dolomite. It consists of a contaminant in 

the form of quartz, gypsum, clay 

mineralov.Dannye chemical analysis 

presented in Table 2.2 show that the test 

samples have a high content of dolomite 

oxides Ca and Mg, as well as a low 

concentration of impurity inclusions 

oxide (SiO2; TiO2; Al2O3 ; Fe2O3; MnO; 

Na2O; K2O; P2O5; SO3). 

 

2. RESULTS AND DISCUSSION 

Determination of  the physical and 

mechanical properties of the samples 

chemically bonded brick building of the 

molding powder based on a mixture of 

cement (10-15%) and mineral fillers by 

dry pressing at a pressure of 150 MPa 

compression molded specimens - cubes 

4x4x4 sm ended 1: 0.

 Mechanical strength of specimens in 

compression  is determined through the 

respective periods of storage under 

different conditions. It is noted that the 

presence of ash, gliezha, dolomite, 

asbozurita favorable effect on the growth 

of the mechanical strength of chemically 

bonded bricks based on the developed 

composite binders tverdevshih in 

different conditions. Optimum 

performance is characterized by the 

strength of multicomponent binder 

composition composed solely of 

technogenic waste (ash asbozurit +) acts 

as a binder to only 15% of cement, and, 

for chemically bonded bricks mark 150 of 

this composition is not necessary to use a 

hydrothermal treatment of the samples, 
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they gain the necessary strength to obtain 

the desired mark hardening in air. 

 

3. CONCLUSION 

In the paper  widely used the available 

local natural and technological secondary 

raw materials,  as well as  developed and 

studied the properties of the compositions 

of multicomponent highly filled 

cementitious compositions cement 

matrix, to optimize their formulations to 

establish the most favorable combination 

of these mineral ingredients, the 

technology of producing chemically 

bonded brick building on their basis by 

dry pressing in bringing to the industrial 

development of recommended 

formulations press powders, providing 

reception chemically bonded brick 

building marks 75, 100, 150 and 200. 
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ABSTRACT: Higher strength, refractoriness, lower density and better insulation 

properties are key objectives when developing the high temperature insulation material 

with reasonable cost. Diatomite based  porous insulation refractories mostly used for the 

heat management of the industrial furnaces. However their service temperatures limited 

with 1000 
o
C. Traditional diatomite insulation refractories are produced by firing with 

suitable pore former to get over than 45% porosity. Silica gel is fireproof and highly heat 

resistant, chemically stable and highly hygroscopic material. Sodium silicate, the main raw 

material for the silica gel, is intumescent materials and swells as a result of heating. The 

main objective of this study was to investigate the production of new type of high 

temperature insulation material produced from expanded silica gel and diatomite. Instead 

of costly firing process, non-firing bonding route was selected for the binding of the raw 

materials. Raw materials were bonded by Phenol formaldehyde type Novolac resin 

(common industrial high temperature resin) with hardener Hexamethylenetetramine 

(Hexamine) under single axis pressing and cured at 200 
o
C. Thermal, physical, mechanical 

and microstructural properties of the samples were examined. Expanded silica gel 

properties (density and pore structure) are responsible for the properties of the material. It 

is possible to produce different class of insulation refractories according to ASTM C155. 

Lowest bulk density of 0.55 gr.cm
-3

 material was produced with enough strength 

properties.    

 

1. INTRODUCTION 

Refractories are classified into two 

categories depending on the porosity 

namely dense and porous refractories 

[Banerjee, 2004]. Dense refractories 

contain porosity in the range of 15-20%. 

These refractories were used in contact 

with hot liquid metal and gases. Porous 

refractories are most commonly used 

today for heat insulation in industrial 

applications. They are lightweight 

refractories that have much lower thermal 

conductivity and heat capacity than other 

refractories. Different types of porous 

firebricks are mainly manufactured by 

using the raw materials such as diatomite, 

perlite, expanded vermiculite, calcium 

silicate, fireclay, kaolin, silicon carbide, 

quartz, alumina and lightweight 

refractory aggregates by conventional 

methods. Porosity is created by adding a 

combustible material to the raw material 

mixture. During firing, the combustible 

material burns out, and leaves a large 

fraction of pores within the fired body. 

Different types of pore-formers such as 

sawdust, foam polystyrene, fine coke, 

binders and organic foams, or granular 

materials such as hollow micro spheres 

and bubble alumina are commonly used 

to obtain decreased density or to produce 

porous bodies in the insulating material 

[Routschka, 2004]. Insulating refractories 

have a high porosity (between 45% and 

90%) and exhibit low thermal 

conductivity values. The thermal 
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conductivity not only depends on their 

total porosity, but also on their pore size 

and shape, chemical and mineralogical 

composition [Sadık, et al.2013]. 

Silica gel is a granular, vitreous, highly 

porous form of silica made synthetically 

from sodium silicate. Despite its name, 

silica gel is a solid. Silica gel is fireproof 

and highly heat resistant, chemically 

stable and, highly hygroscopic and has a 

large specific surface area. Because of 

these characteristics, silica gel is often 

applied as a drying agent and catalyst 

carrier. Although silica gel has a very 

high melting temperature (1600 
o
C), it 

loses its chemically-bound water 

molecules and hygroscopic properties 

when heated above 300 
o
C. Sodium 

silicate, the main raw material for the 

silica gel, is intumescent. Otaka and 

Asoka, 2002 proved that intumescent 

materials swell as a result of heating. 

Expanded silica gel (ESG) beads are 

highly porous and refractory spherical 

granules which can be used for several 

purposes [Başpınar and Kahraman, 

2011]. 

 

2. EXPERIMENTAL 

The expansion process of the silica gel 

beads were discussed in detail in previous 

study [Başpınar and Kahraman, 2011]. 

The density of the beads strongly 

depends on the heating regime. In this 

study, 1-3 mm beads were used which 

were expanded at 1100 
o
C. The 

mineralogical structure of the beads was 

mainly amorphous silica and cristobalite 

(Figure 1). 

 

 
Figure 1: XRD pattern of expanded silica 

gel. 

  

Properties of the beads like mineralogical 

structure and density-strength depends on 

the expansion process. The bulk density 

of the beads which were used in his study 

was measured as 0,217 gr.cm
-3

. Diatomite 

was taken from the Afyonkarahisar 

region of Turkey. Figure 2 shows the 

XRD pattern of the diatomite. Diatomite 

is mostly amorphous and contains minor 

amount of quartz mineral. Diatomite was 

first dried and then passed from roll 

grinder which has 1 mm opening. Finally, 

ground in porcelain ball mill for 2 hour. 

All diatomite particles passed 500 µm 

sieves. 

 

 
Figure 2: XRD diffraction pattern of the 

diatomite.  

 

Diatomite particles, expanded silica gel, 

hexamine and resin were mixed in Hobart 

type mixer until homogenous mixture 

was obtained. Then the mixtures were put 

into the cylindrical steel mould. All of the 

samples were pressed to 30x40 mm 

(diameter x height) under 12,5 MPa 

shaping pressure. Shaped samples were 

cured at 200 
o
C for 2 hour.  

 

After several trials, a modal mixture ratio 

(Table 1) was determined to investigate 

the effect of expanded silica gel addition 

on the properties. For each 1000 gr bath 

preparation, 63 gr sodium silicate 

solutions (water glass) and 63 gr. water 

were added in order to obtain better 

shaping of the mixture.  
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Table 1: Mix formulation of the samples. 

Material %wt 

Diatomite 76,5 

Expanded Silica gel 1,5 

Novolak Resin 20 

Hexamin 2 

 

Since obtained samples were floated on 

the water surface, Archimedes technique 

can’t be applied. Therefore, bulk density 

of the samples was determined by simple 

mass vs. volume relation. Mechanical 

properties were determined by simple 

compression test. Thermal conductivities 

of the samples were measured by C-

therm / TCi Thermal Conductivity 

measurement.  

 

3. RESULTS AND DISCUSSION 

Studies showed that the mixing of the 

constituents is difficult task. Particle size 

and density difference are two main 

reasons for the difficulties in mixing for 

the applied mixing technique. Maximum 

expanded silica gel amount for the 

applied mixing technique was determined 

as 1,5%. Further addition level caused 

separation of the gel particles. 

Homogenous gel distribution in the 

diatomite matrix was obtained (Figure 1).  

 

 
 

Figure 1: Homogenous distribution of the 

expanded silica gels in matrix.  

 

Expanded silica gel particles saved their 

shapes during the pressing operations. 

Figure 2 shows that expanded silica gels 

are round and preserved their shapes. 

There is no gap or discontinuity between 

the diatomite matrix and gels. Expanded 

silica gels are very porous and pore sizes 

are in macro level (50-100 µm).    

  

 
 

Figure 2: Expanded silica gel and 

diatomite matrix.  

 

SEM investigation showed that diatomite 

matrix has much lower pore size (lower 

than 1 µm) than the expanded silica gel 

(Figure 3). 

 

 
 

Figure 3: Very fine pore size in the 

diatomite matrix.  

 

4,2 MPa compressive strength was 

measured for a given mix ratios. 

Expanded silica gel particles have hard 

dense glassy outer shell which certain 

extent contribute the strength of the 

refractory sample. Samples which have 

higher amount of silica gel amount 

showed lower strength values. Since the 

distribution of the expanded silica gels 

was not homogenous, their result is not 

presented.     



 
 
 

464 
 

Bulk density of 0,55 gr.cm
-3

 was 

measured for a given mix ratios. This 

bulk density level is suitable to the 

insulation refractory classification 

according to the ASTM C155 and DIN 

EN 1094 part 2. It conforms to the Group 

16 and 85 respectively.  

 

Thermal conductivity values of 0,13 

W/m.K was measured at room 

temperature. Porous nature of diatomite 

matrix and the expanded silica gel are the 

main reasons for the lower conductivity 

values. Amorphous nature of both 

constituents also resulted in very low 

thermal conductivity. It is possible to 

obtain lower thermal conductivity values 

by optimizing the resin binder. Because, 

resin binder turns in to pyrolitic carbon 

after curing operation and it is well 

known that carbon has high heat 

conductivity.   

 

4. CONCLUSION 

Defect free highly porous insulation 

refractory was successfully produced 

from diatomite and expanded silica gel by 

binding with Novolac resin. 0,13 W/m.K 

thermal conductivity was measured at 

bulk density of 0,55 gr.cm
-3

. Although 

enough strength values were obtained, it 

can also be optimized by more suitable 

mixing methods which allow more 

homogenous distribution of resin binder.   
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ABSTRACT: One of the main advantages of powder metallurgy over other processing 

methods is that it either eliminates or greatly reduces machining operation. However, many 

parts require machining afterwards because of intricate design. Thus, there is a renewed 

interest in machinability characteristics of sintered materials. This study deals with the 

evaluation of the machinability of Cr-Mo alloyed steels during turning operations. Cr-Mo 

alloyed steels having different microstructures, but an almost identical hardness value were 

produced by different sintering processes in powder metallurgy. As-sintered and sinter-

hardened specimens were prepared with (MnS) and without additive for machinability 

evaluations. Turning tests were carried out by conventional CNC lathe in a dry condition. 

The turning operation was performed using two different cutting inserts (cemented carbide 

and cubic boron nitride). The cutting speeds and feed rates used were with different values 

while the depth of cut was kept constant. It was found that the MnS additive improved the 

machinability without having any detrimental effect on the sintered properties. Also, uses 

of cubic boron nitride insert improved the tool life. The results showed that the tool life and 

machinability of sinter-hardened steel is better than the as-sintered steels at identical 

cutting condition.  

 

Keywords: Sintered steel, Powder metallurgy, Machinability, Turning, Cutting tool. 

 

1. INTRODUCTION 

Powder metallurgy (PM) is known for 

producing complex parts to very close 

tolerances without the necessity of 

machining operations. However, 

machinability is still important for some 

applications. Many components require 

surface-finish machining to reach final 

shape due to particular geometries. 

Investigation of the PM market reveals 

that about 60% of all components need 

some kind of machining operation 

[Höganäs, 2004a]. Turning operation is 

the most widely used cutting methods in 

machining of PM parts [Šalak et al., 

2006]. Sintered parts do have some 

porosity and it is, therefore, necessary to 

differentiate their machining behaviour 

from those of fully dense wrought 

products. The major differences are, as 

follows: (i) When a porous metal is 

machined, the depth of work hardening is 

more important than for the wrought 

metal, as in case of former, pores create 

stress concentration. (ii) The temperature 

at the tool end causes oxidation of the 

pore surface. (iii) The surface porosity 

enhances tool vibration [Upadhyaya, 

2002]. Many definitions of machinability 

as the metal cutting process presented in 

general prove that the machinability is 

extremely complex, and especially in 

machining of powder metallurgy 

materials [Šalak et al., 2005]. The term 

machinability is used to describe how 

easy a material is to machine [Sandvik, 

1994]. Others describe it as the 

characteristics under which a cutting tool 

operates [Shaw, 1996]. However, the 

main goal of machining is to remove 

material to produce a component or 

product efficiently. The machinability of 

a PM component is dependent on the 

workpiece and tool material properties, 
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cutting conditions, cutting tool and 

machine parameters like cutting speed, 

feed rate, and depth of cut [Wyatt and 

Trmal, 2006]. Chemical composition, 

porosity, free machining additives, and 

production process parameters such as 

compaction and sintering methods, also 

collectively influence machinability 

[Höganäs, 2004a].  

 

The cost of machining can in many cases 

is a significant part of the total production 

cost. Additions of lubricating compounds 

cause enhancement of the machinability 

of PM materials without significantly 

influencing the mechanical properties of 

the component [Hultman et al., 1996]. It 

is well known that MnS is a very 

effective machinability enhancing 

additive for PM parts. Eugström 

[Engström, 1983] stated that MnS 

additive leads to improvement in 

machinability with limited effect on 

mechanical properties. During machining 

PM parts, the heat is generated due to 

friction between tool and work piece. The 

harder the material is the more heat will 

be generated. When the generated heat 

reaches a certain temperature level, it 

would cause premature tool failure. This 

is why conventional PVD/CVD coated 

tools are not able to cut the sinter-

hardened materials, and high temperature 

resistant tools such as cBN are required 

[Hu et al., 2009]. The details of the 

machining properties should be further 

examined in order to use PM steel 

materials in a large scale. However, there 

are not enough studies on the 

machinability of PM parts in the 

literature. It is clear that wear data and 

tool life relationships in wrought can not 

be expected to be valid for porous 

material because of the porous structure 

mostly of the different composition 

[Šalak et al., 2005]. It was therefore 

necessary to study the effect of many 

machining parameters on the 

machinability of PM parts.  

Astaloy CrM is a water-atomized iron 

powder pre-alloyed with Cr and Mo 

exhibiting an excellent hardenability. The 

low oxygen content gives a good 

compressibility. Very high strength and 

hardness can be achieved after sintering. 

The fully pre-alloyed composition results 

in a homogenous microstructure 

[Höganäs, 2004b]. The dimensional and 

mechanical properties are very 

satisfactory, and warm compaction 

combined with high temperature sintering 

has been outstandingly successful 

[Campos et al., 2000]. Thus it can be 

regarded as at least a match for the 

classical Ni-Cu-Mo steels. Machining of 

Cr and Mo prealloyed Astaloy CrM steels 

has been studied by a few researchers, 

and they emphasized the importance of 

Astaloy CrM steels in the PM industry. 

[Andersson and Berg 2005; Andersson 

and Larsson, 2009; Berg, 2005; Hu et al., 

2009]. In order to widen the use of these 

steels a better understanding of the 

different factors influencing the 

machinability of these steels are required. 

This study describes the machinability of 

Cr-Mo based Astaloy CrM workpieces 

produced by different sintering processes. 

Turning tests have been carried out on a 

range of sintered steels. The tool life of 

insert and surface roughness has been 

determined using different cutting tools 

and machining parameters. 

 

2. EXPERIMENTAL PROCEDURES 

High strength PM materials were chosen 

as the workpiece material for this 

research. The specimens were produced 

by different sintering processes in powder 

metallurgy using Cr-Mo pre-alloyed, 

water atomized Astaloy CrM steel 

powders, which is a registered trademark 

of Höganäs Company, Sweden. The 

chemical composition of the powder was 

3.0 wt.% Cr, 0.5 wt.% Mo, and balance-

Fe. The powder premix consisted of 0.8 

wt.% zinc stearate as lubricant, and 0.5 

wt.% carbon was added as fine graphite 
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(UF4). The machibability of specimens 

was evaluated with and without additive, 

where 0.5 wt.% MnS was added in the 

premixes. The powder mixtures were 

prepared by weighing samples in 

Sartorious balance with 0.01 g sensitivity 

and then mixed homogeneously in a 

laboratory scale mixer for 30 min. 

Powder mixtures compacted uniaxially at 

650 MPa in a steel die using a hydraulic 

press into cylindrical specimens that have 

about 7.0 g/cm
3
 green density. Geometry 

for workpiece materials: inner diameter 

30 mm, outer diameter 60 mm and height 

of about 60 mm. All the specimens were 

sintered at 1120 ºC for 30 minutes in an 

industrial continuous pusher furnace 

under 25% N2-75% H2 atmosphere and 

cooled with a cooling rate of 0.5 °C/sec 

for convectional sintering, and 2 °C/sec 

for sinter hardening. The powder mixes 

and the sintering processes use in this 

study, and designation of PM materials 

are shown in Table 1. 

  

Table 1: Type of sintering and 

designation of the workpiece material. 
PM 

material 

Type of 

sintering 
Designation 

without 

additive 
Sintering S 

with 0.5 % 

MnS 
Sintering MnS-S 

without 

additive 
Sinter hardening SH 

with 0.5 % 

MnS 
Sinter hardening MnS-SH 

 

Turning tests were carried out by 

conventional CNC lathe using a face 

turning operation in a dry condition 

without any coolant. The turning 

operation was performed using two 

different types of inserts. The cutting 

inserts are presented in Table 2 according 

to Sandvic Coromant guide lines 

[Sandvik, 2003]. The inserts, from 

Sandvik Inc., were clamped on the same 

tool holder used for the tool life tests. The 

cutting speeds (Vc) and feed rates (f) used 

were with different values while the 

depth of cut (ap) was kept constant in 

order to relevant setting and to meet tool 

life. The cutting conditions used in the 

experiments are listed in Table 3, and 

each treatment is replicated three times. 

 

Table 2: The cutting tool properties. 

 

Table 3: The cutting conditions. 

 

The as-sintered and sinter-hardened 

specimens were grinded and polished in 

cloths with alumina and pure water then 

etched in 4% Nital solution for optical 

examination. Olympus PME3 optical 

microscope was used for microstructural 

examination. Rockwell B (HRB) scale 

was used to measure the macrohardness 

of the specimens in Zwick hardness 

testing machine. The microhardness 

measurements were taken on Vickers 

scale with a Tukon microhardness 

machine. Three different locations were 

selected on the surface of the specimens 

and the average of those values was used 

as the hardness measure of samples. The 

surface roughness value on each of the 

workpieces was measured with a 

Mitutoyo SJ-210 surface roughness 

tester. The measurements were taken on 

the same day of the experiment in order 

to prevent oxide films from depositing on 

the machined surface. 

 

3. RESULTS AND DISCUSSION 

The machinability of a PM component is 

dependent on the microstructure 

properties of the workpieces [Höganäs, 

Inserts Type of insert grades 

GC3215 
Cemented carbide grade with a CVD 

coating of TiCN, Al2O3 and TiN 

CB7050 
Cubic boron nitride grade with a 

PVD coating of TiN 

Inserts 
Vc 

(m/mim) 
f ( mim/rev) ap (mm) 

GC3215 200 - 400 0.1 - 0.30 0.5 

CB7050 200 - 300 0.1 - 0.30 0.5 
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Figure 1: Microstructure of the specimens: (a) S, (b) MnS-S, (c) SH and (d) MnS-SH 

2004a]. The microstructures of as-

sintered and sinter-hardened specimens 

with or without MnS are shown in Figure 

1. The as-sintered specimens consist of 

an almost martensitic structure with a 

very small amount bainite structure 

(Figure 1 a-b). The sinter-hardened 

specimens are full martensite phases as a 

result of rapid cooling (Figure 1 c-d). In 

the micrograph, bright regions are 

martensite, darker regions are bainite, and 

black regions are micropores between the 

steel particles. Sinterhardening process 

changed the microstructure and properties 

of this high strength steel. There is no 

effect on the microstructure when the 

MnS additive is added.  

 

The macro and the microhardness values 

of as-sintered and sinter-hardened 

specimens with or without MnS are given 

in Table 4 according to sintering 

processes. The microhardness is less 

influenced with MnS additive, but the 

macrohardness is not. The increase in 

macrohardness and microhardness values 

were achieved with sinter hardening. 

Sinter hardening led to increase in 

hardness due to formation of full 

martensite [Andersson and Berg, 2005]. 

 

Table 4: The macro and microhardness of 

the specimens. 

 

In a start-up test two inserts of different 

grades were tested; the cemented carbide 

grade GC3215 and cubic boron nitride 

grade CB7050. The tool life of insert 

grades when turning as-sintered and 

sinter-hardened workpieces with or 

without additives is shown in Figure 2. 

The cutting speed and feed rate of grades 

were 300 m/min and 0.15 min/rev, 

respectively. The tool life with grade 

CB7050 is bigger compared with grade 

GC3215 for all workpieces. According to 

Sintering 

groups 

Macrohardness 

(HRB) 

Microhardness 

(HV0.1) 

S 121 ±7 351 ±42 

MnS-S 128 ±9 352 ±38 

SH 146 ±8 392 ±48 

MnS-SH 158 ±10 397 ±36 
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Hu and Shah [Hu and Shah, 2008], the 

PM materials are basically not able to be 

cut with cemented carbide grades and, 

high performance cubic boron nitride 

grades are generally used for machining 

this type of material with long tool life. 

Both MnS addition and sinterhardening 

process strongly improved machinability, 

as can be seen in Figure 2. Hu et al. [Hu 

et al., 2009] explained that the machining 

on the sinter-hardened materials with 

MnS additive achieved at least 5 times 

longer tool life than the machining on the 

materials without additive. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: The tool life of insert grades for 

all workpieces. 

 

In an attempt to increase tool life, the 

cutting speed was reduced from 300 

m/min to 200 m/min for grades GC3215 

and CB7050. The tool life of insert 

grades at different cutting speed of MnS-

SH groups is shown in Figure 3. The feed 

rate of grades was 0.15 min/rev. With 

decreasing the cutting speed the tool life 

of grade GC3215 was increased by 18% 

and of grade CB7050 by 11%. The cause 

of this is lower the cutting heat at low 

cutting speed, and decrease tool wear. All 

obtained tool wear was formed by normal 

abrasion. 

 

 

 

 

Figure 3: The tool life of insert grades at 

different cutting speeds. 

 

In the tool life test the difference between 

the grades GC3215 and CB7050 show to 

be considerably high. The CB7050 is 

grade with high toughness compared the 

grades GC3215. Surface quality may be 

considered to be one of the vital factors in 

metal cutting as it is directly related to a 

fatigue life for most materials. By natural 

causes will both feed rate and insert 

material influence the machined surface 

roughness [Andersson and Berg, 2005]. 

Figure 4 shows the surface roughness at 

different feed rates of SH groups. The 

cutting speeds of grades GC3215 and 

CB7050 were 300 m/min and 200 m/min, 

respectively. The results indicated that 

the investigated insert type used in this 

study has no a significant effect on the 

machined surface. For both cutting 

inserts, surface roughness linearly 

increased. The increase of feed rate 

results in an increase in the surface 

roughness and similar trends were 

obtained for the investigated range. 
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Figure 4: Surface roughness at different 

feed rates as function of grades. 

 

Porosity affects chip formation and chip 

continuity. In generally, chips tend to 

produced in PM machining are 

discontinuous, especially at intermediate 

and low densities [Šalak et al., 2005]. 

The results showed that tool wear 

decreased and chip formation improved 

with the use of sinter-hardened 

specimens. Also, MnS additive facilitates 

the chip removal. These results are also 

supported by the data obtained from 

surface roughness. 

 

4. CONCLUSIONS 

Turning tests were performed to find how 

machinability of as-sintered and sinter-

hardened Cr-Mo based workpieces was 

influenced by choice of insert type, MnS 

additive and cutting conditions. The 

following conclusions can be drawn: 

 The machinability of PM steels can be 

explained partially by their 

microstructure. 

 Improvements to tool materials and tool 

design improve the machining of PM 

steels. 

 MnS additive increases the tool life 

remarkably. Sinterhardening process 

strongly improved the machinability due 

to martensitic formation. 

 Tool life can be increased when the 

cutting speed is reduced. 

 The best machining performance is 

achieved by the grade CB7050.  

 The feed rate has a significant effect on 

the machined surface, but the surface 

quality can be obtained independent from 

the investigated insert. 

 The different behaviours of 

machinability improvement observed in 

PM workpieces used in this study are 

manageable during production. 

 

Acknowledgements: This work was 

supported by Scientific Research Projects 

Coordination Unit of Istanbul University, 

Project number BYP-48015. 

 

REFERENCES 
Andersson, O., Berg, S., 2005. Machining of 

chromium alloyed PM steels, PM2TEC2005, 

Montreal. 

Andersson, O., Larsson, M., 2009. Means to 

improve machinability of sintered steels, 

EURO PM2009, Copenhagen, Denmark. 

Berg, S., 2005. Machining of bainitic and 

martensitic chromium pre-alloyed PM steel, 

EURO PM2005, Prague. 

Campos, M., Puscas, T., Kremel, S., 2000. 

Materials and processing trends for PM 

components, Transportation Proc. Euro 

PM2000, Munich, EPMA, Shrewsbury, 47. 

Engström, U., 1983. Machinability of sintered 

steels, Powder Metall., vol.26, 137. 

Hu, B., Shah, S., 2008. Performance 

characteristics of a newly developed 

machinability additive for PM applications, 

Advances in Powder Metall.&Particulate 

Mater., MPIF, Princeton, NJ, part.6, 12. 

Hu, B., Warzel R., Howe I., Hennen R., Haas M., 

Engquist, J., 2009. Development of a new 

machinability enhancing additive for sinter-

hardened and heat-treated PM materials, 

Presented at Powder Met2009, Las Vegas. 

Hultman, L., Thoors, H., Steen, B., 1996. 

Influence of machining parameters on the 

machinability of sintered steels, Advances 

Powder Metall.&Particulate Mater., MPIF, 

APMI, part.4, 13. 

Höganäs, 2004a. Handbook for Machining 

Guidelines, Machinability, Höganäs AB, 

Sweden.  

Höganäs, 2004b. Handbook for Sintered 

Components, Höganäs Iron and Steel Powder 

for Sintered Components, Höganäs AB, 

Sweden. 

https://getinfo.de/app/subject-search?action=search&author=%22Hultman%2c+L.%22&form=advanced
https://getinfo.de/app/subject-search?action=search&author=%22Thoors%2c+H.%22&form=advanced
https://getinfo.de/app/subject-search?action=search&author=%22Steen%2c+B.%22&form=advanced


 
 
 

471 
 

Sandvik Coromant, 1994. Modern metal cutting - 

A practical handbook, A.B. Sandvik 

Coromant, ISBN 91-97 2299-0-3. 

Sandvik Coromant, 2003. Catalogue: Metal 

Working Products–Turning Tools, A.B. 

Sandvik Coromant. 

Shaw M.C., 1996. Metal cutting principles, 

Clarendon Press, Oxford, ISBN 0198590202. 

Šalak, A., Vasilko, K., Selecká, M., Danninger, 

H., 2006. New short time face turning 

method for testing the machinability of PM 

steels, J. Mater. Process. Tech., vol.176, 62. 

Šalak, A., Selecka, M., Danniger, H., 2005. 

Machinability of powder metallurgy steels, 

Cambridge International Science Publishing, 

Cambridge UK. England. 

Upadhyaya, G.S., 2002. Powder Metallurgy 

Technology, Cambridge International 

Science Publishing, ISBN 1898326401, 

Cambridge CB1 6AZ, England. 

Wyatt, J.E., Trmal, G.J., 2006. Machinability: 

Employing a drilling experiment as a 

teaching tool, Journal of Industrial Tech., 

vol.22, 1. 

 

  



 
 
 

472 
 

ACHIEVABLE PROPERTIES AFTER DIFFERENT HEAT 

TREATMENTS OF LOW ALLOY STEEL PRODUCED BY POWDER 

METALLURGY 

 

Nuray BEKÖZ ÜLLEN
1,a 

and Mustafa ERSOY
1
 

1. Istanbul University, Metallurgical and Materials Engineering Department, Istanbul, Turkey 

a. Corresponding author (nbekoz@istanbul.edu.tr) 

 

 

ABSTRACT: Heat treatment of powder metallurgy parts is often used in order to meet 

requirements on high hardness and other mechanical properties. However, sintered steels 

behave different compared to wrought steel due to its porous structure. To widen the use of 

sintered steel, a better understanding of the influence of heat treatment conditions on the 

properties of sintered steel is required. In this study selected Cu-Ni-Mo alloyed sintered 

steel, given to be used for different processing routes in heat treatment. Low alloyed steel 

commercially known as Distaloy AB gives good performance already after sintering but 

various heat treatment operations can further enhance performance. This study primarily 

concerns the role of heat treatment processes which influences behaviour of sintered steel. 

Sintering was performed at 1120 °C for 30 minutes under cracked ammonia atmosphere. 

The selected heat treatment processes were induction hardening, carburizing, carburizing 

and tempering, carbonitriding, carbonitriding and tempering. The specimens were 

metallographically tested before and after heat treatments, and the results discussed in light 

of the surface hardness of the compacts. This study can also be a reference in how to 

processing route in order to obtain desired performance based on available process 

equipment. 
Keywords: Sintered steel, Heat treatment, Surface hardness, Microstructure characterisation. 

 

1. INTRODUCTION 

Powder metallurgy (PM) structural parts 

play an increasing role in the automotive 

industry, especially for application in 

heavy-duty components like gears, 

pinions, sprockets, cams, rings, pulleys, 

piston and connecting rods [Khorsand et 

al., 2002]. There are many opportunities 

to increase performance of steel parts 

produced by powder metallurgy, 

including new alloy systems, improving 

the distribution of pores using new 

compaction techniques, increasing 

sintering temperature and time, and 

application of a heat treatment. Heat 

treatment of PM components is often 

used in order to meet requirements on 

mechanical properties. With emergence 

of high compressibility powders, the role 

of heat treatment in enhancing properties 

of PM alloys has been still better 

appreciated. As density approaches 

theoretical as in PM forging, compression 

residual stress patterns similar to those in 

wrought steels are created. This improves 

properties like fatigue strength, impact 

strength and hardenability [Upadhyaya, 

2002]. Traditional processes such as 

quenching and tempering, case 

carburizing, and induction hardening are 

well known routes to meet these 

requirements. However, very many new 

processes are used more and more 

frequently such as low pressure 

carburizing and various low temperature 

surface treatment processes such as 

nitriding, nitro-carburizing etc. [Lindqvist 

et al., 2009]. Many PM parts are heat 

treated, in a secondary operation to 

achieve a martensitic structure. By 

accelerating the post sintering cooling 

rate the desired amount of martensite, and 
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as a consequence the desired hardness 

and mechanical properties, can be 

obtained directly after sintering. The 

amount of martensite present in a 

material is dependent not only on the 

cooling rate, but also on the alloying 

element content, density and geometry of 

the part. Traditional PM materials for 

heat treatment often include copper, 

nickel, or molybdenum in quantities of 

totally 2-6%. The low alloying content 

also results in good machinability and 

sizing properties in as-sintered condition 

but still provides adequate hardenability 

to achieve high hardness and strength 

after heat treatment [Upadhyaya, 2002; 

Lindqvist et al., 2009]. 

 

Low alloyed steel powder commercially 

known as Distaloy AB (Fe-1.5 Cu-1.75 

Ni-0.5 Mo) can be sintered and 

subsequently heat treated in all types of 

atmospheres and gives good case 

hardened properties plus relatively good 

ductility for being a heat treated material. 

The alloying level of Distaloy AB gives 

good green strength, extremely high 

compressibility and dimensional stability 

[Höganäs, 2004]. Alloying elements 

commonly used in materials intended for 

heat treatment are Mo, Ni and Cu 

[Frykholm and Bengtsson, 2010]. In past 

years, many researchers manufactured 

low alloyed steel parts by powder 

metallurgy technique, and investigated 

the microstructural and mechanical 

properties [Chawla and Deng, 2005; 

Grimanelis and Eyre, 2007]. However, 

there are not enough studies on the heat 

treatment of PM parts in the literature. In 

order to widen the use of PM steels a 

better understanding of the influence of 

different heat treatment conditions on the 

properties of sintered steel is required. 

Heat treatment of PM parts is a secondary 

operation and requires extra production 

cost. Therefore, selecting of the correct 

heat treatment process is very important. 

This study can also be a reference in how 

to processing route in order to obtain 

desired performance based on available 

process equipment. The response of a 

metal to heat treatment depends on its 

thermal conductivity which in turn is 

dependent upon surface area. In wrought 

alloys because of highest weight to 

volume ratio, heating and cooling rates 

are fast. In low density PM alloys, the 

slow heat removal inhibits the 

hardenability and slack quenching or 

shallow hardening results [Upadhyaya, 

2002]. That means that the more complex 

shape and the lower the density is, the 

heat treatment must be carefully 

controlled so too much scatter of 

component properties is avoided 

[Lindqvist et al., 2009]. 

 

The PM processes are especially suitable 

for producing large quantities of different 

kinds of gears. In order to increase the 

wear resistance of gears, the teeth or the 

whole gear can be heat treated [Kvist, 

2004]. The selection of appropriate heat 

treatment conditions has many 

advantages over mechanical properties of 

gear materials. This study was carried out 

to evaluate the influence of different heat 

treatment processes on the properties of 

Cu-Ni-Mo pre-alloyed sintered steel 

gears. 

 

2. MATERIAL AND METHOD 

Pre-alloyed low alloyed steel powder 

commercially known as Distaloy AB 

obtained from Höganäs Company 

(Sweden) was used for steel gear 

production. This material has been on the 

market for a long time and is a suitable 

Distaloy type of material which can be 

used for hardening. It is also an economic 

selection considering the performance 

achieved [Lindqvist et al., 2009]. The 

chemical composition of the Distaloy AB 

steel powder was Fe-1.5 Cu-1.75 Ni-0.5 

Mo. The powder premix consisted of  
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Routes Parameters of the applied heat treatments 

HT1 

Carburizing  

Austenitizing (935 °C, 90 min, 1.04% C) + Austenitizing (850 °C, 30 

min, 0.67 %C) + quenching oil (70 ºC, 30 min) 

HT2 

Carburizing & 

Tempering 

Austenitizing (935 °C, 90 min, 1.04% C) + Austenitizing (850 °C, 30 

min, 0.67 %C) + quenching oil (70 ºC, 30 min) + tempering (120 °C, 

120 min, in air) 

HT3 

Carbonitriding 

Austenitizing (850 °C, 60 min, 0.50% NH3, 0.65% C) + Austenitizing 

(810 °C, 30 min, 0.50% NH3, 0.65% C) + quenching oil (70 ºC, 30 

min) 

HT4 

Carbonitriding & 

Tempering 

Austenitizing (850 °C, 60 min, 0.50% NH3-0.65% C) + Austenitizing 

(810 °C, 30 min, 0.50% NH3-0.65% C) + quenching oil (70 ºC, 30 

min) + tempering (120 °C, 120 min, in air) 

HT5 

Induction hardening 

Induction hardening (875 °C, 10 sec, 450 kHz, with a coupling 

distance of 6 mm) + quenching water (20 ºC, 30 sec) 

Table 1: The different heat treatment routes for the test specimens. 

0.8% Zn-stearate as lubricant and 0.4% 

carbon added as fine graphite (UF4). 

Powder mixtures compacted uniaxially at 

700 MPa and sintered at 1120 ºC for 30 

minutes in an industrial continuous 

pusher furnace under 25% N2-75% H2 

(cracked ammonia) atmosphere. The 

density of sintered parts was determined 

about 7.38 g/cm
3
. Outer diameter of the 

gear was 44 mm, inner diameter 18 mm 

and height 26 mm. The gears used in the 

study provided from the Powder Metal 

Industry and Trade Joint-Stock Company, 

and the gears evaluated are shown in 

Figure 1. After sintering, all the materials 

were thermochemically treated by 

different treatment conditions. Three 

parts were used for each treatment. Table 

1 presents heat treatment conditions for 

the as-sintered steel specimens. 

 

 

 

 

 

 

 

 

 

Figure 1: Photograph of the as-sintered 

(above) and heat treated (below) gears. 

Metallographic analysis was performed 

on the gears after sintering and different 

heat treating routes. The specimens were 

grinded and polished in cloths with 

alumina and pure water then etched in 

4% Nital solution for optical 

examination. Olympus PME3 optical 

microscope was used for microstructural 

examination. The hardness of all 

materials was measured according to 

HRC at the surface in Zwick hardness 

testing machine. Three different locations 

were selected on the surface of the 

specimens and the average of those 

values was used as the hardness measure 

of samples. 
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3. RESULTS AND DISCUSSION 

Heat treatment of PM steels is no 

different from that their wrought parts. 

The only distinction would be where the 

microstructures of PM steels vary slightly 

from those of corresponding wrought 

alloy designations, thus affecting 

hardenability. The influence 

microstructural differences on 

hardenability and the resulting properties 

would have is taken into account in 

setting heat treatment parameters [George 

and Maurice, 1997]. The microstructures 

obtained from surface and centre of the as 

sintered and heat treated by different 

routes specimens are provided in Figure 

2. The microstructure images of samples 

clearly demonstrated the influence of the 

heat treatment on the microstructure. A 

heterogeneous structure appears in the 

microstructure as a mixture of different 

phases. The relative amount of these 

phases is a function of the applied heat 

treatment. Heterogeneous structures, like 

diffusion alloyed materials, have 

remarkably high impact strength 

compared with homogenous materials, at 

both low and high density levels 

[Höganäs, 2004]. The as-sintered 

specimens consisted of ferrite, pearlite, 

austenite and a small amount of bainite 

phases. The microstructural images of the 

specimens showed that copper was 

accumulated in the grain boundaries as a 

result of sintering. Martensite phase is not 

observed in the microstructure of the as-

sintered specimens due to furnace cooling 

step of sintering cycle. There is a large 

difference in microstructure after 

different heat treatment routes. The 

microstructures of carburized (HT1) and 

carburized&tempered specimens (HT2) 

showed a significant increase of pearlite 

and carbides with increasing carbon 

content. An increase of martensite or 

bainite due to the increase of carbon 

content is hard to distinguish. Heat 

treated by route HT3 specimens consisted 

of a large amount of martensite, retained 

austenite. Heat treated by route HT4 

specimens consisted of tempered 

martensite. For the heat treated by route 

HT5 specimens, complete martensite 

formation at surface and a large amount 

of martensite at centre was observed as a 

result of rapid cooling during the heat 

treatment.In the micrograph, bright 

regions are martensite, darker regions are 

bainite plus pearlite, brown regions are 

austenite and black regions are 

micropores between the steel particles. 

Darker regions were formed as a result of 

excessive etching due to the difficulty of 

etching of the porous structure. There is 

good pore distribution and an absence of 

large pores. 

 

The hardenability of the material is 

important for the result of the case-

hardening operation. Steel powder used 

in the study found pre-alloyed with 

graphite and lubricant. It is a favorable 

property for a heat treatment material, as 

it makes it easier to control carbon 

penetration in a case hardening process 

[Frykholm and Bengtsson, 2010]. Pure 

iron can easily be carburized, but the 

hardening result might be poor and vary 

between the different components due to 

the low hardenability of pure iron. The 

presence of copper in the chemical 

composition of Distaloy alloys increases 

the hardenability to such a degree that it 

is usually possible to carry through a 

successful case-hardening operation. By 

addition of e.g. nickel and molybdenum, 

the hardenability can be increased even 

further, and the result of the case 

hardening is relatively independent of the 

processing parameters. Many PM 

components that require optimum heat 

treated properties contain both Ni and Cu 

[George and Maurice, 1997].  
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Figure 2: Optic microscope images from the surface 

(left) and center (right) of the specimens: (a) as-

sintered, (b) carburized, (c) carburized and tempered, 

(d) carbonitrided, (e) carbonitrided and tempered, and 

(f) induction hardened. 

 

Figure 3: The effect of different heat 

treatment routes on the surface hardness. 

 

The as-sintered steel gears subjected to 

various heat treatment routes in order to 

increase material strength by increasing 

the hardness. Effect of different heat 

treatment routes on the surface hardness 

of the steel gears is shown in Figure 3. As 

can be seen, high hardness values can be 

reached after HT1, HT2, HT3 and HT4 

routes, and there is quite similar surface 

hardness for them. The higher hardness 

for HT1 compared with others is related 

to the higher carbon content. The 

hardness contribution from precipitation 

hardening of very small carbides in HT3 

and HT4 can not contribute to such a 

scale to hardness that it could be in parity 

of the hardness for HT1 and HT2 with 

high carbon content. The differences in 

hardness of the specimens may be 

explained by the use of different hardness 

scales for each heat treatment route. 

Carbonitriding is a shallow case-

hardening treatment [George and 

Maurice, 1997]. A case depth is greater 

than 0.3 mm for parts used in this study. 

For this reason, the cycle time is 

relatively short as seen in Table 1. HRA 

hardness scale is recommended to give 

more reliable results for carbonitrided 

parts. Hardness values of HT3 and HT4 

parts were determined to be 73.5 and 71.9 

HRA, respectively. Induction hardening 

has become more and more common for 
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hardening of sintered parts. The 

inductance of PM parts is typically less 

than that of a wrought material of similar 

composition due to porosity; a higher 

power setting is normally required to 

reach a given depth of hardening [George 

and Maurice, 1997]. HV hardness scale 

presents more reliable results in the 

induction hardening because the depth of 

the hardness is thinner than the parts 

produced by other processes. Also, the 

applied load should be less for sintered 

parts. Hardness values of HT5 part were 

426, 413, 389 and 339 HV1 at 0.1, 0.2, 

0.3 and 0.4 mm distance from the surface, 

respectively.  

 

4. CONCLUSIONS 

Cu-Ni-Mo based low alloy steel parts 

were produced by powder metallurgy 

technique. All as-sintered parts were 

treated by different processing routes in 

heat treatment. Hardness response of the 

heat treated specimens and their 

structural characterization were 

evaluated. From the present study the 

following conclusions can be drawn: 

  Many parts such as gear require a hard 

surface. This property is commonly 

achieved by case-hardening operations in 

this study mentioned. 

 In all the cases, there are large 

differences in microstructure after 

different heat treatment routes between 

gears. For all heat treated parts, a thin 

martensite layer was obtained at the 

surface followed by bainite. Little carbide 

in the HT1 and HT2 parts and some 

retained austenite in the HT3 part were 

found. 

 The hardness levels achieved by 

secondary heat treatments. The highest 

surface hardness achieved with the 

carburizing treatment. 

 The results in the present investigation 

showed that the microstructure and 

mechanical properties can be improved 

by variation of heat treatment conditions. 

 Tempering is usually necessary after 

hardening. In this study, retained 

austenite with tempering process is 

removed from the structure. 

 The depth of the hardness is changed 

depending on the heat treatment cycle. 
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ABSTRACT: Porous insulation refractories are one of the important materials for the heat 

management of the industrial furnaces. The main objective of this study was to investigate 

the production of none fired diatomite insulation refractories. Chemical bonding of the 

diatomite particles were investigated instead of energy intensive conventional ceramic 

bonding. Diatomite was bonded by Phenol formaldehyde type Novolac resin (common 

industrial high temperature resin) with hardener Hexamethylenetetramine (Hexamine). 

Physical, mechanical, microstructural and mineralogical properties of the samples were 

examined. In order to decrease the bulk density, low density pyrogenic silica was replaced 

some part of diatomite as filler. Effect of addition amount and shaping pressure on the 

thermal conductivity values of the refractory samples were determined. Compaction 

pressure and amount of pyrogenic silica were found to be key factors which change the 

properties of the samples. Lowest thermal conductivity of 0,21 W/m.K. at 0,91 gr/cm
3
 bulk 

density obtained. Chemical bonding can be alternative production route instead of 

conventional firing as an energy friendly production. Special precautions should be taken 

during shaping to preserve the shape of pyrogenic silica. This production route has a 

potential to reach even lower thermal conductivity and bulk density by adding other light 

weight fillers.      

 

1. INTRODUCTION 

Refractories are high temperature 

materials which are used for the industrial 

furnace walls. Refractories could be 

classified into two categories depending 

on the porosity namely dense and porous 

refractories. Porous refractory bricks are 

used as back insulation for a wide variety 

of furnace types [Banerjee, 2004]. 

Insulating refractories that have a highly 

porous structure (higher than 45% 

porosity) exhibit low thermal 

conductivity values. Light weight 

aggregates are used for the production of 

porous refractories such as perlite, 

expanded clay, diatomite, vermiculite. 

[Routschka, 2004] Porosity is usually 

obtained by adding a combustible 

material to the mixture. During firing, the 

combustible material burns out, and 

leaves a large fraction of pores within the 

fired body. Different types of pore-

formers such as sawdust, foam 

polystyrene, fine coke, binders and 

organic foams, or granular materials such 

as hollow micro spheres is commonly 

used to obtain decreased density or to 

produce porous bodies in the insulating 

material. The thermal conductivity not 

only depends on their total porosity, but 

also on their pore size and shape, 

chemical and mineralogical composition 

[Sadık, et al.2013]. Porous insulation 

refractories are usually used up to 1000 
o
C.  

Diatomite is a sedimentary rock resulting 

from the siliceous fossilized skeleton of 

diatoms (SiO2·nH2O and crystallized 

silica). The material is a unicellular algae 

that existed during tertiary and quaternary 
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periods. It is composed of rigid cell walls, 

called frustules. Depending on their 

species, frustules dimensions from less 

than 1 to more than 100 μm can be found 

with features like protuberances and 

pores close to 100 nm [Wegmann, et al. 

2008], [Shawabkeh and Tutunji, 2003]. 

Pyrogenic silica is an extremely small 

particle with enormous surface area, high 

purity, and a tendency to form chains in 

the chemical manufacturing process. 

Particles are formed by injecting 

chlorosilanes, such as silicon 

tetrachloride, into a flame of hydrogen 

and air. The ensuring reaction produces 

fumed silica and hydrogen chloride 

Pyrogenic silica is amorphous in nature. 

The main objective of this study was to 

investigate the production possibility of 

non-fired diatomite based refractory by 

using high temperature resin for the 

binding.  

 

2. EXPERIMENTAL 

Diatomite was taken from the 

Afyonkarahisar region of Turkey. Figure 

1 shows the XRD pattern of the 

diatomite. Diatomite is mostly 

amorphous and contains minor amount of 

quartz mineral. Diatomite was first dried 

and then passed from roll grinder which 

has 1 mm opening. Finally, ground in 

porcelain ball mill for 2 hour. All 

diatomite particles passed 500 µm sieves. 

Wacker HDK N20 pyrogenic silica was 

used in the experiment.     

 

 
Figure 1: XRD diffraction pattern of the 

diatomite.  

Preliminary studies showed that without 

adding pyrogenic silica it was very 

difficult to obtain the porosity amount 

over the 45 % which is the border for the 

insulation products. After several trials, a 

modal mixture ratio (Table 1) was 

determined to investigate the effect of 

shaping parameters on the properties. For 

each 1000 gr bath preparation, 63 gr 

sodium silicate solutions (water glass) 

and 63 gr. water were added in order to 

obtain better shaping of the mixture.  

  

Table 1: Mix formulation of the samples. 

Material % 

Diatomite 70 

Pyrogenic silica 8 

Novolak Resin 20 

Hexamin 2 

 

Diatomite particles, pyrogenic silica, 

hexamine and resin were mixed in Hobart 

type mixer until homogenous mixture 

was obtained. Then the mixtures were put 

into the cylindrical steel mould. All of the 

samples were pressed to 30x40 mm 

(diameter x height) under different 

shaping pressure (10 MPa to 1,25 MPa). 

Shaped samples were cured at 200 
o
C for 

2 hour. Bulk density and apparent 

porosity % were determined by 

Archimedes method. Samples were 

boiled 2 hour in water and held in water 

for 24 hour. Mechanical properties were 

determined by simple compression test. 

Pore size and distribution of the samples 

were measured by mercury intrusion 

porosimetry. Thermal conductivities of 

the samples were measured by C-therm / 

TCi Thermal Conductivity measurement.     

 

3. RESULTS AND DISCUSSION 

Since pyrogenic silica is in the form of 

branched agglomerates, its addition to the 

diatomite matrix reduced the overall 

density of the system. However, form of 

the agglomerates can be deformed under 

mixing and pressing steps. Individual 

spherical pyrogenic silica particles can be 

seen in Figure 2.  
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Figure 2: Individual pyrogenic silica 

particle in the resin bonded matrix.  

 

Therefore this study mainly focused on 

the effect of pressing pressure on the 

material properties. Same compositions 

were shaped under different pressure. 

Average pore diameter of 128,9 nm and 

34,9% porosity values measured at 

maximum shaping pressure of 10 MPa as 

result of Hg porosimetry measurement. 

175 nm and 46,6% porosity measured at 

lowest shaping pressure of  1,25 MPa. 

Pore size distribution of the samples 

which were shaped under 1,25 MPa is 

given in Figure 3. Samples which were 

shaped at lowest pressure have enough 

porosity level (over than 45%) to be 

called as insulation refractory.  

 

 
 

Figure 3: Pore size distribution of the 

sample which shaped at 1,25 MPa.  

 

Thermal conductivity values of 0,26 and 

0,21 W/m.K were measured at shaping 

pressure of 10 and 1,25 MPa respectively. 

When the shaping pressure decreased, 

there is more porosity inside of the 

sample and consequently thermal 

conductivity of the samples decreased. 

Micro porous shape of the diatomite 

particles were also preserved (Figure 4) 

and provides better insulation properties.   

 

 
 

 
 

Figure 4: Different pore morphologies of 

the diatoms in the resin bonded matrix. 

 

Shaping pressure of the samples is very 

important for the properties of the 

samples. Figure 5 shows the dependency 

of shaping pressure vs compressive 

strength and bulk density. Defect free 

shaped samples were obtained even very 

low pressing pressure of 1,25 MPa. This 

was accomplished by the addition of 

water glass and water during shaping. 

They provide higher green strength to the 

shaped samples. In order to obtain the 

required porosity level (min. 45% 

porosity) for the insulation refractory 

class, shaping pressure of the given 

material mixture must be lower than 1,25 
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MPa. Although better strength values was 

obtained at shaping pressure over than 

this amount,  pores of the structure 

reduced and insulation values were 

worsen.   

 

 

 
 

 

 
Figure 5: Strength and bulk densities of 

the samples depending on shaping 

pressure.  

 

4. CONCLUSION 

Porous insulation refractory was 

successfully produced from diatomite by 

binding with Novolac resin. 0,21 W/m.K 

thermal conductivity was measured at 

bulk density of 0,91 gr.cm
-3

. Diatomite 

based refractory insulation materials are 

suitable for usage up to 1000 
o
C. 

According to the ASTM C155 and DIN-

EN 1094 Part 2 (insulating fire brick 

standards), refractory must be 0,65  

gr.cm
-3

 bulk density. It is possible to 

reduce the density of the refractory 

samples by using lower density porous 

fillings or using bigger diatomite 

aggregate to ensure higher porosity. 
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ABSTRACT: MnO2 was prepared by electrolysis of manganese sulfate solution recovered 

from used batteries and commercial manganese sulfate solution respectively. The 

comparative study of the two samples using electrochemical techniques in alkaline solution 

shows that the two samples exhibit the same behavior. Both samples are indexed as 

MnO2. Using galvanostatic intermittent titration technique (GITT) the proton  diffusion 

coefficient was estimated and the data give almost the same value for both samples. In 

addition TG analysis shows the same thermal profile for both samples.  

 

Keywords : MnO2, diffusion coefficient of proton, electrochemical activity, used 

batteries.  

1. INTRODUCTION 

Manganese dioxide exists in different 

allotropic crystallographic varieties [1-2]. 

It is the main compound of the cathode of 

saline and alkaline Leclanché cells [3-6]. 

The cathode of these cells, consists 

generally of a mixture of chemical and 

electrochemical MnO2 in different 

proportion depending on the companies 

recipes and formula. Once discharged 

these cells still contain active MnO2. The 

aim of this work is to recover Manganese 

dioxide from used batteries [7-11]. The 

material is chemically converted to Mn
2+

 

solution [12-13]then crystallized as 

manganese sulfate salt [14]. Finally 

MnO2 is prepared by electrolysis of 

MnSO4 solutions [15-17]. The different 

samples were characterized by X-ray 

diffraction analysis to determine the 

phase composition. The electrochemical 

activity of  MnO2 is compared to that 

obtained from Prolabo MnSO4 solution in 

the same conditions in alkaline medium. 

Linear sweep voltametry, galvanostatic 

discharge and impedance spectroscopy 

were used as techniques of investigation. 

The value of diffusion coefficient of 

proton[18-19] is estimated by the 

Galvanostatic Intermittent Titration 

Technique (GITT )  [20].  

 

2. EXPERIMENTAL 

2.1. Sample Preparation 

The active mass is recovered from used 

batteries. It is washed in running water to 

dissolve the salts and to eliminate carbon 

black.  It is filtered and overnight dried in 

an oven. 8g of MnO2 powder is added to 

1.5 g of oxalic acid with15 ml of 98 % 

sulfuric acid solution. The mixture is 

stirred and heated during five min, 50 ml 

of distilled water were then poured. After 

cooling we obtain a solution of MnSO4. 

This solution is crystallized to obtain a 

light pink MnSO4 powder. γ MnO2 thin 

films were electrochemically deposited 

on Platinum electrode from MnSO4 

solution using the method described in 

the literature..γMnO2 was also deposited 

in the same conditions from Prolabo 

MnSO4. Thin films of γMnO2 were 

deposited from MnSO4 solutions under 

an anodic current of 0.5 A during three 

mailto:chelalin58@yahoo.fr
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minutes on Platinum electrode with a 

surface area of 0.5 cm
2
 at a temperature 

of 85°C .  We adopt the notation 

2)R for the sample prepared from 

crystallized MnSO4 prepared from the 

MnO2)L for the sample deposited from 

solution of MnSO4 purchased from 

Prolabo. 

 

2.2. X-Ray Diffraction Analysis 

The powder X-ray diffraction patterns 

were taken at ambient temperature using 

a Bruker D8 advance diffractometer 

operating at 40 kV and 30 mA with 

CuK_ radiation (k = 0.15406 nm). Radial 

scans were recorded in the reflection 

scanning mode with 2 being changed 

from 10 to 90°. Bragg’s law, defined as 

n = 2d sin, was used to compute the 

crystallographic distance (d) for the 

examined MnO2 samples.The average 

crystallite size D was calculated from the 

full width at the half maximum (FWHM) 

of [011] diffraction lines using Sherrer 

equation. 

 

2.3. Thermal Analysis 

Thermogravimetric analysis (TGA) tests 

were performed using instruments 

supplied by Metler Toledo: TGA/SDTA 

851e. All measurements were carried out 

in air at a constant heating rate of 5 K 

min
−1

. The samples were dried at 60 °C 

to evaporate the surface absorbed water. 

 

2.4. Electrochemical Tests  

The electrochemical tests namely linear 

sweep voltametry, galvanostatic 

discharge, galvanostatic intermittent 

titration curves and impedance 

spectroscopy plots were carried out at 

room temperature using a Voltalab40 

PGZ 301 potentiostat-galvanostat, and a 

thermostated three-electrode cell. In all 

experiments the working electrode is a 

Platinum foil of surface area of 0.5 cm
2
. 

The counter electrode is a carbon bar, the 

reference is Hg/HgO electrode. The 

electrolyte is a solution of 1M KOH.  

Linear sweep voltametry of the two 

samples (γMnO2)R and (γMnO2)L was 

conducted at a scan rate of  5 mV/s in a 

range of potential varying from + 0,2 to -

0,6 V. The potential at open circuit for 

the two samples is 0.2 V. Discharge tests 

were performed at a constant current of 

E=f(t) were 

recorded.Intermittent galvanostatic 

discharges were carried out in the same 

conditions by applying a current of 50 

μAduring 1 min in each sequence, then 

the current was switched off and the cell 

was left to relax. The curves Ei=0=f(x) 

were recorded.Impedance measurements 

were performed in the frequency range 

from100 mHz to 10 kHz at a signal 

amplitude of 10 mV. Impedance spectra 

were recorded at open circuit potential. 

3. RESULTS AND DISCUSSIONS 

3.1. X-Ray Diffraction 

Figure 1 shows the XRD spectra of the 

two samples of MnO2.  All detected peaks 

were identified to be  MnO2 with 

orthorhombic structure. In table.1 are 

listed the structural parameters obtained 

from [011] diffraction lines of the two 

samples of MnO2. From this data we can 

deduce that the crystallite sizes of 

(γMnO2)R and (γMnO2)L are similar.

Figure 1. X-ray diffraction profiles of 

samples 

Table 1: Structural parameters obtained 

from [011] diffraction lines. 
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samples 
Center 

(°) 

width 

(°) 
D(nm) 

2)L 37.18 1.0795 8 

2)R 37.38 1.4551 6 

 

3.2. Thermal Behaviour: 

The general reaction scheme for the 

2 can be 

summarized as follows: 

MnO2→ MnO2→ Mn2O3 

As shown in Figure 2 step I corresponds 

to the loss of water, as well as to a 

structural transition from the intergrowth 

γMnO2 phase to the thermodynamically 

2 phase. Three classes of 

water are found , type 1 water, which is 

physisorbed water able to be reversibly 

removed around 100 
◦
C; type 2 water, 

which is comprised of surface bound 

hydroxyls that are irreversibly removed 

around 200 
◦
C; and type 3 water, which 

are bulk hydroxyl groups removed 

irreversibly at 300 
◦
C. Above 400 

◦
C, 

with Step II occurring in the range 450–

600 
◦
C. 

From these data we can deduce that both 

samples exhibit the same thermal 

behavior. 

Figure 2. Thermogravimetric analysis of 

samples 

3.3. Cyclic Voltametry:  

Figure 3 represents respectively the 

cyclic voltamogramms of the two 

samples. The curves show a large 

cathodic peak at -0,2 V followed by an 

anodic peak at -0,1 V versus Hg/HgO. 

The cathodic peak corresponds to the 

reduction of MnO2 to MnOOH and the 

anodic peak is relative to the oxidation of 

MnOOH to MnO2. The two samples 

exhibit the same behavior. 

 

Figure 3. Cyclic voltamograms of 

samples in 1M KOH at 5 mV/s. 

3.3. Galvanostatic Discharge : 

InFigure 4 are presented the galvanostatic 

discharge curves obtained at a cathodic 

current of 30 µA respectively for 

(γMnO2)R and (γMnO2)L. Each curve 

presents two distinct plateaus. The first 

appears in the potential range 0,2 to -0,4 

V Hg/HgO and corresponds to the 

reduction of de MnO2 to MnOOH, the 

second between -0,5 and -1V Hg/HgO is 

relative to the conversion of MnOOH to 

Mn(OH)2. 
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Figure 4. Potential-time curves for the 

galvanostatic discharge of samples in 

1MKOH at 30 µA. 

3.4.Estimation of Proton Diffusion 

Coefficient : 

In Figure 5 we represent the galvanostatic 

intermittent titration curves for both 

samples. Figure 6, represents the 

variation of the potential with 

√t,respectively, for (γMnO2)R and 

(γMnO2)L samples discharged at a 

constantcurrent of 30 μA. We notice a 

linear variation of the potential with√t. 

Figure 7 illustrates the variation of the 

potential Ei=0 with x (the quantity of 

hydrogen injected in MnO2), respectively 

for (γMnO2)R and (γMnO2)L samples 

discharged at a constant current of 50 30 

μA. The different values of D were 

calculated from the following equation: 

Figure 5. Galvanostatic intermittent 

titration curves for both samples at 30μA. 

 

Figure 6. Variation of voltage as function 

of t
1/2

 data are those of figure 4. 

 

Figure 7.Variation of voltage as function 

of X data are those of figure 5. 

𝑆√𝐷 =

(
2𝐼𝑉𝑚
𝐹√𝜋

) . (
𝑑𝐸𝑖=0
𝑑𝑋

)

(
𝑑𝐸𝑖=0
𝑑√𝑡

)
 

where S: geometric area of the working 

electrode;D:proton diffusion coefficient; 

I: current intensity; VM: molar volume of 

MnO2; F: Faraday’s constant; ∂Ei=0/∂x: 

slope of the curve E = f(x); ∂E/∂√t: slope 

of the curve E = f(√t); x: the quantity of 

hydrogen injected into MnO2. The values 

of D, the proton diffusion coefficient are 

summarized in Table.2. From these 

results we can see that the D values 

calculated for (γMnO2)R and (γMnO2)L 

are similar. 

 



 
 
 

486 
 

Table 2.Calculated proton diffusion 

coefficient of γMnO2)R and (γMnO2)L 

samples. 

samples 
dE/dx 

V./x 

dE /√𝑡 

V.s
-1 

 

DH
+
cm

2
.s

-

1
 

( MnO2)L -13.04 
-8.43 10-

3 
0.98 10-9 

( MnO2)R -10.77 
-6.14 10-

3 
1.26 10-9 

 

3.5.Calculation of Charge Transfer 

Resistance: 

Figure 8 represents the Niquist plots 

recorded at open circuit potential for 

(γMnO2)R and (γMnO2)L. In table.3 are 

reported the values of the charge transfer 

resistance (Rct) deduced from the 

impedance plots of fig.6 respectively for ( 

γMnO2)R and (γMnO2)L. The data show 

that the Rct values are similar. 

 

 
Figure 8. Nyquist diagrams of discharge 

samples  

 

Table 3.Charge transfer resistance of 

(γMnO2)R and (γMnO2)L samples. 

samples ( MnO2)L ( MnO2)R 

Rct (Ω) 153.1 186.3 

 

4-CONCLUSION 

The electrochemical behavior of MnO2, 

using electrolysis of manganese sulfate 

solution recovered from used batteries 

and MnO2 prepared from a commercial 

manganese sulfate solution, is studied in 

alkaline solution. The X-ray diffraction 

analysis show the same phase indexed as 

γMnO2. The two samples exhibit the 

same thermal profile with almost the 

same values of water content. The 

electrochemical investigation of the two 

samples gave a discharge capacity values 

more or less equal, with proton diffusion 

coefficient almost similar. In the light of 

these results, we conclude that MnO2 

could be synthesized at industrial scale 

from manganese sulfate solution 

recovered from used batteries. 
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ABSTRACT:In this study, an experimental investigation has been carried out to determine 

the effect of coating thickness on the microstructure and electrical resistivity of the flame 

sprayed coatings on aluminum substrate. Cr2O3 powders were deposited onto substrate 

with and without Ni–5wt. % Al as bond coating layer using a flame-spray technique. The 

produced layers were characterized by optical microscope, scanning electron microscope, 

surface roughness and microhardness tester. The electrical resistivity values of coated 

specimens were measured by using four-point probe method. The results indicated that the 

electrical resistivity, the porosity and the surface roughness of the coatings are increased 

with increasing of the coating thickness. The results also indicated that the application of 

bond coat layer in the flame spraying of Cr2O3 on substrate has increased the hardness and 

decreased porosity and surface roughness of coatings. 

 

1. INTRODUCTION 

Thermal spray coating methods the name 

of a coating method family which is vary 

by phase state of the coating material, 

used energy source and the environment 

where the coating is made. 

 

Flame spraying processes use a coating 

material which can be powder or wire 

form that melts in a flame of fuel gas and 

oxygen. Powder flame spraying is a 

coating method where the coating 

material is in powder form. It melts in a 

fuel gas/oxygen flame and is rapidly 

carried to the substrate surface by the fuel 

gas and additional spray gas [Bach et al., 

2006]. 

 

Cr2O3 coatings are useful in a wide range 

of applications in industry. They are 

highly effective for sealing surfaces in the 

food industry, improving abrasion/wear 

resistance, protecting bearings and to 

produce the desired electrical or magnetic 

properties, etc.Cr2O3 coatings are 

commonly applied to suitable substrate 

surfaces that are need to provide greater 

wear and chemical resistance. 

 

Thermal spray processes are also used to 

give dielectric properties to components 

in the industry. Desired electrical 

resistance values can be achieved with 

the use of the suitable coating thickness 

and right spray coating material. The 

most commonly used thermal spray 

dielectric materials are oxide ceramics. 

Due to the remarkable insulating 

properties, Cr2O3is widely used in 

industrial applications.  

 

Bond coatings have been widely used in 

many industrial thermal spray 

applications. They have specific 

functions; because the substrate and the 

main coating have different thermal 

expansion coefficients, bond coating 

layer should be used to provide a good 

thermal expansion match between these 

two different layers. Due to their intended 

purpose, bond coatingthickness must be 

sufficient thickness value to keep 

substrate and coating together. Therefore 

bond coating layers are always thinner 

than the main coatings. [Yılmaz et al., 

2005; Goller, 2004]. 

http://tureng.com/search/intended%20purpose
http://tureng.com/search/intended%20purpose
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In literature research, we found that there 

are not enough experimental data about 

the effect of coating thickness on the 

electrical resistivity of flame sprayed 

coatings. In the present paper, an 

experimental study has been carried out 

to investigate the effect of coating 

thickness on the electrical resistivity of 

flame sprayed Cr2O3coatings on Al 6082 

aluminum substrate with and without Ni–

5wt. % Al as bond coat layer. 

 

2. MATERIALS AND METHODS  

The test substrate samples were machined 

in a cylindrical form with dimensions of 

20 mm in a diameter and 20 mm in length 

from commercial Al 6082 aluminum 

rods. Prior to the coating process, the 

aluminum substrates were cleaned, 

degreased and sand-blasted.A 

commercially available Cr2O3powders 

which are shown in the SEM 

micrographs in Figure 1 have irregular 

shapes like elongated and multifaceted 

were used as coating material. In order to 

investigate the coating thickness effect on 

the Cr2O3 coatings properties, Cr2O3 

ceramic powder is coated on Al 6082 

aluminum substrate with the thickness of 

0,3 mm 0,5 mm and 1 mm by powder 

flame spray method. The flame-spray 

coating parameters for the Cr2O3 coating 

and Ni–5wt% Al bond coating processes 

were shown in Table 1. 

 

 
Figure 1: SEM micrograph showing the 

morphology of Cr2O3 powder particles. 

 

Table 1: Flame spray coating parameters 
Spray 

parameters 

Ni-5 wt.%Al 

Bond coating 

Cr2O3  

 coatings 

Oxygen 

Pressure (bar) 
4 4 

Acetylene 

Pressure (bar) 
0.7 0.7 

CompressedAirPre

ssure(bar) 
2 4 

Spraying 

Distance (mm) 
200 75 

Powder 

Feed Rate (g/min.) 
80 13 

PowderSize (μm) 45-106 20-45 

 

The specimens were divided into six 

groups namely Group A, B, C, D, E and 

F by their coating thickness and bond 

coat properties. A, B, C, groups that have 

the coating thickness of 0,3 mm 0,5 mm 

and 1 mm have no Ni–5wt.%Al as bond 

coat layer and D, E, F, groups have Ni–

5wt. % Al as bond coat layer. 

 

Surface roughness tester (TR 200) was 

used to measure the surface roughness of 

specimens. The average roughness Ra, 

defined as the arithmetic mean of 

departures of the profile from the mean 

line, was used to quantify the coating 

surface roughness of the specimens. The 

cross-section of all specimens was sand 

papered and polished before micro 

structural observations and micro 

hardness measurements. HMV-2T 

Vickers micro hardness tester was used to 

measure micro hardness of the specimens 

by applying a 200 g load on the cross 

section of samples for 15 s. The 

measurements were taken at five different 

locations for an average value. Surface 

morphology and cross section bonding 

conditions of the coatings were examined 

using a scanning electron microscope 

(LEQ 1430 VP) with an attached energy-

dispersive spectroscopy (EDS) system. 

Coating thicknesses of Cr2O3 top and Ni–

5wt% Al bond layers were determined by 

SEM. The porosity values of the coatings 
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were measured by using an image 

analysis program (CLEMEX) from the 

micrographs which is taken by a optical 

microscope (Nicon).  

 

Four point probe electrical resistivity 

measurement method which is commonly 

used to measure the electrical resistivity 

of solids and thin films in material 

science used to determine the electrical 

resistivity values of coated specimens. It 

permits measurements of resistivity in 

samples having a wide variety of shapes, 

including the resistivity of small volumes 

within bigger pieces of semiconductor 

[Schroder, 1998; Li et al., 2012].Four 

point probe electrical resistivity 

measurement method configuration on a 

coated sample is shown in Figure 2. Four 

sharp probes are placed on a flat surface 

of the material in a linear pattern. Electric 

current is passed through the two outer 

probes, and the floating potential is 

measured across the inner pair. All tests 

were carried out in a experimental set up 

as shown in Figure 2, at room 

temperature of 20 °C. A nominal value of 

probe spacing which has been found 

satisfactory is an equal distance of 0.5 

mm between adjacent probes. Ten 

readings were taken from each specimen 

and arithmetic mean value taken as the 

resistivity value of the specimen. 

 
Figure 2: Schematic representation of 

four point probe electrical resistivity 

measurement method on coated samples. 

 

In this study, the electrical resistivity of 

thin layers on conducting substrates was 

calculated by the following formula: 

 

 

 

(1) 

 

Where: V: Voltage (V), I: Current (A), w: 

Thickness of the coating (mm), 

s: Probe spacing (mm),  

 Circular shape factor 

 
Conducting bottom surface 

factor 

          : Correction factor approaching 

unity as w approaches zero 

The values of circular shape factor and 

conducting bottom surface factor were 

tabulated in literature[Valdes, 1954; 

Smits, 1958]. 

 

3. RESULTS AND DISCUSSION 

Bonding surfaces and morphologies of 

the specimens have been examined by the 

micrographs obtained by the SEM. The 

cross sectional morphologies of the 

coated specimens are shown in Figure3. 

Applying bond coat to the substrate 

surface provides a rougher surface than 

the substrate which allows good adhesion 

capability to the top coat [Celik et al., 

1997]. 

 

Micro hardness, average surface 

roughness, porosity and electrical 

resistivity values of coated specimens are 

given as a function of coating thickness 

in Table 2.Cr2O3 coated specimens micro 

hardness values vary in the range of 869-

1314 HV depending on the coating 

thickness and spray parameters.Ni–5wt. 

% Al as bond coat layer has 

approximately 180 HV micro hardness 

value.
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In Figure 3,it is seen coatings have 

porosities and microcracks that is formed 

because of the rapid cooling while the 

coating process. Group D, E, F specimens 

are well bonded to the substrate surface 

owing to bond coat than Group A, B, C 

specimens that have gap between the 

substrate surface and coating. Increasing 

of the coating thickness decreases the 

micro hardness [Ramachandranetal.,1998]. 

Therefore specimens with higher coating 

thickness have lower micro hardness 

values than specimens with lower coating 

thickness.  

Although the measured micro hardness 

values of coated specimens complied 

with the theory, some of the specimens 

did not. Specimens with bond coat have 

lower porosity values than specimens 

without bond coat. This case provide 

group D, E, F specimens have higher 

micro hardnessand lower surface 

roughness values than  group A, B, C 

specimens. 

 

Table 2: Microhardness, surface roughness, porosity and electrical resistivity values of 

coatings as a function of coating thickness. 

CoatingT

ype 

Group

Code 

CoatingT

hickness 

(μm) 

Microhardness 

(HV0,2) 

AverageSurface

Roughness 

Ra (μm) 

Porosity 

(%) 

Electrical 

Resistivity 

ρ (Ωm) 

Cr2O3 

withoutb

ondcoat 

A 300±25 985 1.068 16 1,37E+05 

B 500±25 1218 1.293 19 1,67E+05 

C 1000±25 1138 1.650 21 2,20E+05 

Cr2O3 

with 

bond coat 

D 300±25 1314 0.787 14 5,39E+04 

E 500±25 1225 0.978 16 6,77E+04 

F 1000±25 869 1.053 18 1,42E+05 

  
Group C specimen Group E specimen 

Figure 3: SEM micrographs showing the cross sectional morphologies of the coated 

specimens. 

Electrical resistivity measurement 

investigations show that electrical 

resistivity values of the coatings increase 

with increasing of the coating thickness. 

Specimens with bond coat have lower 

electrical resistivity values than specimens 

without bond coat based on the equivalent 

coating thickness condition. This case also 

occurs from porosity and surface 

roughness characteristics of the coated 

specimens. Figure 4 shows the electrical 

resistivity values of flame spray coated 

specimens as a function of coating 

thickness. 
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Figure 4: Electrical resistivity values of coated specimens as a 

function of coating thickness. 
 

4. CONCLUSIONS 

The results of the experimental studies 

show that: 

1. Electrical resistivity of flame sprayed 

Cr2O3 coating specimens are closely 

related to the microstructure, the coating 

thickness, the amount of porosity and the 

amount of surface roughness. Increase in 

coating thickness increases the porosity, 

surface roughness and electrical 

resistivity.  Electrical resistivity values do 

not vary linearly based on the coating 

thickness. 

2. SEM micrograph shows that 

specimens with bond coat are uniformly 

bonded to the substrate surface than the 

specimens without bond coat. Also 

specimens with bond coat have lower 

surface roughness values than specimens 

without bond coat because of their low 

porosity characteristics. 

3. Microhardness values of all groups 

have tendency to decrease with the 

increase of the coating thickness. 

However some of the specimens show 

inverse behavior.Generally bond coat 

shows to have a increasing effect on the 

microhardness values of the coated 

specimens due to decreasing the amount 

of porosity. 
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ABSTRACT: In the last years, there has been an increasing interest in using natural 

materials as reinforcements in polymeric composites. This is not only for environmental 

reasons but also for their properties and sustainability. Chicken feathers are a waste by 

product of the poultry industry, with more than 4.10
6
 ton worldwide annually produced. 

The feather waste is usually disposed by either subjected for burning or landfill, which is 

considered as expensive process and not environmentally friend. The proposal solution is 

to utilize chicken feather as reinforcements in composites to offer environmental and 

economical solution for feather disposal.This work was carried out to investigation the 

possibilities of utilizing animal fibers as reinforcement in polymeric materials. For the 

determination of the chemical properties of chicken feathers was carried out according to 

AOAC standard. Physical and mechanical properties such as thickness swelling, water 

absorption, tensile strength, flexural modulus, hardness etc. were evaluated. Preferable 

values were obtained with reinforced mixture ratio as 30:70 (wt %) of feather fiber/marble 

dust in the polymer composites. 

 

Keywords:Physical and mechanical properties, polymer composite, chicken feather, waste 
 

1. INTRODUCTION 

There has been recent interest in 

developing composites based on short-

fibers obtained from agricultural 

resources.These organic fibers are usually 

of lower density than inorganic fibers, 

environmentally friendly, and relatively 

easy to obtain (Barone et.al., 2005). 

Chicken feathers are one of the valuable 

wastes to produce composite materials. 

The feather waste is usually disposed by 

either subjected for burning or landfill, 

which is considered as expensive process 

and not environ- mentally friend. In most 

cases, the feathers are disposed of by 

burial, whereas an improved, more 

effective, and hopefully profitable 

utilization of the chicken feather waste is 

desirable (Cheng  

 

 

 

 

et.al., 2009).There are very few studies 

detailing composites made from protein  

 

Fibers obtained from agricultural 

resources. Composite materials have been 

prepared from poultry feather fiber. The 

unidirectional chicken feather fibers 

reinforced composites were produced 

with vinyl ester and polyester resins with 

three fiber reinforcement loadings (2.5, 6, 

10wt%)by Uzun M. et.al. (2011).Chicken 

feather fiber (CFF)/reinforced poly(lactic 

acid) (PLA) composites were processed 

using a twin-screw extruder and an 

injection molded by Cheng et.al. (2009). 

Mechanical and acoustical properties of 

composites from ground chicken quill 

and polypropylene (PP) have been 

investigated and compared with jute–PP 

composites. A functional composite of 
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ground poultry quill may potentially lead 

to significant reduction of environmental 

pollution through replacement of 

nonrenewable materials in composites by 

Huda and Yang (2008). In this study it 

was carried out to investigation the 

possibilities of utilizing animal fibers as 

reinforcement in polymeric materials.  
 

2.MATERIALS AND METHODS 
 

2.1 Materials 

Polyester has been used as a matrix 

material. Marble powder and waste 

chicken feathers received from the 

company are used as a reinforcing 

material at different rates. Cobalt as 

accelerator, ButanoxAkzo M60 as 

hardener was used to produce composite 

materials. 
 

2.2.Pretreatment 

A pre-treatment was required to stabilize 

and transform chicken feathers into a 

stable technical material. First of all, 

chicken feathers were washed with  tap 

water, then applied autoclave process 

135C, 20min. and dried in oven 60C, 

24 hours to be clean, sanitized and odor 

free. Afterward, quill was separated from 

barbs and cut into small pieces. Finally 

last drying was again in oven at 105C, 

2hours. Feather fiber moisture was 

decreased to %10. Dried and chopped 

feathers and also marble pieces then 

ground into powder form (0.425 µm) 

using a laboratory Mill Pulverısette 9, 

(Fritsch, Germany) (Fig1.). 

 

 
Figure 1. Waste a) chicken feathers and 

powderb) marble powder 

 

2.3. Composite Material 

Manufacturing Process 

The polyester matrix was compounded, 

respectively, with reinforcement fillings 

in different ratios by weight. The raw 

material formulations, which are given 

per the mass proportion in percentage, 

used for the composites are presented in 

Table 1.  

 

Table 1.Ratio of waste material used for 

composite manufacture to be recycled 
Code Marble 

powder 
(*wt %) 

Chicken 
feather 
(*wt %) 

PMK 0 0 
FFM0 100 0 

FFM10 90 10 
FFM20 80 20 
FFM30 70 30 

*Weight Percent [wt%] 

 

The reinforcement material and polyester 

resin was first mixed in the indicated 

ratios. After then, performed using a 

speed of 500, 1000 and 1500 rpm (Stuart 

scientific mechanical stirrer), 5 minutes 

cycle time for each.Mixture was hold on 

under the vacuum in 5 min. Then 

accelerator and hardener were added to 

mixture and the last mixture was poured 

into a mold(Fig 2). Curing condition for 

composites were 105°C, 1 hour in an 

oven (Binder,Germany). 

 

Figure 2.Mold and composite samples 

 

2.4.Chemical, Physical and Mechanical 

Testing 

Proximate composition of feather 

samples was analyzed according to 

AOAC standard. Moisture was 

determined by the official gravimetric 

AOAC method (AOAC 945.21). Samples 
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were dried to constant weight in an air 

oven at (105 ± 5) °C and weight loss on 

drying was expressed as moisture content 

(%). Ash content was determined by 

direct gravimetric method (AOAC 

923.03) in an oven at 550 °C until 

constant weight was attained. Crude 

proteins (CP) content was estimated 

based on total nitrogen content of 

samples determined by Kjeldahl method, 

using applicable converting factor, 6.25 

based on total nitrogen content of the 

proteins in major compound of selected 

composite food. Crude fat content was 

determined gravimetrically following 

Soxhlet extraction, with ether according 

to the official AOAC method (AOAC 

920.39) 

Physical and mechanical tests were 

carried out on each of the composites to 

determine relevant properties. Three to 

five samples were used per composite for 

each property evaluation test. The 

physical properties examined were 

density, thickness swelling (TS) and 

water absorption (WA). These tests were 

carried with test sample sizes of 5x5 cm. 

The density was measured using a gas 

pycnometer, Micromeritics the AccuPyc 

II 1340 model. Water absorption was 

determined from the measured weight 

gain of the composite samples during the 

24 hours immersion period Thickness 

swelling was determined from the 

average of the measured change in 

thickness at four locations on each 

sample after immersion in water for 24 

hours (Wechsler et.al., 2011). 

Flexural testing was conducted using the 

three point bend test according to EN ISO 

178 TS 985 to determine the modulus of 

elasticity (MOE). Tensile testing was 

conducted using a Shimadzu AG-IC 

testing machine. Three point bending 

tests were carried out at a bending speed 

of 2 mm/min and the maximum fracture 

loads of the three-point bending test were 

obtained. Five replicate samples of each 

composite were used for each test. The 

flexural test specimens were also cut 

from the composite panels with 

dimensions of 100 mm × 10 mm × 4 mm; 

length, width and depth, respectively. The 

bending measurements were also 

performed at the ambient conditions of 

23±2°C.Hardness test is a simple one and 

gives good info on the 

microstructurerelationships of polymer 

composites. Shore hardness is a measure 

of the resistance of a composite sample. 

8cm in diameter to penetration of a spring 

loaded needle-like indenter. Five 

replicates of each composite formulation 

were tested to determined averaged 

hardness.  

The fracture surfaces of the flexural test 

specimens were characterized with high 

resolution field emission scanning 

electron microscopy (SEM, Zeiss Supra 

40VP, Germany). The specimens were 

coated with platinum and examined at 20 

kV accelerating voltage.Samples of 

image analysis and SEM study were 

prepared from the edges of the three point 

bending test specimens. 

 

3. RESULTS AND DISCUSSIONS 

The proximate composition of chicken 

feathers is listed in Table 2. 

 

Table2. Proximate composition of 

chicken feathers as dry basis 
 (%) 

Crude protein  77.00±0.78 

Crude fat  3.95±0.41 

Ash  1.85±0.11 

Moisture  10.94±0.18 

  

 

The chicken feathers presented high 

protein content. Acta (2010) reported 

higher protein values for feathers and 

Tseng et.al. (2011) found similar values 

for composition of the chicken feathers. 

Both feather fiber and quill are made of 

keratin, an insoluble and highly durable 

protein found in hair, hoofs, and horns of 

animals. Keratin consists of a number of 

amino acids, these amino acids tend to 
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cross-link with one another by forming 

disulfide or hydrogen bonds resulting in 

fibers that are tough, strong, lightweight, 

and with good thermal and acoustic 

insulating properties (Tseng et al., 2011; 

Acta 2010; Schmidt 2002).  

The results for the density, TSand WA of 

the composite samples are presented in 

Tab. 3.The densities of the composites 

with the four different filler ratios are 

higher than the density of the matrix 

polymer(PMK). 

Only minimaldifferences are evident 

amongst the four composites. 

 

Table 3. Density, thickness swelling and 

water absorption of composite samples 

C
o
m
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W
A

, 
2
4
 

h
o
u
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(*
w

t 
%
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PMK 1.1892±0.0004 0.68 0.18±0.03 

FFM0 1.7741±0.0010 -0.49 2.44±0.08 

FFM10 1.7421±0.0008 -0.14 0.29±0.02 

FFM20 1.6680±0.0005 0.31 0.35±0.14 

FFM30 1.6330±0.0004 0.07 0.55±0.24 
*Weight Percent [wt%] 

 

The thickness swelling results for the 

composites are also very different to that 

for PMK, with values ranging from -0.48 

to 0.30%. The filler dispersion ratio 

chosen in the FFM0 and FFM1 are 

respectively 100% and 90% marble 

powder. TS values of these composites 

are negatively. Two reasons should be 

effectively on the results; firstly, marbles 

are calcareous metamorphic rocks. Their 

main component is calcite, a mineral 

formed of calcium carbonate CaCO3, 

require an acidic pH (less than 7) in order 

to dissolve at a useful rate. Actually 

marble chips are slightly soluble at a very 

slow rate, in water (El-Hinnawi 

et.al.2011).Secondly, coupling agent was 

not be used in the manufacturing. 

Unfortunately, strongly chemical bond 

did not provide between two dissimilar 

materials, feather fiber (organic) and 

marble powder (inorganic). FFM30 had 

the lowest swelling of 0.069%. The water 

absorption of the composites was 

0.29±0.02-2.44±0.08 wt% compared with 

0.18±0.03wt% for the unfilled matrix 

material (PMK). Amongst the 

composites, FFM10 had the lowest water 

absorption of 0.29±0.02wt%, which has 

approximately minimum ratio feather and 

barb quantities. A feather barb is the 

lateral fiber branching (in parallel rows 

on the shaft.The barbs are soft and pliant 

and readily absorb water.  

Water molecules can diffuse into the 

material and become trapped there, 

especially if the material contains voids 

that can hydrogen-bond the water in place 

(Fig. 3). 

 
Figure 3. Microstructures of the chicken 

feathers and zoom into barb images 

The mechanical properties test results are 

given in Tab 4. 

 

Table 4. Test results of composite 

samples force, modulus of elasticity, 

tensile strength  

Composite 

code 
Force 

(N) 

Modulus 
of 

elasticity  
(GPa) 

Tensile 
strength 
(N/mm2) 

PMK 146.875 3.57 69.58 

FFM0 107.5 8.44 48.65 

FFM10 116.875 7.83 54.07 

FFM20 112.5 7.47 51.06 

FFM30 137.5 6.55 63.84 

 

The tensile strength of the composites 

was 48.65-63.84(N/mm
2
), and was 

substantially lower than the values 

obtained for and 69.58(N/mm
2
). The 

values for the composites made without 

feathers, FFM0 had the lowest tensile 

strength (48.65N/mm
2
) but the highest 

MOE (8.44GPa) while the FFM30 had 



 

496 
 

the highest tensile strength with 

maximum ratio feathers material having 

the lowest modulus of elasticity. The 

modulus of elasticity was generally 

higher for the composites than for the 

unfilled polyester for which a value of 

PMK of 3.57GPa was obtained. 

Hardness test was used in order to 

evaluate some physical characteristics of 

the materials. As a result of Shore D 

hardness of polyester composite samples 

ranged from 81.25 ± 0.43 to 85.25±1.09. 

According to hardness test, increasing of 

chicken feathers ratio into manufacture 

was caused to be decreasing to the 

hardness of composites (Fig. 4). 

 
Figure 4.Relationship between the filling 

ratio and hardness of polymer composite 

samples 

The SEM was operated to determine their 

fracture surface, microstructure, and fiber 

orientation characteristics. 

 
Figure 5.Images showing structure of 

polymer composite samples captured at 

5.00kx magnification 

 

4. CONCLUSIONS 

There are many factors that can influence 

the performance of natural fiber 

reinforced composites. Apart from the 

hydrophilic nature of fiber, the properties 

of the natural fiber reinforced composites 

can also be influenced by fiber content / 

amount of filler. The results demonstrate 

the reinforcing effect of animal-based 

fiber on polymer matrix. It also reveals 

that composite with increasing amount of 

feather fiber provided also better physical 

and chemical properties as compared 

with marble powder polymer 

composite.To wider the applications of 

these fibers in solving environmental 

problems, more studies have to be 

continued in the future. 
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ABSTRACT: In civil engineering, two parameters are required for safety of a structure. 

These are bearing capacity and allowable settlement. In sand soils the displacements are 

occurred with elastic settlement. In the clay soils, the displacement is realized as a function 

of time. This is called consolidation settlement. Usually to determine displacement in clay 

soils, one-dimensional consolidation tests are experimented or empirical formula is used 

for that. However, this doesn’t fully reflect the natural state. In this study, radial 

consolidation is produced by adding 20 and 30 percent sands to clay and the results are 

evaluated.  Also, effect of microstructure on geotechnical behavior of soils are investigated 

using scanning electron microscopy (SEM) and specific surface area (BET) methods. 

Thus, by examining the structure of soils, the changes of void ratios with radial 

consolidation are analyzed. 

 

1. INTRODUCTION 

In civil engineering, the structures are 

costed both the high budget and the long 

times. It is a very important issue that 

prevent to damage of structures. So the 

displacement of structures should be 

avoided as much as possible. 

Consolidation in the clay soils, the 

displacement is realized as a function of 

time and so this become as a specific 

topic. Consolidation settlement is 

generally dependent on the 

microstructure of clay and its porosity. 

Usually to determine displacement in 

clay soils, one-dimensional consolidation 

tests are experimented or empirical 

formula is used for that. However, this 

doesn’t fully reflect the natural state. The 

measurement of one-dimensional 

consolidation was developed in 1960 to 

remedy some deficiencies. [Rowe and 

Barden, 1966]. Hydraulic consolidation 

can be used to carry out various types of 

vertical and radial consolidation. (Figure 

1.) 

 

 

 
 

Figure 1: Radial consolidation system 

 

Microtexture and microstructure 

properties of soils directly affects the 

engineering properties. Microstructural 

properties are known to define the 

relative strength of the soil attraction 

force between particles [Mitchell, 1992]. 

Delage and Lefebvre [1984] studied the 

fabric of Champlain clay during 
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consolidation. They did mercury 

intrusion porosimetry (MIP) and 

scanning electron microscopy (SEM) 

tests, and after the experiments it was 

observed that the small pores remained 

unchanged, but the largest pores 

collapsed. In another study, the 

relationship between the structure and 

consolidation behavior during 

consolidation was investigated. At the 

end of the study, the macro pores became 

smaller and it reduced the soil 

permeability [Griffiths and Joshi, 1989]. 

Griffiths and Joshi [1991] researched a 

few clayey soils, and the amount of 

secondary consolidation varied. During 

the secondary consolidation it was 

observed that pore size changes from 100 

to 10000 nm  

 

2. MATERIALS AND METHODS  

Generally, in the literature, artificial 

samples in the laboratory are prepared by 

wet tamping, sedimentation and slurry 

deposition. Because of its simplicity, wet 

tamping is used very often. However, in 

general, sands that contain fines are used 

for sedimentation and the slurry 

deposition process. The method known as 

slurry deposition was used for fine-

grained samples containing more than 

20% fines [Kuebris and Vaid, 1988]. In 

this method, soil and water are mixed, 

and the mixture is poured into the mould. 

The advantages of the slurry deposition 

method include the quick preparation of 

saturated samples, control of grain 

separation by the water, the ability to 

prepare loose samples, and the ability to 

grade fine content, regardless of the 

homogenous void ratio. In this study, to 

reflect the problems of clay soils 

accurately, the slurry deposition method 

was selected. The properties of the clay 

used in the tests are given in Table 1. 

 

Table 1: Index properties of materials 

Materials LL PL Gs Class. 

Clay 57 28 2.27 CH 

M Sand - - 2.67 SP 

 

In this study, sand was provided by a 

quarry. The sand properties are given in 

Table 1.  Mixtures containing, 20% and 

30% of sand additions mixed with clay 

were obtained. The obtained reconstituted 

clay samples were prepared using the 

slurry deposition method, and radial 

consolidation tests were conducted. In 

addition, the microstructural properties of 

the soil were investigated to reveal its 

engineering properties using BET and 

SEM. Thus, the relationship between the 

consolidation properties and 

microstructure of the soils was examined.  

 

Consolidation was carried out on soil 

samples prepared by the slurry deposition 

method. According to this method, the 

dry sample was thoroughly mixed with 

distilled water at 1.5 times its liquid limit 

and left to stand for 24 hours. It was 

conducted by loading the sample in 

increments to reach the prescribed 

pressure of 50 kPa (Figure 2). 

 

 
 

Figure 2: Slurry system 

 

Hydraulic consolidation tests were 

conducted according to BS 1377-6:1990. 

In this experiment, drainage can be 

controlled and back pressure can be 

applied to the sample. The load on the 

samples was applied by an automatically 

controlled system. Also, the relationship 
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between the pressure and void ratio was 

determined from the measured data. The 

BET apparatus, which uses solid or 

powder samples, is a physical adsorption 

method that is used to determine surface 

area. In this study, devices using the 

theory of Brunauer, Emmett and Teller 

surface area was used. SEM is a type of 

electron microscopy. Property of this 

device is produces images of samples by 

scanning them it with a focused beam of 

electrons. In particular especially, the 

microstructure of the soils is observed 

using SEM. 

 

3. RESULTS 

The mixed soils were prepared using 20% 

and 30% sands (dry weight) to clay. Tests 

of the consistency limits (liquid limit, 

plastic limit) and specific gravity were 

performed to determine the physical 

properties of the mixtures. The sample 

mixtures used to determine the liquid 

limits were prepared using the slurry 

deposition method. Then, hydraulic 

consolidation (rowe) tests were 

conducted on these samples. In figure 3 

given results of the hydraulic 

consolidation test. It was observed the 

void ratio-stress curve moved downward 

with the addition of sand from these 

curves.   

 

 
Figure 3: Results of the hydraulic 

consolidation test; C%20sand, C%30sand 

respectively 

 

In addition, BET and SEM analyses were 

conducted on these samples. The specific 

surface areas obtained are given in Table 

3. This table shows that the specific 

surface area decreased with increases in 

sand percentages. 

 

Table 3: Specific surface area (BET) 

Materials Specific surface 

area (BET),  

m
2
/g 

C 24.122 

C%20Sand 19.858 

C%30Sand 17.361 
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SEM analyses of clay are shown in 

Figure 3 (5.000X magnification), and 

SEM analyses of sands are given in 

Figure 4 (100X magnifications). SEM 

images of all the samples are given in 

Figures 5-6 (5.000X magnifications). 

These figures show more dispersed 

structures with increased sand 

percentages. 

 

 
 

Figure 3: SEM images of clay sample 

x5.000 

 

 
 

Figure 4: SEM images of sands x100 

 

 
 

Figure 5: SEM images of C%20sand 

x10.000 

 

 
 

Figure 6: SEM images of C%30sand 

x10.000 

 

4. CONCLUSIONS 

In this study, radial consolidation tests 

were conducted on mixed sand and clay 

samples. Mixtures containing 20% and 

30% sand that were added to clay and 

reconstituted samples that were prepared 

by the slurry deposition method were 

obtained. In the hydraulic consolidation 

test, the void ratio-stress curve moved 

downward with the addition of sand. In 

addition, the mixtures were analyzed 

using Brunauer-Emmett-Teller (BET) 

surface area analysis and scanning 

electron microscopy (SEM). It was seen 

that specific surface area decreased with 

increases in sand percentages. According 
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to SEM images, soil microstructures 

more dispersed structures with increased 

sand percentages. 
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ABSTRACT: In this study, the production of recycling CuSn10 bronze chips by isostatic 

hot pressing was investigated. The materials were produced with different CuSn10 

contents as %100, %99 and %97 with graphite %0, %1 and %3. The hot isostatic pressing 

was performed under 640 MPa and 400 °C. The produced materials were characterized by 

porosity testing, brinnel testing and microscopy. The test results were compared with bulk 

CuSn10. The test results revealed that the mechanical properties of produced materials are 

similar with bulk CuSn10. 

 

1. INTRODUCTION 

Recently, metallic chips are formed 

during machining of metals. These chips 

are considered as waste. However, some 

recycling methods are introduced. The 

most common recycling method is 

melting and casting process. However, 

this process requires very high energy 

due to oxidized surfaces of chips and 

very low heat and electrical conduction. 

So, common melting techniques such as 

induction ovens and electrical resistance 

ovens are not efficient for this process. 

As a result of this situation, 

melting/casting process becomes very 

expensive. On the other hand, very 

harmful gasses released during melting 

process of chips and results in 

environmental pollution. As a result of 

above mentioned situation, the melted 

chips converted to 10% of slag, 8% of 

casting scrap, 10% of melting losses and 

18% of other losses and the overall 

process efficiency can be as low as 54% 

[1-4]. 

Recycling of metallic chips was 

investigated by some authors. However, 

most of these studies were focused on 

melting/casting and sintering processes 

[1-7] and bronze, brass and aluminum 

chips.  It is showed that aluminum and 

steel chips can be used for producing 

materials. The literature review revealed 

that there is not a study which focused on 

producing materials by cast iron and 

bronze as of this writing. [5-11] 

In this study, CuSn10 chips and graphites 

were mixed with different graphite 

contents as %0-%1-%3. The mixtures 

were hot pressed under 640MPa and 400 

˚C temperatures. The Brinnel hardness 

testing and porosity testing were applied 

to the produced materials. The obtained 

results were compared with the properties 

of bulk CuSn10. 

 

2. EXPERIMENTAL STUDY 

In this study, bronze chips and graphite 

were used. The used materials were 

prepared by casting for compatible of 

chemical composition and the materials 

were machined and changed into metalic 

chips. Table 1 shows that the chemical 

composition of bronze chips. 

 

Table.1 Chemical composition of bronze 

chips 

Metal Chip Cu Sn 

CuSn10 %  90 % 10 

 

The cast bronze was machined by lathe 

and changed into metallic chips, the 

metallic chips eliminated by using sieves 

of 1 mm and 2 mm severaly. The hot 
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pressing a die made of hot work tool steel 

has been produced optimal material 

properties. The heaters enables us to 

reach up to 650 ̊C in short time. Figure 1 

shows the production equipments and 

resistance heaters holes and thermocouple 

hole. The whole system was covered by 

isolation material in order to avoid heat 

loses and get homogeneous temperature 

distribution over die. The production 

system is then ready for placing the 

metallic chips into die opening and 

pressing under hydraulic press. 

 

 
Figure.1 Production equipments 

 

The process parameters such as 

temperature and pressure were 

determined by taking into consideration 

to melting and sintering temperatures. 

When high pressure and temperatures are 

selected, the bronze softens and can cause 

to breakage to female part of die. Also, 

when low pressure and temperatures are 

selected, the metalic chips do not unite 

completely. So we chose 400 °C and 640 

MPa.  

 

3.RESULT AND DISCUSSION 

The determine to structural properties of 

materials, porosity and brinell hardness 

tests were completed. In addition, 

porosities of materials were obtained via 

rule of mixture and Archimedes scale. 

The theoretical porosities of materials 

were calculated by using rule of mixture 

and the difference measured and 

calculated densities was used for 

obtaining porosity. Table.2 shows to 

results and the density of materials 

decreases with increasing graphite 

content. Also, the porosity of materials 

increases with increasing graphite. 

 

Figure.2 Hardness measurement points. 

Table.3 Variation of brinell hardness of 

materials with contain graphite. 

 

Figure.3 show that the microstructure 

images of materials. As seen in this 

images, the porosity increases with 

increasing graphite content. As the 

contained graphite decreases, the average 

distance between chips decreases and in 

much less voids. 
 

 
     a)                             b)  

 
c) 

Figure.3 Microstructure images from the 

materials a)CuSn10+%0 graphite 

b)CuSn10+%1 graphite c)CuSn10+%3 

graphite. (100x) 

 Brinell Hardness (HB) 

CuSn10+%0 

graphite 

159-163 

CuSn10 +%1 

graphite. 

124-130 

CuSn10+ %3 

graphite 

66-71 
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4. CONCLUSION 

In this study, the application of hot 

pressing to production of materials by 

recycling chips has been investigated. 

Besides, the method for recycling is 

environment friendly and low cost in 

comparison with this recycling methods. 

It is showed that CuSn10 bronze chips 

can be successfully recycled to porous 

material without melting. However, the 

hardness and porosity of materials are 

depend on including graphite and process 

parameters. 
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ABSTRACT: :TBC’s or thermal barrier coatings are used to protect parts from heat,TBCs 

consist of a metal bond coat resistant to oxidation and hot corrosion and top coap (Ceramic 

material), an HVOF spray has been used to deposit the bond coat (MCrAlY) and an plasma 

(APS) has been used to deposit the top coat ((a)ZrOx(b)YyOz) on an HASTELLOY X and 

a stainless steel. Metallographic microscope and Scanning Electron microscopy have been 

used to investigate the structure and the morphology of the powder and the substrate before 

and after thermal spraying. A microhardness tester has been used to realize a hardness 

profile on a lamellar sample      [Hus00 et Syd02]. 

 

1. INTRODUCTION 

The combustion liner of a gas turbine is 

made with hastelloy x (nickel alloy) 

highly resistant to corrosion and high 

temeratures to 1200° however this alloy 

has to be protected from thermal cycling. 

A thermal barrier coating is deposited on 

the internal part of the combustion liner. 

 

2.USED MATERIALS AND 

EQUIPMENTS  

Using a sulzer metco high velocity oxy-

fuel gun for the bond coat BT (NiCrAlY) 

spherical powder with nominal size – 106 

/ + 56 μm. [Har02 et Lle98] Using a 

Sulzer Metco Air Plasma Spraying (APS) 

for the Top Coat TC (Yttrium-stabilized 

zirconia) on 8% of weight, the particles 

of the TC are hollow  spheres and the 

them nominal size -106/+11μm 

The samples have been cleaned with 

acetone and grinded with Al2O3  [-70 +20 

μm] [BEA 03] under high pressure to reach 

the needed rugosity (Ra3.79µm) for 

mechanical adhering 

 

2.1 Chemical Composition of the 

Material  

 

2.1.1 Hastelloy x 

 

Table 1: Chemical Composition of the 

HX  

 

2.1.2- TC Powder 

 

Table 2: Chemical composition of the TC 

Element O Y Zr 

Wt% 24.95 6.83 68.22 

 

Element Al C Co Cu Fe 

Wt% 0.5 0.05-

0.15 

0.5-

2.5 

0.5 17-

20 

Element Mn Mo Ni Ti Si 

Wt% 1 8-10 Bal 0.15 1 
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Figure 1: Morphology (SEM) of the TC 

powder 106/+11μm 

 

2.1.3-BC powder 

 

Table 3: Chemical composition of the BC 

Element Al Cr Ni 

Wt% 12.16 25.18 62.65 

 

Figure 2: Morphology (SEM) of the TC 

powder [-106 +56 μm]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. RESULTS AND DISCUSSION 

 

3.1. Degree of the Porosity  

 

Figure 3 : Porosity degree of the top coat 

(15.6%) under microanalyses  

 

Figure 4 : porosity degree of the bond 

coat (8.2%) under microanalyses 

 

The porosity is presented in red color, the 

difference is due to the velocity of the 

gun; the bond coat has been done with a 

HVOF [Nou 04]. 
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3.2. Chemical Dispersion of the 

Components  

 

Figure 5: Morphology of the TBC (SEM) 
 

The formation of the deposit has two 

characteristic steps: [Fuk 98] overwriting 

each droplet; forming a layer of material 

resulting from the process related to the 

kinematic relative movements (gun / 

substrate). 

 

The different phases are presented with 

different contrasts from grey, grey dark to 

grey clear illustrating respectively the 

substrate, the bond coat and the ceramic, 

the dark point shows the residual grinding 

with alumina Al2O3 [Nou04], this 

cartography proves that there was no 

diffusion of atoms neither from the bond 

coat to substrate nor the top coat to the 

bond coat.   

 

3.3 Hardness Profile of a Lamellar 

Sample of the TBC  

 

Table 4: Micro Hardness 0.3 profile of 

the TBC (Microconsult) 

Points 1 2 3 

ùHardness 

hv0.3kg 

470 480 493 

Points  4 5  6 

ùHardness 

hv0.3kg 

420 414 X 

 

3.4 Thickness Measurement  

The average thickness of the deposit has 

been measure with two different methods 

SEM and Optical Microscope using 

analyses system  

 

Figure 6: Thickness measurement of TBC 

with Easy analyses on optical microscope  

 

Figure 7: Thickness measurement with 

SEM  

 

Table 5: average thickness value of the 

TBC (µm) 

Average 

value  

Easy 

Analyses 

SEM 

BC 45.5 45.18 

TC 146.15 154.64 

 

Both of the two methods gave us more or 

less same values.  

 

The thickness is about 200µm and 

generally it must not exceed 500µm for 

crack problems.  

 

 

4. CONCLUSION  

Characterization of thermal barrier 

systems developed by APS thermal 
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spraying allows us to identify the effect 

of the projection process parameters and 

the physicochemical of different powders 

on adhesion and cohesion with the alloy 

We treated and discussed mainly the 

complex interfaces from the projection of 

various powders of a nickel-based alloy. 

Different investigations of thermal barrier 

systems show that: 

An almost perfect mechanical bonding 

between the BC and TC. 

 

 Apart from the presence of aluminum 

oxide at the interface, the analysis of the 

different areas of the interface seems to 

preclude any possibility of inter-diffusion 

between the substrate and the Bond coat 

on one side, and the BC and the TC on 

the other side. 

 

The porosity at the coating is 

considerable. In the absence of metal 

particles, the spherical particles of zircon 

possibly coated by yttrium, will tend to 

weld to each other leaving considerable 

porosity. 
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ABSTRACT: Polymer integrated optical devices on the printed circuit board are 

promising as a new platform for high-speed interconnects in exaflops supercomputers. To 

compensate the optical losses and provide efficient light transmission in the 1525 - 1565 

nm telecom C - band, erbium doped optical waveguide amplifiers are of great importance. 

Polymer materials offer many advantages in integrated optical interconnects, such as 

simple processing steps and potentially low costs. However, it is relatively difficult to 

incorporate rare earth ions into polymer matrix for optical amplifiers engineering. We 

successfully synthesized Yb
3+

/Er
3+

 doped hexagonal phase core/shell β-NaYF4 

nanocrystals with  40 nm size by thermal decomposition method. Under the excitation at 

977 nm laser diode pump, they showed strong down-conversion emissions in the C - band. 

The nanocrystals were dispersed in the polymer matrix and single-mode polymer 

waveguides were fabricated. The gain in the 1 cm long 10  8 m polymer waveguide 

amplifier at 1.6 dB/cm was obtained. The results demonstrate that β-NaYF4/Yb
3+

/Er
3+

 

nanocrystals embedded in the polymer matrix are promising for fabricating compact C – 

band waveguide amplifiers in integrated optical interconnects on the printed circuit board. 

 

1. INTRODUCTION 

Erbium-doped fiber amplifiers (EDFA) 

have been routinely employed in long-

haul silica fiber networks. However, they 

are incompatible with miniature 

integrated optical circuits, e.g. with high-

speed C – band (1525 – 1565 nm) optical 

interconnects on the printed circuit board 

for microprocessor computing systems. 

Compact erbium doped waveguide 

amplifiers (EDWA) operating at 1550 nm 

can find applications in such 

interconnects due to intense 
4
I13/2  

4
I15/2 

transitions in Er
3+

 ions [Polman, Veggel, 

2004], [Slooff et al., 2002], [Bradley, 

Pollnau, 2011], [Bradley et al., 2010]. To 

this aim, the length of the waveguide 

amplifiers (in contrast with EDFA, which 

length is typically 10 – 40 m) must be as 

short as possible, anyway not exceeding 

few centimeters. This leads to a desire to 

increase the Er concentration as much as 

possible. However, the increase of Er 

concentration results in quenching due to 

excitation migration from excited Er
3+

 

ions to unexcited Er
3+

 ions, as well as to 

cooperative up-conversion, in which two 

Er
3+

 ions in the 
4
I13/2 metastable excited 

state interact non-radiatively. Both effects 

decrease the down-conversion 

photoluminescence (PL) of Er
3+

 ions 

around 1550 nm. 

Various approaches to overcome the 

concentration limitations in EDWA were 

discussed, including optimizations of the 

host matrix, co-doping with Yb
3+

, Eu
3+

, 

Ce
3+

 ions or Si nanocrystals, utilization of 

organic cage-like complexes that 

encapsulate the rare-earth ions, 

optimization of the size of rare-earth 

doped nanocrystals etc. As a result, 

various methods to fabricate Er-doped 

planar inorganic and organic optical 

waveguides were reported. Inorganic 

EDWAs include silica, aluminosilicate 

and phosphate glasses, Al2O3 etc. hosts 
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matrixes. To the best of our knowledge, 

the maximal net optical gain at 14 dB/cm 

was demonstrated in inorganic waveguide 

amplifier [Patel et al., 2004]. 

Another approach to the development of 

EDWA envisages embedding of rear-

earth doped fluorine-containing LaF3, 

BaYF5, NaYF4, NaLuF4 or SiO2 

nanocrystals into the polymer matrix 

[Zhai,. Liu et al., 2013], [Zhai, Li et al., 

2013 ], [Wang, Guo et al., 2015 ], [Zhao 

et al., 2014 ], [Wang, Zhao et al., 2015 ]. 

Compared to inorganic hosts, polymeric 

materials have many advantages, such as 

easy processing and potentially low cost. 

The maximal net gain in Er-doped 

polymer waveguide amplifier at 9.5 

dB/cm was reported [9], which is close to 

that of 14 dB/cm in inorganic EDWA 

[Patel et al., 2004]. 

In this report we discuss the strategies to 

improve the optical gain and new 

technical ways to fabricate compact high 

– efficient optical waveguide amplifiers 

for the telecom C-band on the basis 

erbium doped nanocomposite polymer 

materials. They include optimization of 

the nanocrystal host matrix, utilization of 

the active core – active shell - inert shell 

nanocrystals, co-doping with Ce
3+

 and 

Eu
3+

 ions, as well as increasing the 

dispersibility of nanocrystals in the 

polymer matrix due to modification of 

their surface with organic ligands. We 

discuss also the ways to optimize the 

polymer material in order to provide 

minimal losses in the C – band due to 

absorption and scattering, as well as to 

produce waveguides with optimal cross-

section. It is shown that halogenated 

polymer waveguides with embedded β-

NaYF2/Er
3+

/Yb
3+

 core/shell nanocrystals 

are promising for producing EDWAs. 

The relative gain at 1.6 dB/cm has been 

demonstrated for the 1 cm long 

waveguide when pumped with 977 nm 

light at 40 mW. The theoretical 

estimations reveal that by further 

optimizing parameters of rare-earth 

doped nanocrystals one can expect > 10 

dB/cm gain in polymer EDWAs 

throughout the entire C – band. 

2. RESULTS AND DISCUSSIONS 

 

2.1. Synthesis of β-NaYF4:Yb
3+

:Er
3+

 

nanocrystals 

The synthesis of β-NaYF4:Yb
3+

:Er
3+

 

active core – inert shell nanoparticles 

with low phonon energy is based on the 

coordinate stabilization of salts of metal 

precursors (Na, Y, Yb, Er) in the solution 

of oleic acid, which proceeds at high 

temperature in the oxygen-free 

environment. The details of the 

fabrication process are presented in 

[Grebenik et al., 2013]. TEM 

microphotograph of the synthesized 

nanopowder is shown in Fig. 1. The 

diameter of the core is 30 ± 5 nm, the 

thickness of the inert shell equals 5 – 7 

nm. The concentration of rare-earth 

elements in the active core is Y:Yb:Er = 

78:20:2%. 

 
Figure 1. ТЕМ photograph of synthesized 

β-NaYF4:Yb
3+

:Er
3+

 nanocrystals. 

 

Figure 2 shows the room-temperature 

down-conversion PL spectrum for the 
4
I13/2  

4
I15/2 transition of Er

3+
 in -

NaYF4:Yb
3+

:Er
3+

 nanopowder excited at 

977 nm. One can see that the maximal PL 

intensity takes place at 1532 nm, the 

FWHM of the luminescence spectrum 

being 73 nm. 



 

512 
 

  
Figure 2: Room temperature 

4
I13/2  

4
I15/2 

PL spectrum of β-NaYF4:Yb
3+

:Er
3+

 nano-

powder in chloroform solution excited by 

977 nm laser light. 

 

2.2. Fabrication of nanocomposite 

polymer waveguides with embedded β-

NaYF4:Yb
3+

:Er
3+

 nanocrystals 

To fabricate single – mode waveguides 

halogenated polymer materials 

possessing low absorption losses in the 

telecom C – band were used. The 

refractive index of the polymer matrix 

was chosen to be close to that of β-

NaYF2:Er
3+

:Yb
3+

 nanocrystals [Sokolov 

et al., 2015] thus diminishing drastically 

optical loss due to light scattering on the 

polymer – nanocrystal interface. Firstly, 

UV curable compositions with 

nanocrystals at the concentration of 2% 

were prepared by dispersing β-

NaYF4:Yb
3+

:Er
3+

 nanopowder in 

halogenated acrylate monomers. To 

launch the radical polymerization process 

photoinitiator Irgacure-651 at the 

concentration 1% was added to the 

composition. Then 10  8 m polymer 

waveguides were fabricated on the silicon 

wafer using UV photolithography. The 

photograph of fabricated nanocomposite 

polymer waveguides is shown in Fig. 3. 
20 mkm

light-guiding cores  

Figure 3.  Photograph of an array of 

polymer waveguides with embedded β-

NaYF4:Yb
3+

:Er
3+

 nanocrystals fabricated 

by UV contact lithography. Top view 

before covering light-guiding cores with 

polymer cap layer. 

 

2.3. Measuring optical gain in polymer 

waveguide amplifiers  

The scheme of experimental setup for 

measuring optical gain in polymer 

EDWA is shown in Fig. 4. Relative gain 

of the waveguide amplifier was measured 

by using 1.5 μm tunable signal laser 

(Pure Photonics PPLC300) and a 977 nm 

CW laser diode (Thorlabs BL976-

SAG300) as a pump source. Both the 

signal and pump sources were coupled 

into the channel waveguides through a 

980/1550 nm WDM coupler. Output 

signal of the device was collected using 

single-mode quartz fiber and coupled to 

optical spectrum analyser (Anritsu 

MS9710B). 

 

977 nm
Pump Laser

1 2

OSAWDM

Tunable 1.5 m
Signal Laser



 
 

Figure 4. Scheme of experimental setup 

for measuring optical gain in EDWA. 1) 

Array of polymer waveguides with 

embedded nanoparticles, 2) Optical 

Spectrum Analyser (OSA). 

 

The relative gain was calculated by 

formula 

  inASEout PPPGain /log10    (1) 

where Pout is the output signal power, 

PASE is the amplified spontaneous 

emission power, and Pin is the input 

signal power. In Fig. 5 one can see the 

output signal from the EDWA without 

and with 977 nm pump, when multi-

frequency Fabri-Perot laser signal is 

launched into the 1 cm long polymer 
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waveguide. Optical gain at 1.6 dB/cm is 

observed in the range 1545 – 1555 nm. 

 
Figure 5. Optical amplification in the 1 

cm long polymer EDWA doped with β-

NaYF4:Yb
3+

:Er
3+

 nanoparticles. (1) No 

pump, (2) 977 nm pump at 40 mW. 

The theoretical modeling reveals that by 

further optimizing the parameters of rare-

earth doped nanocrystals, as well as by 

improving dispersibility of nanocrystals 

in the polymer matrix through 

modification their surface with organic 

ligands, one can expect net optical gain in 

polymer EDWAs as high as > 10 dB/cm 

throughout the entire C – band. 

The study of active core – active shell - 

inert shell nanocrystals co-doped with 

Ce
3+

 and Eu
3+

 is now in progress, the 

results will be published elsewhere. 

 

3. CONCLUSIONS 

Active core – inert shell β-

NaYF4:Yb
3+

:Er
3+

 nanocrystals with ≈ 40 

nm size, possessing high – intensity 

down-conversion in the telecom C – band 

were synthesized by thermal 

decomposition method. The polymer 

EDWA with embedded nanocrystals was 

fabricated. The gain in the 1 cm long 

polymer waveguides amplifier at 1.6 

dB/cm was demonstrated. The gain may 

be improved by optimizing the 

parameters of rare-earth doped 

nanocrystals as well as polymer matrix. 

The results show that β-NaYF4/Yb
3+

/Er
3+

 

nanocrystals embedded in the polymer 

matrix are promising for fabricating 

compact waveguide amplifiers for 1.5 m 

integrated optical interconnects on the 

printed circuit board. 
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ABSTRACT: Established in principle the use of recycled waste flotation beneficiation of 

tungsten ores as a mineralizer and aluminosilicate component of the raw mix for producing 

Portland cement clinker. Experienced cements obtained with their use as an additive or filler, 

technological characteristics satisfy the requirements of GOST 10178-85 and GOST 22266-94 

on civil and sulphate-resistant cement, and compressive strength of the brand of cement "400".  

Results of experimental-industrial production of clinker and cement by JSC "Agreement" using 

photoetched beneficiation of tungsten ores Ingichka as a mineralizer and aluminosilicate 

component.  

 

Keywords: tungsten ore, flotation, secondary tailings, ferrous mineralizer, aluminosilicate 

component, the raw material mixture, roasting, рortlandcement clinker, рortland cement. 

 

 

1. INTRODUCTION 

 Currently in the Republic of Uzbekistan 

pays great attention to the issue of 

environmental protection. This will be 

particularly important an integral part of the 

solution to this problem, solid waste 

disposal, industrial enterprises and 

development of rational technology of their 

processing.   

Such wastes include the wastes from mining 

and processing plants, including secondary 

waste flotation of tungsten ores, which is 

accumulated in two repositories for waste 

mine Ingichka 

However, to date these wastes did not find 

industrial application, although their 

chemical and mineralogical composition 

indicates their suitability in the production 

of various construction materials, including 

in the production of clinker and cement, 

which dictates the need to conduct 

comprehensive studies to determine their 

specific areas of application.  

 

 

 

 

 

2. MATERIAL-METHOD AND 

PREPARATION OF SAMPLE 

 For experimental studies on the 

composition of raw mix for burning Portland 

cement clinker as raw materials used: 

limestone field "Podzemgaz", gabbro 

deposits Akcha and secondary waste 

beneficiation of tungsten ores Ingichka. To 

regulate the setting time of the cements on 

the basis of the synthesized clinkers used 

natural gypsum deposits "Ramitan". 

Chemical analysis of raw materials made in 

accordance with GOST 5382-91 . "Cements 

and materials for cement production. 

Methods of chemical analysis". Chemical 

composition of average samples of starting 

materials are given in table.1. Judging by the 

chemical composition of tailings tungsten 

ores is characterized by a predominant 

content of calcium aluminosilicate and 

glandular compounds small admixture of 

magnesium compounds, which indicates the 

possibility of its use as a conventional silica-

alumina component and a ferrous 

mineralizer in the composition of the raw 

material mixture to obtain рortlandcement 

clinker. 
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Table 1. Chemical composition of raw materials 

 

№ Name loss on 

ignition 

The content of basic oxides,% Σ 

SiO2 AI2O3 Fe2O3 СаО МgO SO3 other 

1 Limestone 38,25 5,08 0,84 0,36 51,65 1,26 0,08 2,50 100 

2 Waste 

enriched 

of 

tungsten 

ores 

8,30 47,50 6,10 14,30 21,0 2,10 0,13 0,57 100 

3 Gabbro 2,15 44,01 19,65 6,99 13,35 6,95 - 6,90 100 

4 gypsum 

stone 

25,4 0,58 0,80 0,22 30,2 1,80 40,75 0,25 100 

 

 

 

Taking into account the chemical 

composition of the subjects of raw materials 

calculated compositions of raw mixtures to 

obtain clinker for cements for General 

construction and sulfate resistant (tab.2). 

Roasting raw mixtures was performed in an 

electric furnace with selimovi heater at a 

temperature              1350-1380°С aged for 

30 minutes at maximum temperature. 

 

 

 

 

3. EXPERIMENTAL RESULTS AND 

DISCUSSION 

 The calculation of the raw mixtures with the 

use of secondary waste beneficiation of 

tungsten ores were performed with the 

values of the coefficient of saturation (CS) - 

0,89-0,92; silicat modulus (n) - 2,28-2,31; 

alumina modulus (p) – 1,20-1,30. Estimated 

material composition of raw mixtures, 

chemical-mineralogical composition of the 

clinker given in table.2 and 3. 

 

 

 

 

Table 2. The material composition of the raw mixtures 

 

№ The name and content of raw material 

component, % 

The values of the 

modular characteristics 

The flow rate of 

the raw mix in 

1t of clinker Limestone Waste enriched of 

tungsten ores 

Gabbro CS n р 

1 76,30 13,35 10,35 0,89 2,31 1,20 1,4391 

2 76,44 12,03 11,53 0,89 2,28 1,30 1,4386 

3 76,70 11,92 11,39 0,90 2,28 1,30 1,4403 

4 77,20 11,69 11,11 0,92 2,29 1,30 1,4438 
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Table 3. The chemical composition of the raw mix and clinker 

 

№ loss on 

ignition, % 

The content of basic oxides , %  

Σ SiO2 AI2O3 Fe2O3 СаО МgO SO3 other 

Raw mixture for production of clinker 

1 30,51 21,26 5,02 4,18 62,74 2,82 0,10 3,89 100,0 

2 30,49 14,67 3,64 2,80 43,55 2,02 0,07 2,78 100,0 

3 30,57 14,57 3,61 2,78 43,64 2,01 0,07 2,77 100,0 

4 30,74 14,37 3,54 2,73 43,81 1,99 0,07 2,77 100,0 

Clinker 

1 - 21,26 5,02 4,18 62,74 2,82 0,01 3,89 100,0 

2 - 21,10 5,24 4,03 62,65 2,90 0,10 4,00 100,0 

3 - 20,98 5,20 4,00 62,85 2,89 0,11 4,00 100,0 

4 - 20,74 5,12 3,94 63,25 2,87 0,11 3,99 100,0 

 

 

Table 4. The mineralogical composition of clinker 

 

№ The content of the main minerals in the clinker, % The liquid 

phase, % С3S С3S С3А С4АF 

1 53,75 20,42 6,19 12,79 31,19 

2 53,35 20,27 7,03 12,25 31,68 

3 55,43 14,58 6,87 11,97 31,48 

4 59,52 14,58 6,87 11,97 31,08 

 

 

As a result of laboratory studies have 

established the possibility of producing high 

quality clinker calcining at a temperature of 

1350°C raw mixtures, composed by 

CS=0,90; n=2,28; p=1,14. The material 

composition of raw mixtures the contents of 

the tailings of fluorite ores amounted to 12-

13%; gabbro – 10,5-11,5%; the rest is 

limestone. Roasting raw mixtures at a 

temperature of 1350-1400°C produced in an 

electric furnace with sheltowee rods. The 

hydraulic activity of cement-based 

synthesized clinkers after 28 days of water 

curing was                 (41,3-42,2) MPa, which 

corresponds to requirements of GOST 

10178-85 on         PC 400 D0. 

 On the basis of design data table. 4 and 

physico-mechanical properties of cements as 

the optimal composition selected 2 for the 

preparation of pilot batches of raw sludge. 

Limestone "Podzemgaz", gabbro and 

flotation waste mine Ingichka industrial raw 

mill was ground 96 m
3
 of raw sludge. The 

material composition of the raw sludge (dry 

matter), %: limestone                  " 

Podzemgaz "-76,44; gabbro – 11,53; waste 

beneficiation of tungsten ores -12,03. The 

chemical composition of raw sludge are 

shown in table. 5. Technological 

characteristics of raw sludge: the weight of 1 

liter of sludge – 1500 g; humidity – 38%; 

flow – 60 mm; the fineness of the residue on 

the sieve № 008 – 16%. Burning of raw 

sludge produced in a rotary kiln JSC 

"Angrensement"  
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Table 5. The chemical composition of raw sludge 

 

loss on 

ignition 

The content of the main minerals, % Modules 

SiO2 А1203 Fe203  СаО  MgO  S03  КН n p 

Raw sludge 

30,10 14,30 3,40 2,97 43,30 2,10 - 0,91 2,32 1,07 

Clinker subject to experience 

- 20,20 4,50 4,20 60,9 3,10 - 0,91 2,32 1,07 

 

 

The fuel used is fuel oil. The process of 

clinker burning using plethodon occurred 

with reduced fuel consumption (fuel oil) to 

(6-10)% (maximum firing temperature 

1360-1380)°C. The power of the furnace 

was (9-10) t/h, which is (11,25-12,5)% 

higher than when applying the standard 

sludge (8 t/h). 

In the firing process sludge in a rotary kiln is 

noted that the material is fired normally; the 

process of formation of a protective coating 

on the refractory lining of the furnace - 

normal; clinker granulation – normal.  

Weight of 1 liter of clinker was changed 

(from 1400 to 1700)g, in the composition of 

the clinkers free calcium oxide is absent, 

indicating completion of the process of 

clinker formation at relatively low 

temperature roasting-1360-1380°C. 

 Estimated average mineralogical 

composition of the clinker samples, %: C3S–

at 56.03; C2S–15,63; C3A–4,80; C4AF–

12,77. 

In the firing process selected 3 samples of 

clinker, which were ground in a laboratory 

ball mill with the addition of 5% gypsum 

stone, after which they were conducted 

physico-mechanical tests of the 

experimental cements in accordance with 

GOST 310.1-310.4. The results of physico-

mechanical tests are given in table.6. 

 

 

 

Table 6. Physico-mechanical properties of the experimental cements 

 

 

Cements  

 

SO3, 

% 

The fineness 

of the 

residue on 

the sieve   

№ 008,  

% 

 

 

В/Ц 

 

the 

decomposi

tion of the 

cone, 

mm 

Hardening time, 

hour-min 

The compressive 

strength, MPa age 

(days) 

начало конец 3 7  28  

1.Experienced 

cement №1  

 

2,10 

 

12,5 

 

0,39 

 

113 

 

2-15 

 

4-20 

 

15,1 

 

25,0 

 

41,3 

2.Experienced 

cement №2  

 

2,22 

 

12,0 

 

0,39 

 

113 

 

2-10 

 

4-10 

 

16,2 

 

26,7 

 

42,2 

3.Experienced 

cement №3  

 

2,15 

 

12,8 

 

0,39 

 

113 

 

2-20 

 

4-10 

 

16,0 

 

26,5 

 

41,5 

 

 

 

In accordance with the data table.6, the 

content of SO3, the fineness, water 

demand, setting time experienced 

cements meet the requirements of GOST 

10178-85. At 28 days age normal 

hardening they have the compressive 

strength of the 42,3 to 43,6 MPa, which 

corresponds to the brand of cement 

"400". 
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4. CONCLUSION 

Laboratory studies and experienced 

industrial tests conducted on JSC 

"Angrensement" confirm the 

effectiveness of tailings by flotation 

beneficiation of tungsten ores as a 

complex raw material for producing 

clinker. In the process of testing a 

decrease in the moisture content of the 

sludge at 2%, the firing temperature is 70 

to 100°C, fuel consumption – 6 -10%, 

increase furnace productivity - 11-12,5%. 

During firing of clinker from waste 

beneficiation of tungsten ores mining 

Ingichka the processes of formation of 

clinker proceed normally at a lower 

temperature (1360-1380) °C than at 

roasting clinker with the use of traditional 

mineralizers (tfiring 1450°C). Experienced 

cement process parameters meet the 

requirements of GOST 10178-85 on 

portlandcement PC 400 D0.  
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THE PRODUCTION TECHNOLOGY OF ADDITIONAL CEMENTS WITH 

USE OF WASTE OF ENRICHMENT OF FLUORITE ORES 

  
L. M. Kakurina, F.A.Atabayev, L.M. Makhsudova N., F.I.Erkaboyev 
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The urgency of the problem. The problem of defining potential areas for tailings beneficiation 

fluorite ore, the reserves of which amounts to more than 11 million tons, interested cement plants 

of the Republic of Uzbekistan, as in the additive-filler to cement. According to the preliminary 

research of this waste and found that its chemical and mineralogical composition represented 

mainly aluminosilicates with a small admixture of iron compounds and calcium fluoride, which 

predicts the possibility of their use as a potential raw material in the production of various 

construction materials and products, in particular, as the aluminosilicate component of the raw 

material mixture to obtain a non-fired building bricks, autoclaved sand-lime brick, cement 

clinker, additives and filler to get the added cements, etc. 

 

Keywords. Fluorite ore flotation, tailings, highly siliceous material, recycling, additive, filler, 

additive cement, physico-mechanical characteristics and ecology. 

 

Question formulation. In connection with 

the depletion of certified gliege Angren 

Deposit and high transport costs on import 

electrothermophosphoric slag from 

Kazakhstan, currently all of the existing 

cement plants of the Republic, including 

JSC «Bekabadcement» and JSC 

«Akhangarancement», and various grinding 

compartment for the production of 

additional cement, you feel an acute 

shortage of active mineral admixtures and 

additives-fillers that dictates their 

exploration locally available and cheap 

sources.  To examine the possibility of using 

this waste material in cement production for 

cement cement with no need to conduct 

large-scale investigations of the properties 

of additive cement with fluorite waste, 

creation of a package of regulatory 

documents, conducting pilot tests on their 

release, the development of specific 

recommendations for the implementation of 

technology for additive cement and to 

organize the processing of this waste is 

being supplied to cement plants. 

 

Objects and methods of research. Sample 

preparation and chemical analysis of raw 

materials was carried out in accordance with 

the following regulations: clinker according 

to GOST (State standard) 8735-91 "Cements 

and materials for cement production. 

Analysis methods; gypsum stone on O'z DSt 

(State standard of the Republic of 

Uzbekistan) 760-96 "the Stone of gypsum 

and gipsoangidritovye for the production of 

binders. Technical conditions"; additives 

tailings fluorite ore GOST 8269.1 - 97 

"Crushed stone and gravel from dense rocks 

and industrial waste products for 

construction works. Methods of chemical 

analysis". Received in the laboratory the 

cement with the additive (10,15,20) % the 

tailings of fluorite ore were tested for 

compliance with the requirements of GOST 

10178-85 "Portland cement and slag cement. 

Technical conditions" in methods GOST 

310.1 -310.4 "Cements. Test methods". 

Determining average grain composition ( 

sample № 1+ sample № 2) samples was 

performed by the method of GOST 8735-88 

"Sand for construction works. Technical 

conditions". 

 

The results of chemical analysis of the 

averaged samples of tailings fluorite ores are 

given in table.1.  
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Table 1. The chemical composition of fluorite flotation waste 

 

Name The content of the mass fraction of oxides, % 

loss on 

ignition 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 
The rest 

Sample № 1 3,97 76,70 5,86 1,60 6,98 0,22 2,38 2,29 

Sample № 2 2,52  85,20 3,72 1,02 4,43 0,14 1,51 1,46 

Sample № 3 2,81 88,89 1,89 1,60 2,90 0,52 1,02 0,37 

Sample № 4 2,78 89,45 3,32 0,69 1,44 0,40 0,12 1,80
 

 

Results and discussion. From the data 

table. 1 shows that the chemical composition 

of tailings fluorite ore presents a 

predominant content of oxides of silicon in 

amount (76,70 - 89,45)%, contains oxides of 

calcium, aluminum, iron, magnesium. The 

magnitude of mass loss on ignition (2,52-

3,97)%, and the presence (1,44 - 6,98) % 

calcium oxide and (0,12 - 2,38) % sulfur 

dioxide indicates the presence in the samples 

of carbonate and sulfate compounds.   

 According to x-ray diffraction, 

mineralogical composition of fluorite ore 

flotation waste is mainly represented by 

quartz (SiO2) with diffraction lines with 

d/n=0,413; 0,334; 0,242; 0,223; 0,153; 

0,137) AO, calcite (CaCO3) with d/n=to 

0.303; 2,09; 0,189) nm, plaster with maxima 

at d/n=0,413; 0,366; 0,189; 0,178) nm, also 

found the diffraction peaks (d/n=0,314; 

0,192; 0,164) nm belonging to the fluorite 

(CaF2), which is consistent with the data of 

chemical analysis. Consequently, the 

chemical-mineralogical composition of 

these waste is a quartz sand that contains 

(76,7-to 85.2) % of silicon oxide (SiO2) with 

(14,8 - 23,3)% of impurities associated rocks 

(calcite, gypsum, clay minerals and residual 

fluorite).        

 To determine the scope of the said waste 

studied their grain structure. The test results 

are shown in table. 2. According to the 

results of determination of grain 

composition and calculation of the full 

balance of the controlling city of fineness 

modulus of*, it follows that the study 

sample represented small grain composition 

can be used according to GOST 31424-

2010, p .4.1.8, for the manufacture of graded 

sand (or their mixtures) of the following 

fractions with each fraction in % by weight : 

       

- more than 0,315 up to 0,63 mm one in 

15.43 %; - more than 0.16-0,315 mm – 

46,48 %; 

- from 0 to 0.16 mm – 37,73 %.  

 
*module size, was calculated by the formula:

  

Мs   = 4,0+34,0+71,0  =   1,09 

                               100 

 

 

Table 2.Grain composition of sand from the flotation waste, fluorite sand 

 

The name of the residue Residues on sieve, % by mass, on sieves № : 

0,63 0,315 0,16 0,01 The bottom 

Partial 4,0 30,0 37,0 19,0 9,2 

Full 4,0 34,0 71,0 90,0 100,0 

      

 In accordance with the scope of GOST 

31424-2010, sand screenings from waste 

beneficiation fluorite ore can be used in 

various kinds of construction works on the 

layout and landscaping in the form of graded 

sand (or a mixture of fractions). According 
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to GOST 25607-94 may also use it as a 

small commodity component for preparation 

of various on the grain composition of 

crushed stone – gravel - sandy mixtures for 

the construction of bases and pavements for 

roads and airfields.  

 According to the results of tests conducted 

of sand from fluorite flotation waste meets 

the requirements of GOST 8736-93 "Sand 

for construction works. Specifications" 

(Appendix A), the content (22,50 mmol/l ) 

silica ( as SiO2) soluble in alkalies, 

attributable to harmful components and 

impurities (permissible content - not more 

than 50 mmol/l). Sulphur, sulphides and 

sulphates in terms of SO3 in the sand is in 

the range (1,51-2,38) %.  

 Previous studies (P. G. Komokhov, J. V. 

Solovyeva, etc.), the possibility of using 

calcium fluoride (CaF2) and its mixtures 

with (CaCO3) and gypsum as activators of 

hardening, by their imposition in the amount 

of (0,5 -5,0) % in inactive cements (slag), 

cement and concrete products. Test results 

established that the introduction of fluoride 

in cement mortars and concrete, may 

contribute to the intensification of hardening 

and increasing the strength of these 

materials.  

The presence in the sample under 

investigation fluorite sand mineral from the 

class of halides - fluorite (CaF2) in the 

amount of(2,9- 3,3) %; 3,70 %, calcium 

carbonate (CaCO3); 5,12 %, gypsum in 

terms СаSO4 . 2H2O, suggests the possibility 

of its application as an additive in the 

manufacture of cements, concrete and 

concrete products (non-fired bricks, paving 

tiles, etc.).    

To test the possibility of using fluorite sand 

to get the added of selected cements, 

samples of the initial components was 

subjected to chemical analysis (tab. 3). 

According to chemical analysis was 

calculated mineralogical composition and 

modular characteristics of clinker KN, n, p 

(Table 4).  

  

   

 

Table 3. The chemical composition of raw components to get the added cement 

 

Name  The content of the mass fraction of oxides, % 

loss on 

ignition 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 
The rest 

Clinker 0,75 20,54 5,19 3,56 62,04 3,60 0,62 4,24 

Fluorite sand 3,25 

 

80,95 4,79 

 

1,30 

 

5,70 

 

0,18 

 

1,95 

 

1,87 

 

Gypsum stone when a      

400
о 
С 

19,10 

1,52 0,13 0,14 33,04 0,20 43,46 2,41 
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Table 4 .Estimated mineralogical composition and characteristics of clinker 

 

Indicator name 

The ratios of clinker for cement concrete construction 

Standardize 

on O'z DSt 2801 

The actual 

The saturation coefficient (SC) 0,85 - 0,95 0,91 

Silicate module (n) 1,9 - 3,5 2,34 

Tricalcium silicate 

(С3S),% , not more 

Not standardized 56,52 

Tricalcium aluminate (C3A), %, not 

more 

Not standardized 7,74 

The amount of tricalcium aluminate 

(C3A) and four calcium alumino 

ferrites (С4AF), %, not more 

Not standardized  

10,82 

 

The chemical analysis results, the calculated 

mineralogical composition and modular 

characteristics show that the clinker selected 

to receive the incremental cements, meets 

the requirements of Portland cement clinker 

O'z DSt 280:2013 "Portland cement Clinker. 

Technical conditions" to obtain a general 

construction cements. Concerning the total 

content of gypsum and anhydrite in terms 

СаSO4 × 2H2O, gypsum stone meets grade 

2, which according to the requirement O'z 

DSt 760 - 96, can be used for cement 

production. Joint grinding of clinker with 

5% gypsum fluorite stone and sand 

produced (10, 15, 20)% in a laboratory ball 

mill. As control was used clinker with 5 % 

gypsum stone without additives (table. 5).  

   

         

Table 5.Material composition of cements using fluorite sand 

 

№ 

 

Designation cements Material composition of cements, % The 

fineness of 

the residue 

on the sieve 

№ 008,% 

Clinker Gypsum stone Fluorite sand 

1 РС D0 95 5 - 10 

2 РС D 10 85 5 10 11 

3 РС D 15 80 5 15 10 

4 РС D 20 75 5 20 10 

          

 It is established that the introduction 

of the cement (10-20) % supplements HOF 

process of additive cement grinding, is not 

changed compared with the cement without 

additives. The fineness of cements with 

additives and without additives, determined 

as the residue on the sieve № 008, was (10-

11) %. The test results are shown in table. 6.  
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Table 6.The results of tests of cements with the addition of fluorite sand 

Designatio

n cements 

The fineness 

of 

R008 ,% 

water-

cement 

ratio of 

the 

mortar1

:3 

 

the 

decomposit

ion of the 

cone, 

mm 

Tensile strength after 28 days: 

when 

bending, 

%/kgf/cm
2
 

compression

, 

%/kgf/cm
2
 

the decline in 

compressive 

strength., % 

РС D 0 10 0,36 115 100 

67,0 

100 

413 

- 

РС D 10 11 0,35 114 98,0 

65,7 

98,3 

406 

1,7 

РС D 15 9 0,35 115 95,7 

64,1 

97,6 

403 

2,4 

РС D 20 10 0,35 114 90,3 

60,5 

91,0 

376 

9,0 

 

The results of physico-mechanical tests 

showed that the incremental cements at 28 

days age normal hardening have a 

compressive strength within (376-406) 

kgf/cm2. With the introduction of (10-15)% 

supplements fluorite sand, cements (PC 

D10, D15 PC) having a compression 

strength (406, 403) kgf/cm
2
, according to the 

requirements of GOST 10178 - 85, 

characterized 400 mark.    

To implement this design in cement 

production created a package of regulatory 

documents for the preparation of fluorite 

sand with a view to its supply in cement 

plants, organized production of pilot batch 

of incremental cement and concrete 

recommendations for widespread adoption 

of technology for additive cement in cement 

plants of the Republic of Uzbekistan. 

 The economic effect when using the tailings 

of fluorite ores as an additive or filler for 

cement is due to the fact that it is dispersed 

granular material that does not require 

extraction and preliminary size reduction, 

which will greatly save energy, so its selling 

price will be significantly lower than those 

traditionally used by local gliege and 

imported from Kazakhstan 

electrothermophosphoric slag, which, in 

turn, reduces the incremental cost of cement 

and most importantly – to improve the 

environment. 

 

Conclusion. Studies conducted in accredited 

laboratories NEIIC "Strom" together with 

LLC "CHIGIRIG BIZNES" and LLC 

"SIENCINVESTMENТ" found that tailings 

fluorite ore can be used in the form of 

graded sand (or a mixture) according to 

GOST 31424-2010, to perform various types 

of construction work in layout and 

landscaping and as a component (particles 

less than 0.63 mm) for preparation of 

various on the grain composition of crushed 

stone–gravel-sandy mixtures for pavements 

and bases for highways and airfields GOST 

25607-94.       

The clinker to produce additional cement for 

General construction purposes must be of 

high quality and contain not less than 55% 

of tricalcium silicate (С3S), which 

determines its high hydration activity and, as 

a consequence, high strength cements based 

on it.  Incremental cements containing 10-

15% waste beneficiation fluorite ore, in 

terms of strength are not inferior to Portland 

cement without additives  PC D20, 

therefore, they in an amount up to 15% can 

be entered in the composition of 

рortlandcement for concrete construction 

cements without compromising their brand 

strength
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Keyword.  Damp asbestos-cement waste, utilization, thermoactivation, contact with hot clinker,  

additive to clinker, portlandsement, asbestos-cement products, improvement of ecology, 

economic effect. 

 

Relevance of a problem. 

By production of asbestos-cement products waste in the form of the damp mix of asbestos and 

cement settling in settlers at purification of the water dumped in them and also in the form of dry 

waste of the products which didn't pass technical control, scraps of pipes and the shaving 

received at their machining is formed. The quantity of dry waste makes (2,6-4) % of mass of the 

let-out products. The volume of damp waste in terms of solid reaches (1,5-2) % of the mass of 

raw materials. Occupying the huge spaces of land grounds, asbestos-cement waste promotes 

environmental pollution that demands effective ways of their utilization. At the same time 

asbestos-cement waste incorporates the components suitable for receiving on their basis of 

construction materials of different function, including a portlandtsement.  

 

Statement of a question.  

Because asbestos-cement waste incorporates 

the hydrated minerals of portlandtsementny 

clinker and small particles of asbestos, they 

can be used by production of various 

construction materials, including additional 

portlandtsement [1-7]. However, owing to 

full interaction of brick minerals of cement 

with water in the course of preparation of 

asbestos-cement suspension, this waste is 

characterized by low hydraulic activity that 

dictates need of their thermoactivation for 

removal of chemically connected water. At 

correctly picked up mode of heat treatment, 

as a result of dehydration of hydrate 

components, asbestos-cement waste gains 

the knitting properties. The highest activity 

of asbestos-cement waste can be received as 

a result of roasting at a temperature not 

below (600-700) ºС. In this temperature 

range dehydration of hydrosilicates comes to 

the end, asbestos decays and a number of the 

minerals capable to hydraulic curing is 

formed.    

 

Objects and methods of researches. 

For preparation for carrying out the 

chemical analysis of test of clinker and 

plaster of  JSC Kizilkumsement split up in a 

laboratory jaw crusher to the size of pieces 

less than 20 mm and dried up to the constant 

weight: clinker and damp asbestos-cement 

waste - at a temperature (105-110) ºС, 

plaster - at a temperature of 40 ºС. Then 

method of quartation selected average tests 

which crushed before full passing through a 

sieve № 008 in accordance with GOST 

(State standard)) 6613. 

The chemical composition of initial 

components was defined according to 

requirements of GOST 5382-91 "By 

cements and materials of cement production. 

Methods of the chemical analysis". The 

chemical and mineralogical composition of 

clinker conforms to requirements imposed 

by TSh (the standard of the organization) –

7-202:2008 to composition of clinker for 

production of a portlandtsement. The 

chemical composition of plaster conforms to 

requirements of O'z DSt (State standard of 

the Republic of Uzbekistan) 760-96. The 

studied tests of asbestos-cement withdrawal 

are uniform in chemical structure, and 

correspond to the data provided in 

references (tab. 1). 
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The joint grinding of clinker from 

5% of a plaster stone and asbestos-cement 

waste was carried out in a laboratory 

spherical mill. At a grinding used the mixed 

standard loading, at which ratio "material:" 

made the grinding bodies 1: 5,5. The mixed 

loading of a mill was carried out by 

tsilpebses (cylindrical figures for crushing) 

(25 kg) and spheres (25 kg) which were 

distributed by the sizes:  

                 - with the diameter of 70 

mm –  4,75 kg; 

                 - with the diameter of 60 

mm –  3,75 kg; 

                 - with the diameter of  50 

mm – 7,50 kg; 

                 - with the diameter of 40 

mm –  9,00 kg; 

 

Results and discussion. The essence 

of the method of activation of asbestos 

waste were heat-treated by contact, whereby 

a metered portion of asbozurite (waste from 

asbestos-cement manufacture) natural 

moisture is applied to the layer of hot 

Portland cement clinker leaving the kiln and 

heading to the fridge to cool.  

To simulate this in the laboratory, a 

bowl of clinker was placed in an electric 

muffle furnace and heated to a temperature 

of 1000ºC. After soaking for 30 minutes in a 

bowl of clinker was removed from the 

furnace and clinker poured into a metal 

container. There are bombarded with a 

measured shot of assurity and thoroughly 

mixed. After cooling under natural 

conditions the charge "of portlandcement 

clinker + asbestos waste" was placed in a 

ball mill was ground with 5% dihydrate 

gypsum to the residue on the sieve № 008 

(12-14)%. To obtain рortland сement with 

the addition of asbestos waste in the 

laboratory, used a wet assured and to 

compare assured natural drying (tab.2). The 

number of assurity with humidity 19,10% in 

fact, and in another case was (3, 5, 10)% by 

weight of the clinker without humidity. As a 

basis for comparison used clinker waste 

without additives. 

 

 

Table 1. Chemical composition of asbestos-cement waste 

Type of 

asbestos-

cement waste 

The content of components, % 

loss on 

ignitio

n 

 

SiO2 

 

Fe2O3 

 

Al2O3 

 

CaO 

 

CaOсв. 

 

МgO 

 

SO3 

 

RO2 

Damp 25,6 18,7 3,5 4,0 41,0 2,94 4,2 2,9 0,8 

Dry 15,6 20,0 4,2 3,9 49,0 5,6 6,2 1,3 0,6 

Shavings 

from pipes 

17,3 20,0 3,6 2,9 47,2 - 4,7 1,4 0,6 

remains of 

asbestos-

cement 

sheets 

 14,8 20,1  4,2 4,1 50,1 5,5 6,2 1,3 0,5 
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Table 2.The chemical composition of raw materials 

№ 

 

Material loss 

on 

ignit

ion 

 

SiO2 

 

Al2O3 

 

Fe2O3 

 

CaO 

 

MgO 

 

Na2O 

 

K2O 

 

SO3 

1 Clinker * 0,75 20,54 5,19 3,56 62,04 3,60 0,97 1,07 2,62 

2 Gypsum 2,2 1,52 0,13 0,14 33,04 0,20 0,10 0,10 43,46 

 Asbozurite:   

3 Sample 1 1,90 23,41 5,90 4,93 55,71 7,12 - - 1,32 

  

4 Sample 2 1,77 24,41 6,03 5,21 54,27 6,80 - - 1,38 

  

* Estimated mineralogical composition of clinker, % :     

С3S = 56,52;  С2S = 17,12;  С3А = 7,74;  С4АF = 10,82 

 

 

Wet asbestos waste is added to the 

clinker, passed the preliminary heat 

treatment at a temperature of 1000ºC for 30 

minutes, dry waste to clinker without heat 

treatment. Joint  grinding  of  clinker  with  

5%  gypsum  and  asbestos  waste was 

carried out in a laboratory ball mill. 

The material compositions and designations 

of cements using asbestos waste are listed in 

table 3. 

 

 

Table 3.Material composition of cements using asbestos wastes of JSC 

"Kizilkumcement" 

№№ 

п/п 

Designation 

cements 

The composition of cement, % Тонкость 

Clinker Gypsum 

stone 

Asbestos cement waste grinding the 

residue on 

the sieve 

008, 
САЦО ТАЦО 

1 PC D 0 95 5 - - 15 

2 PC D 3 92 5 3 - 21 

3 PC D 5 90 5 5 - 28 

4 PC D 10 85 5 10 - 28 

5 TPC D Д3 92 5 - 3 10 

6 TPC D Д5 90 5 - 5 9 

7 TPC D 10 85 5 - 10 13 

 

      

The results showed that cement 

compositions with additives of asbestos 

waste used in the thermo-processed and 

natural moisture, have different grinding 

ability. Experienced portlandcement with 

the additive (3, 5, 10) % heat-treated 

asbestos waste after 60 min. grinding had 

residue on sieve № 008 (10, 9, 13)% 

respectively. The fineness of the 

experimental cements with addition 

(3,5,10)% of dry waste, under equal 

conditions of grinding was (21, 28, 28)%, 

respectively. Therefore, heat treatment of 

asbestos waste contact method improves the 

grinding ability of raw mixtures that predict 

the possibility of obtaining cements based 

on them with improved physical and 

mechanical properties.           

An experimental batch of cement 

with the additive (3,5,10) % asbestos waste 
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(dry and thermo-activated asbestos cement 

waste) have been tested for compliance with 

the requirements of GOST (State standard) 

10178-85 "Portland cement and slag cement. 

Technical conditions" (table 4), and Ơz DSt 

(State standard of the Republic of 

Uzbekistan)913-98 "Portlandcement for 

manufacture of asbestos cement products 

specifications" (table 5), by methods GOST 

310.1 -310.4 "Cements. Test methods". 

The results of physico-mechanical 

tests showed that the experimental cement 

laboratory grinding at 28 days age normal 

hardening have a compressive strength 

within (346-432) kgf/cm
2
. For the 

comparative analysis of test results the limit 

of compressive strength of cement without 

additives (R compression) at the age of 28 days, 

the value of which was 412 kgf/cm
2
, taken 

as 100 %. With the introduction of ( 3 -10) 

% of dry asbestos cement waste cement 

laboratory grinding (PC D3, PC D5, D10 

PC) have a compressive strength ( 346, 366, 

346) kgf/cm
2
 respectively. The lower limit 

of the compressive strength at (11-16) % of 

cement with the additive of dry asbestos 

cement waste in comparison with Portland 

cement without additives, obviously due to 

their coarse dispersion. The fineness of 

cement with dry asbestos cement waste, 

determined by the residue on the sieve No. 

008, was (21, 28) % in comparison with the 

remainder (15 % ) cement without additives 

under identical conditions of their grinding. 

            Experimental cements (TPS  D3, 

TPS D5) with the additive (3, 5) % thermo 

activated asbestos cement waste to the 

values of ultimate strength in compression ( 

416, 432) kgf/cm
2
, according to the 

requirements of GOST 10178 - 85, 

characterized 400 brand. Increase 

supplementation to 10% leads to a sharp 

decrease (15 %) strength of cement (TPS 

D10, tab.6). It should be noted that the 

cements with the addition of thermo-

activated asbestos cement waste have an 

increased water requirement ( 0,45-0,46). 

Therefore, the scope of such cements can be 

somewhat limited. For example, to obtain 

concrete structures and products with the 

required physical and mechanical 

characteristics will need to use a stiff 

mixture and to resort to more intensive 

methods of compaction , in particular to 

extrusion.  So, cements with addition of 

thermally activated asbestos cement waste 

can be recommended for the production of 

asbestos cement products, molding which 

provides for the preparation of asbestos 

cement suspension with a lot of water (60-

92) % and the subsequent removal of the 

sheet-forming carriages on the car by 

filtration, vacuume dehydration, the final 

sealing of asbestos-roll rolling aspect 

between the drum and the press rollers. The 

portlandcement used in the production of 

asbestos cement products must meet the 

requirements Ơz DSt 913-98. Clinker for 

production of such cement should be high 

quality and contain not less than 55% of 

three calcium silicate (С3S), which 

determines its high hydration activity and 

the content of the three calcium aluminate 

(C3A) at least 3% and not more than 9%. 

           According to the requirements of the 

above standards, the tensile strength of 

cement flexural and compression should be 

determined at the age of 3 and 7 days of 

normal hardening and have a value not less 

kgf/cm
2
, :   

     - age 3 d – Rcurve = 32 kgf/cm
2
; Rcompress = 

200 kgf/cm
2
;    

     - age   7 d – Rcurve   = 42 kgf/cm
2
;   

Rcompress = 270 kgf/cm
2
;    

       The beginning of the cement should 

occur no earlier than 1 hour 30 minutes, and 

end no later than 5 hours.  

          The data of tables 4 and 5 shows that 

the values of tensile strength in bending and 

compressive strength and setting time of the 

cements with the addition of (3-5)% 

thermally activated waste comply Ơz DSt 

913-98, depending on the type of asbestos 

waste (dry asbestos waste, thermo-activated 

asbestos cement waste) you can obtain 

cements with different properties, which 

largely depend on the preparation of 

asbestos cement waste to introduction to the 

process of grinding components.  
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Table 4. The results of physico-mechanical tests of the experimental cements with addition 

asbestos waste JSC "Kizilkumcement" for compliance with the requirements of GOST 

(State standard)10178-85 

 

Ceme

nts 

The composition of the cement, 

% 

Тhe 

fineness 

of, R008 ,  

Wate

r-

ceme

nt 

ratio 

 

1:3 

 

Тhe 

decomposit

ion of the 

cone, 

mm 

The tensile 

strength at the age 

of  

28 d 

 

Clink

er 

 

Gypsu

m 

dry 

asbest

os 

waste 

thermo

-

activat

ed 

asbest

os 

cemen

t waste 

th

e 

re

st 

% 

Pas

s   

% 

When 

bendin

g 

% / 

kgf/c

m
2
, 

Compress

ion 

% / 

kgf/cm
2
, 

 

PC D 

0 

 

95 

 

5 

 

- 

 

- 

 

15 

 

85 

 

0,39 

 

113 

100 

62,8 

100 

412 

 

PC D 

3 

 

90 

 

5 

 

3 

 

- 

 

21 

 

79 

 

0,39 

 

114 

93 

58,5 

84 

346 

 

PC D 

5 

 

85 

 

5 

 

5 

 

- 

 

28 

 

72 

 

0,39 

 

113 

101 

63,4 

89 

366 

 

PC D 

10 

 

80 

 

5 

 

10 

 

- 

 

28 

 

72 

 

0,42 

 

113 

105 

65,7 

84 

346 

 

ТPC 

D3 

 

90 

 

5 

 

- 

 

3 

 

10 

 

90 

 

0,45 

 

115 

95 

59,9 

101 

416 

 

ТPC 

D 5 

 

85 

 

5 

 

- 

 

5 

 

9 

 

91 

 

0,46 

 

113 

96 

60,5 

105 

432 

 

TPC 

D10 

 

80 

 

5 

 

- 

 

10 

 

13 

 

87 

 

 

0,46 

 

113 

94 

58,2 

85 

З50 
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Тable 5. Physico-mechanical properties of the experimental cements with addition 

asbestos cement waste JSC "Kizilkumcement" and their compliance with the 

requirements of Ơz DSt 913-98 

 

Cement

s 

The composition of the cement, % The 

dough 

of 

normal 

density

, 

% 

The 

timing of 

the clutch 

Tensile strength,  

kgf/cm
2
, 

age, d 

 

Clinke

r 

 

Gypsu

m 

dry 

asbesto

s waste 

thermo-

activate

d 

asbestos 

cement 

waste 

start

, 

h -

min 

the 

end

, 

h -

min 

when 

bending 

compressio

n 

3 7 3 7 

PC D 0 95 5 - - 26,8 2 - 

30 

4 - 

00 

43,

3 

49,

0 

202 278 

PC D 3 90 5 3 - 26,6 2 - 

10 

3 - 

35 

42,

0 

48,

4 

169 242 

PC D 5 85 5 5 - 26,0 2 - 

00 

3 -

25 

39,

3 

51,

4 

179 256 

PC D 

10 

80 5 10 - 26,0 1 -

55 

3 - 

30 

36,

8 

49,

3 

169 242 

ТPC D 

3 

90 5 - 3 27,0 2 - 

05 

3 - 

40 

26,

8 

42,

0 

208 280 

ТPC D 

5 

85 5 - 5 27,5 2 - 

15 

3 -

30 

29,

8 

42,

4 

218 300 

TPC D 

10 

80 5 - 10 27,2 2 - 

25 

3 -

10 

26,

5 

41,

3 

179 248 
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The greatest increase in strength 

characteristics of cement provides a 

thermally activated additive (thermo-

activated asbestos cement waste), introduced 

to the mixture in amounts of 3 to 5) %. The 

compositions of experimental cements (TPC 

D3, TPC D5) can be recommended for the 

release of their pilot batches in conditions of 

JSC "Kizilkumcement", according to the 

contract № 75-C/12, " the Production of 

pilot batches of additive cement using waste 

asbestos-cement manufacture. Development 

of regulatory documents for asbestos waste 

as an additive in cement production" 

The proposed method of use of 

asbestos-cement waste is simple and 

requires virtually no installation costs of 

additional equipment. Heat treatment of wet 

asbestos - cement waste occurs through 

contact with red-hot portlandcement clinker 

at the outlet of rotary kiln. 

In accordance with the developed 

technological scheme (Fig.1), 

portlandcement clinker at the outlet of the 

rotary kiln has a temperature (1000-1100)
 о

С 

and is fed to the grate of a grate cooler, 

which simultaneously receives metered 

quantities of wet asbestos waste. Coming 

into contact with hot clinker, asbestos waste 

is dehydrated and lose chemically bound 

water.  Asbestos clinker mixture, cooled to a 

temperature (20-40)°C, with periodic 

rocking of the incoming motion is moved 

along the grid bars fridge, served on the 

rumble grate and later in crusher and cement 

mill hopper. This also comes fine fraction 

clinker and asbestos waste. 

The mixture is then milled and 

gypsum dihydrate, in an amount of 5%, are 

fed to the grinding in cement mill. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Technological scheme of production of Portland cement with the additive of asbestos-

cement waste         

 

Conclusion.  Developed contact method of 

thermoactivation wet asbestos waste feed on 

the layer of hot clinker leaving the rotary 

kilns with a temperature of  1000-1100°C 

and heading for a grate cooler for cooling. 

The method allows the removal of 

chemically bound water from the wet 

asbestos waste, which is getting a layer of 

hot clinker granules are deposited on their 

surface and fill the pores, i.e., are additive-

additive to the clinker. Heat treatment of 

asbestos-cement waste contact method 

improves the grinding ability of cement 

compositions. Noted that this additive 

allows to save up to 5% of expensive 

portlandcement clinker compounds without 

deterioration of its physical and mechanical 

properties: experimental cements with (3, 5) 

% additives (asbestos-portlandcement 

waste) construction and technical properties 

Storage of waste 

asbestos-cement 

Storage two water gypsum 
Storage of clinker with 

 additive 

thermo-activated asbestos 

cement waste 

 
Dosing Dosing 

 

Dosing 

 

Storage of portlandcement with the 

additive of asbestos-cement waste 

Thermal treatment of waste 

asbestos-cement layer on the hot 

clinker 

Grinding portlandcement with the 

addition of waste asbestos-cement 

waste 
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meet the requirements of GOST 10178-85 

and Ơz DSt 913-98. The technology was 

tested at JSC "Kizilkumcement" with a 

positive effect. With this technology, there 

are technological manual and specifications 

for thermo-activated asbestos waste as 

additive-additive to clinker to produce 

portlandcement, intended for production of 

asbestos-cement products. At JSC 

"Kizilkumcement line created by dosage and 

dried, asbestos-cement waste on a layer of 

hot clinker. The method allows a complete 

recovery of wet asbestos-cement waste, 

which improves the ecological situation on 

the territory of the enterprise. 
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Relevance of a problem. It is known that in prime cost of cement more than 60% make costs of 

fuel and energy resources that dictates need of effective ways of decrease in fuel consumption 

and the electric power on all repartitions of technological process. One of effective options of 

achievement of it is formation of the high-reactionary raw mixes capable to provide when 

roasting completion of process of clinker of education at a low-temperature stage what requires 

application as an alyumosilikats component of ingredients with a low temperature of melting to 

which number volcanic rocks belong. In the territory of the Republic of Uzbekistan there are 

large reserves of volcanic rocks which can be effective raw materials as as a conditional 

alyumosilikats component of raw mix and a mineralizer when roasting clinker, and ingredients 

of composite additives to a portlandsement (fig. 1). 

   

 

Fig. 1. Volcanic rocks 

 

 

Statement of a question. The technology of 

complex use of volcanic rocks by production 

of portlandsements clinker and 

portlandtsement with composite additives is 

introduced on JSC Kizilkumsement and JSC 

Kuvasaysement. At the same time, there are 

some questions in respect of decrease in 

costs of energy resources of a grinding of 

the raw mixes containing volcanic rocks, so 

they are materials with a high density and 

durability (from 100 to 350 MPa). In this 

plan cause a particular interest of the 

statement of famous scientists in the field of 

synthesis of portlandtsements clinker who 

note that at high-temperature roasting (1400-

1500°C) it is thin ground raw mixes there is 

more free lime, than in roughly ground. 

According to some information, similar 

delay of process of binding of oxide of 

calcium in is thin ground mixes it is noted 

also for lower interval of temperatures – 

1100-1300°C [1]. Thus deterioration is 

established quality of clinker when using is 

excessively thin the crushed raw materials 

which is characterized by the prevailing 

content in mix of particles the sizes of 2-3 

microns. Excessively high milling increases 

also water requirement of slime, reduces 
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productivity of furnaces and causes an 

excessive consumption of fuel [1,2]. 

Therefore there is a possibility of use in the 

cement industry of raw mix of the integrated 

grinding or use of roughly disperse raw 

materials, thus unevenness of 

homogenization of raw mix practically 

doesn't influence thermal effect of clinker of 

education at maintenance of optimum values 

of coefficient of saturation and modular 

characteristics. 

Proceeding from the above, in this 

work researches whenever possible of 

synthesis of clinker from two - and three-

component raw mixes with use as a 

conditional alyumosilikatny component of 

raw mix of nonconventional raw materials – 

a gabbro of the Akchа field of a rough 

grinding were conducted. 

Test methods and the used raw 

materials. When performing pilot studies 

preparation of raw materials and carrying 

out tests were carried out according to 

GOST (state standard) 25094. The chemical 

composition of raw materials and clinkers 

was defined in accordance with GOST (state 

standard) 5382-91 "By cements and 

materials of cement production. Methods of 

the chemical analysis". The high milling of 

limestone was carried out in a two-chamber 

spherical mill like MDL (mill the drum 

laboratory). For receiving grubodispersny 

raw material of a gabbro of a field of Akcha 

subjected to crushing on a shchekovy 

crusher to the sizes of particles 1-20 mm. 

The raw furnace charges including the fine 

limestone which is roughly ground by a 

gabbro, fluorite sand - withdrawal of 

floatation enrichment of fluorite ores or a 

phosphite and coal of Angrens coal mine 

burned in the laboratory electric furnace 

with the silits heater. Raw mixes burned at a 

temperature 1400-1420°C with an 

exposition of 30 min. Judged completeness 

of process of roasting according to the 

maintenance of free CaO in roasting 

products. The phase composition of clinkers 

and completeness of formation of brick 

minerals were studied by a X-ray phase 

method. 

 Results and their discussion. 

Definition of a chemical composition of a 

gabbro of a field of Akcha showed that this 

material belongs to group of the main 

magmatic breeds containing 40-52% of SiO2 

(tab. 1). The maintenance of A12O3 in it 

makes 21,52%. The chemical composition 

of fluorite sand is presented in the main SiO2 

(84,06) with small impurity of oxides of 

aluminum, magnesium, calcium and 

anhydrite of sulfuric acid. 

Depending on values of the 

saturation coefficient (SC), modular 

characteristics and component composition 

of raw mix, the maintenance of roughly 

ground gabbro in them made from 11,29% 

to 21,79% (tab. 2). The settlement 

mineralogical composition of clinkers 

includes (24,87 - 63,89) % of C3S; (18,43% 

- 37,95) C2S %; (14,59 – 19,93) C3A %; 

(5,70 – 8,82) C4AF %. The quantity of a 

liquid phase makes (26,63 – 37,15) % (tab. 

3). 

 

                                                                                        Table 1 

Chemical composition of input products 

 

№ 

Name 

input product 

fire 

loss 

Content of oxides, % 

SiO2 А12О3 Fe2О3 СаО МgO SO3 Σ 

1 Limestone 41,9 4,12 2,02 0,з9 48,71 0,40 1,28 98,81 

2 Gabbro 1,85 45,86 21,52 7,5 11,62 6,16 0,89 95,4 

3 Fluorite sand 2,89 84,06 4,29 0,79 4,18 8,03 1,60 96,61 

4 Coal 90,6 1,41 3,26 3,50 0,55  - 0,72 100,0 

5 Phosphite 16,1 12,66 1,26 0,39 25,97 0,20 36,17 92,75 

Таблица 2 

Material compositions of raw mixes 

№ Modular characteristics The maintenance of components in raw mix, % 

SC n р Limestone Gabbro Fluorite sand 
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1 0,80 1,61 3,23 78,21 21,79 - 

2 0,85 1,61 3,25 79,29 20,71 - 

3 0,90 1,61 3,27 80,20 19,70 - 

4 0,92 1,61 3,28 89,68 19,32 - 

5 0,80 2,40 3,50 80,56 13,21 6,24 

6 0,85 2,40 3,53 81,65 12,36 5,98 

7 0,90 2,40 3,57 82,67 11,58 5,75 

8 0,92 2,40 3,58 83,05 11,29 5,66 

9 0,90 2,20 3,49 82,19 13,21 4,59 

10 0,92 2,20 3,20 82,58 12,90 4,52 

 

With increase in the maintenance of a 

gabbro in raw mixes the tendency of 

increase of a liquid phase is noted.   

 Research of phase composition of the 

clinkers synthesized from the raw mixes 

containing roughly ground volcanic breed - 

a gabbro showed that in their structure free 

oxide of calcium is absent that testifies to its 

full assimilation in brick minerals. 

Table 3 

Mineralogical composition of clinkers 

№ Value of modules Mineral content, % 

SC n р С3S С2S С3А С4АF 

1 0,80 1,61 3,23 24,84 37,95 19,93 8,82 

2 0,85 1,61 3,25 З4,04 28,78 19,41 8,53 

3 0,90 1,61 3,27 44,46 20,10 18,93 8,25 

4 0,92 1,61 3,28 48,13 16,76 18,74 8,14 

5 0,80 2,40 3,50 28,26 42,37 15,57 6,25 

6 0,85 2,40 3,53 39,41 31,95 13,15 6,91 

7 0,90 2,40 3,57 49,87 22,17 14,75 5,79 

8 0,92 2,40 3,58 53,89 31,95 15,15 6,01 

9 0,90 2,20 3,49 48,77 21,75 15,60 6,29 

10 0,92 2,20 3,20 52,71 18,09 15,44 6,20 

 

  
 

On the difraktogrammakh of skilled clinkers 

accurately designated intensive reflections 

of an alit and belit at d/n are identified = 

(0,303; 0,297; 0,277; 0,270; 0,260 ….) nm. 

Depending on modular characteristics of 

raw furnace charges intensity of diffraction 

reflections of minerals move in this or that 

party a little  (fig. 2). 

According to the maintenance of the 

main minerals, the compositions of clinkers 

synthesized from three-component raw 

mixes with SC = 0,92 (structures №. 7, 8, 9 
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and 10) are considered optimum. Cements 

on their basis develop durability at 

compression in 28 days of normal curing of 

42,8-44,7 MPa that corresponds to brand 

400. 

Conclusion.  Expediency of production of 

portlandsement clinker on crushed-stone 

technology 

with use of roughly ground volcanic rocks in the form of sand and crushed stone is shown. 

Рисририри                                                    
 

 

 

 

Рис. Рентгенограмма клинкера № 2 
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Рис.   Рентгенограммы клинкеров, nm  
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Fig.2.   Difraktogramma of clinkers, nm 

   1 – clinker № 10 

 2 – clinker № 9 

 3 –  clinker № 8 

                                                                4 – clinker № 7 

Thus the maximum size of shredded rocks 

makes 20 mm. It is established that in the 

course of roasting, thanks to easily fusibility 

of volcanic rocks (1100-1180°C), at rather 

low temperature the liquid phase – silicate 

fusion in which oxides of calcium, 

aluminum are dissolved is formed, gland 

with formation of minerals of 

portlandsement clinker. The method of the 

X-ray phase analysis established education 

and good crystallization of aluminates, 

silicates and alyumoferrit of calcium, the 

microstructure of clinkers doesn't differ 

from structure of the portlandsement clinker 

received on traditional powder technology. 

Indicators of hydraulic activity of cements 

on the basis of the clinkers synthesized on 

crushed-stone technology provide their 

brand 400. 

 

The used literature 

 
1. Pashchenko A.A., Myasnikova E.A., 

MyasnikovA.A. . Cements from basalts. – Kiev: 

Naukova dumka, 1983. – 192 pages.  

2. Akramov E.M., Pulatov Z.P. Volcanic rocks of 

Uzbekistan – as complex raw materials for 

production of low-temperature clinker//Materials 

of the Republican Scientific and technical 

Conference "Modern Technologies and 

Innovations of Mining and Metallurgical Branch". 

Navoi, on June 14-15, 2012 Page 97. 

3. Buriyev of A.I. Formation of clinker in the cement 

raw mixes containing volcanic rocks// Materials 

of the Republican Scientific and technical 

Conference "Modern Technologies and 

Innovations of Mining and Metallurgical Branch". 

Navoi, on June 14-15, 2012 Page 99. Page 97. 

 

 

 

 



 

538 
 

THE PRODUCTION TECHNOLOGY OF THE MODIFIED 

PHOSPHITE AND ITS APPLICATION BY PRODUCTION 

PORTLANDTSEMENTS 

 
F.B.Atabayev, T.Kh.Suyunov, M. I. Iskandarova, N. A. Mironyuk 

 
Research and test center "Strom" of Institute of the general and inorganic chemistry of Academy of Sciences 

of the Republic of Uzbekistan, Tashkent, Uzbekistan,  

a. Corresponding author( strom13.00@mail.ru) 

 

Keywords: technogenic withdrawal, secondary raw materials, the phosphite, dust leaving 

the furnace, modification, neutralization of the acid remains, artificial plaster, a 

portlandsement, the regulator of terms of curing, substitute of a natural plaster stone, 

ecological effect. 

 

Relevance of a problem. Industrial  

wastes of many types on the chemical 

composition and properties are close to 

the natural raw materials used by various 

industries of construction materials and 

therefore can serve as full-fledged and 

economic substitutes of natural raw 

materials. To number of technogenic 

materials which use doesn't demand big 

capital and power expenditure and 

promotes improvement of ecology of 

industrial regions, also withdrawal of 

chemical production – a phosphite 

belongs. It is known that negative 

influence of dumps of a phosphite on 

environment is shown in pollution of 

atmospheric air, an underground and 

surface water, a soil and vegetable cover 

by the harmful substances which are 

filtering via the screen and allocated from 

dumps when dusting and doing 

irreparable harm to human health and all 

live organism.  

There is an extensive world experience 

on processing of a phosphite with 

receiving different types of construction 

materials and products. By scientists and 

experts of Uzbekistan it is also developed 

and it is offered to industrial application 

power - and resource-saving technologies 

of processing of a phosphite and 

receiving on its basis of low-temperature 

sulfoalyuminats clinker, a hydraulic 

additive in cement and sulphurous gas, 

angidrits  composite knitting, etc. 

However, many of these technologies 

didn't find broad industrial application: or 

because of complexity of technology in 

respect of hardware registration, or 

because of need of an investment of large 

capital sums for building of new objects 

on its processing, or because of poor 

quality of products. 

 

Statement of a question. The phosphite 

which is withdrawal of vitriolic 

decomposition of phosphoritic raw 

materials in the course of production of 

extraction phosphoric acid contains in the 

structure certain quantity the remains of 

sulfuric and phosphoric acids, a particle 

of not decayed phosphates in this 

connection has the sour environment, as 

is the major factor interfering its direct 

application in production of construction 

materials, in particular, by production of 

a portlandsement as the regulator of terms 

of its curing instead of a natural plaster 

stone. In case of neutralization of its 

acidity it becomes alternative to natural 

raw materials, the containing plaster, and, 

high dispersion of a phosphite is its 

advantage before a plaster stone, on 

production and which crushing the huge 

are spent power expenses.  

The analysis of the existing ways of 

neutralization of acidity of a phosphite 

shows that the way of washing of water-
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soluble impurity of phosphates and 

fluorides is difficult, in - the first in the 

plan of hardware registration, secondly 

power-intensive as a large amount of 

water is spent for washings of a 

phosphite, and on piercing or drying – a 

big expense of thermal energy. However, 

in the conditions of deficiency of water 

resources for development of a cotton 

breeding, melon growing and cultivation 

of vegetables we don't accept this way in 

the conditions of the Republic of 

Uzbekistan. Therefore more expedient 

option of neutralization of a phosphite is 

its modification by the alkaline 

components which don't have negative 

impact on its physicomechanical and 

construction and technical properties at 

introduction to cement. In this plan 

neutralization of acidity of a phosphite an 

alkaline component, in particular dust of 

furnaces for clinker roasting, opens new 

opportunities of utilization of this 

withdrawal, and to turn it into the useful 

component suitable for use in the cement 

industry that the economy of natural raw 

material and energy resources, decrease 

in prime cost of cement as a result 

promotes.  

 

Objects and methods of research. In 

experiments the following materials are 

used: a phosphite - a by-product of 

vitriolic decomposition of phosphorites 

by production of extraction phosphoric 

acid on JSC Ammofos-Maksam which 

stocks in dumps of the enterprise are 

exceeded by 60 million t; dust, leaving 

the furnace – the product which is formed 

in the course of roasting of 

portlandtsement clinker in the rotating 

furnaces of  3-8% of the lump of raw mix 

(about 60 thousand tons only on JSC 

Akhangaransement); portlandtsementny 

The clinker of JSC Akhangaransement. 

chemical composition of a phosphite, the 

dust leaving the furnace, clinker, the 

modified phosphite (MP) and pilot 

batches of cements defined in accordance 

with GOST (state standard) 5382-91 

"Cements and materials of cement 

production. Methods of the chemical 

analysis". The content of water-soluble 

P2O5 salts in a phosphite was determined 

by TSh (the standard of the organization) 

6.6-31. Preparation of pilot batches of the 

modified phosphite carried out in 

laboratory and industrial two-shaft 

mixers, made a grinding of pilot batches 

of cements in laboratory and industrial 

cement mills. Determination of 

physicomechanical properties of skilled 

cements is executed according to 

requirements of GOST (state standard) 

310.1-310.4, and compliance of their 

physicomechanical properties to 

requirements of ND (normative 

documents), classified in accordance with 

GOST 10178. 

The essence of technology is that input 

products (a phosphite + dust, leaving the 

furnace) are dosed in the ratio, sufficient 

for full neutralization of water-soluble 

P2O5 of a phosphite, and in case of need, 

are humidified up to 8-10% of weight. 

After hashing of oven dust with a 

phosphite, mix is stored before full 

neutralization (5-6 days) of  P2O5. During 

this time there is a process of modifying 

of a phosphite at which transition of 

connections, soluble, harmful to 

production of cement, in an insoluble 

state is carried out. The modified 

phosphite which is dried up to an air and 

dry state at the rate of receiving in ready 

cement of 1,5-3,5% of SO3 together with 

clinker is exposed to a grinding in a 

laboratory spherical mill to a subtlety of 

8-10% of the rest on a sieve № 008 (4900  

holes/cm
2
).  

 

Results and their discussion. Definition  

granulometric average test of a phosphite 

showed that in it the maintenance of 

fraction with a size of parts (1,6÷0,4 and 

0,16÷0,1) of mm prevails. The 
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maintenance of fraction less than 50 µ 

made 2÷3 of %. Humidity of 6,7%, bulk 

weight – (0,90-0,92) t/m
3
 quantity of 

water-soluble P2O5–0,14 of %. Dust, 

leaving the furnace, used as the modifier 

for neutralization of acidity of a 

phosphite, is formed as a result of 

carrying out of furnaces for roasting of 

clinkers of the fine thermoprocessed 

material by flue gases. In this regard, the 

particle size distribution of the dust 

leaving the furnace is characterized by 

existence of particles the size: 50 µ (~ 

60%), 35-50 µ (~ 27-30%) and less than 

35 µ (~ 10-13%). The chemical analysis 

showed that as a part of the dust leaving 

the furnace calcium oxide (47,93%) 

prevails. There are also silicon oxides (% 

SiO2=15,40), aluminum (% Al2O3=3,27), 

iron (% Fe2O3=2,38), magnesium (% 

MgO=3,04), alkaline metals (% 

R2O=2,94). For receiving a 

portlandtsement with an additive of MF 

portlandsement clinker of JSC 

Akhangaransement with SC (saturation 

coefficient) = 0,90 was used; n=2,47;        

Ó = 1,32, and as base for comparison – 

the same clinker with an additive of a 

plaster stone (tab. 1). 

 

Table 1:Chemical composition of initial components and modified phosphite (MP) 

 

For selection of optimum material 

structure of MF mixes with the 

maintenance of a neutralized component 

(from 15 to 25) % were prepared. 

Components (the phosphite and dust 

leaving the furnace) dosed in the ratio "a 

phosphite: dust, leaving the furnace", %: 

85:15; 80:20; 75:25 also homogenized in 

the laboratory mixer. For the purpose of 

acceleration of process of neutralization 

of the water-soluble P2O5 which is 

present at a phosphite, mixes humidified 

8-10% of weight to humidity. After 

homogenization of oven dust with a 

phosphite of mix stored 10 days at 

periodic hashing and moistening before 

full neutralization of P2O5. During this 

time there was a process of modifying of 

a phosphite at which transition of 

connections, soluble, harmful to 

production of cement, in insoluble 

connections was carried out. Process of 

neutralization was controlled by 

definition of the maintenance of water-

soluble P2O5 in 1, 3, 7, 10 days. Thus it is 

established that at the maintenance of 

0,40% of residual quantity of water-

soluble P2O5 in tests of an initial 

phosphite, introduction of 15 - 25% of 

oven dust in 1 days sharply reduces the 

maintenance of  P2O5 (to 0,08 - 0,1%), 

and by 10 days – neutralization reaction 

completely comes to the end. With 

increase in a share of oven dust process 

of neutralization is accelerated.  

№ 

 
Name 

Content of oxides , % 

fire 

loss 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 R2O 

P2O5 

 

1 Phosphite 15,50 14,56 1,92 0,62 25,25 1,45 37,23 3,33 0,40 

2 Dust, leaving the 

furnace 
24,18 15,4 3,27 2,38 

47,9

3 
3,04 0,36 2,94 0,20 

3 The modified 

phosphite 

17,24 14,7

3 

2,19 0,98 29,7

9 

1,77 29,8

5 

3,25 0,35 

4 Clinker 
0,80 

21,5

8 
4,97 3,77 

63,7

4 
2,97 0,41 1,80 - 

5 Plaster 
25,40 0,58 0,70 0,22 

30,2

0 
1,80 

39,7

5 
0,25 - 
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For an assessment of suitability of the 

modified phosphite as regulator of terms of 

curing of cements skilled cements in which 

the content of clinker made 92 ÷ 95% were 

prepared. For comparison the consignment 

of cement containing 5% of a plaster stone 

(tab. 2) is prepared. For the purpose of 

definition of an optimum dose of the 

modified phosphite containing the 

maximum quantity of the dust leaving the 

furnace (25%) it entered into cement in 

number of 5-8% at the rate of receiving in 

it (1,5-2,5) % of mass of SO3 according to 

requirements of GOST (State standard) 

10178. Components in the specified ratios 

subjected to a joint grinding in a laboratory 

spherical mill to a grinding subtlety less 

than 10% on the rest on a sieve № 008. 

Determination of terms of curing of 

cements in accordance with GOST 310.3 

showed (tab. 3.) that introduction of the 

modified phosphite instead of a natural 

plaster stone leads to increase in water 

requirement of cement and plasticizes 

cement dough 

 

Table 2:Material structure and subtlety of a grinding of cements 

 

№ Name of cements 

Maintenance of components, % Grinding 

subtlety on the 

rest on a sieve 

№ 008, % 
Clinker Plaster 

The modified 

phosphite 

1 Сontrol 95 5 - 8,0 

2 

Cements with the 

modified phosphite 

96 - 4 9,2 

3 95 - 5 8,3 

4 94 - 6 7,8 

5 93 - 7 7,9 

6 92 - 8 8,1 

 

(decomposition of a cone of 110-112 

mm, against 108 mm of control cement 

with a plaster stone).  

 

Start of the setting of the cement paste 

with MF occurs within 1 h 05 min - 1 h 

32 min, and the end - 4 h 30 min - 6 h 32 

min (from the cement plaster stumbling 

start setting - 1 h 04 min, the end - 4 h 54 

min ) that meets the requirements of 

GOST 10178 on setting time of cement 

for general construction purposes. 

Determination of the samples after 1 and 

7 days of water curing revealed that the 

MF has a positive effect on the process of 

hydration and hardening of portland 

cement: a high strength cement with MF 

manifests as bending and compression in 

the initial time and at a longer hardening.  
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Table 3: Physical-mechanical properties of the experimental cements 

 

Number 

of 

cement 

 

W/C 

blurred 

cone, 

mm 

Setting Date 

h-min  

Tensile strength flexural / 

compression MPa, at the age of : 

beginning end 1 сут. 7 сут. 

1 0,36 108 1-04 4-54 2,59/4,13 4,6/11,6 

2 0.35 110 1-05 4-30 2,48/3,85 4,5/12,0 

3 0,36 110 1-10 4-52 2,78/5,65 5,2/12,2 

4 0,36 111 1-11 6-05 3,10/6,58 6,0/15,0 

5 0,37 112 1-23 6-15 2,85/5,32 5,1/13,8 

6 0,37 112 1-32 6-32 2,51/4,73 4,8/12,0 

 

Indicators of durability of cements (№ 2 - 

№ 6), irrespective of the maintenance of 

the modified phosphite, in all terms of 

curing as on a bend, and is one 

compression higher, than at the cement 

No. 1 containing a natural plaster stone in 

quality of a delay mechanism of terms of 

curing that is visible, is explained by 

existence of additional quantity of the 

cement minerals which are present at dust 

and promotes intensive formation of 

additional quantity of the hydrate 

products providing acceleration of 

process of formation of a cement stone In 

it also alkaline oxides which are present 

at the dust leaving the furnace which, as 

we know, stimulate the accelerated 

hydrolysis and hydration of brick 

minerals, in particular of three-calcic 

silicate play a part, receipt of ions of Sa
2 +

 

in a liquid phase with the subsequent its 

intensive binding sulfate ions in a 

hydrasulphoalyuminat calcium – the 

strengthening element of a framework of 

the formed skeleton of structure of a 

cement stone is as a result accelerated.   

Optimum indicators characterize the 

cement № 4 containing the modified 

phosphite in number of 6%. Thus its 

activity reached by 7 days of curing made 

15,0 MРа. It should be noted that higher 

hydraulic activity of cements № 2 - № 6 

with the modified phosphite, is explained 

also by that is probable, in the course of 

structurization and curing also 

microsilicon dioxide of the modified 

phosphite as as a part of a phosphite there 

are 14,56% of free silicon dioxide 

participates. According to literary data, 

introduction to structure of a 

portlandsement is thin ground sand isn't 

followed by formation of any new crystal 

products of reaction, but, despite it, 

durability of system of such structure 

surpasses values of durability of cement 

of traditional structure because of 

increase in amount of the formed calcium 

hydrosilicates. The microsilicon dioxide 

which is more disperse material, than 

cement particles is evenly distributed 

between them and provides creation of 

dense structure in which it is one of the 

most high-strength structural elements 

filling intergrain space of not reacted 

clinker particles, hydrosilicates in a 

submicro crystalline state of traditional 

structure because of increase in amount 

of the formed calcium hydrosilicates..   

    For development of technology of 

modification of a phosphite dust of 

furnaces for roasting of clinker with the 

subsequent use of the modified phosphite 

by production of cement as the regulator 

of terms of its curing instead of a natural 

plaster stone developed the technological 

scheme of modifying of a phosphite (fig. 

1), the Technological instruction on 

production of the modified phosphite and 

the Standard of the Ts organization (The 

standard of the organization) 16918935-

01:2014 "The phosphite modified. 

Specifications" 

. 
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Fig. 1. The technological scheme of preparation of the modified phosphite 

 

In the conditions of JSC Angrensement and 

JSC Kizilkumsement trial parties of the 

modified phosphite and a portlandsement 

with its use as the regulator of terms of 

curing are let out. Hydraulic activity of trial 

parties of portlandsement with the modified 

phosphite at the 28th daily age of normal 

curing conformed to requirements of GOST 

10178 of a portlandsement of PS 400 D0. 

 

Conclusion 

 The resource-saving production technology 

of an alternative source plaster of the 

containing raw materials - the modified 

phosphite suitable for use in cement 

production as the regulator of terms of 

curing of cements is developed. Efficiency 

of the developed technology is provided 

with possibility of full replacement of a 

natural plaster stone with the material 

received by utilization of by-products of 

phosphorus-acid and brick productions by 

the minimum costs of realization of process 

of modifying of a phosphite and its use at a 

grinding of cements without change of the 

classical scheme. Portlandtsementa, received 

when using of the modified phosphite 

instead of a natural plaster stone, on 

physicomechanical properties conform to 

requirements of GOST 10178 of cements of 

all-construction appointment. 

Utilization of by-products of 

chemical and cement productions when 

receiving the modified phosphite and 

replacement of a natural plaster stone with 

this material has power-resource-saving and 

nature protection effect. 
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