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ABSTRACT 

 
HEAT AND MASS TRANSFER CHARACTERISTICS OF 

ADSORBENTS IN HEAT PUMP AND REFRIGERATOR 

Due to increasing drought, pandemic and climate crisis in recent years, 

researchers have increased their studies on environmentally friendly energy use. 

Although there are technological developments in the production of energy from 

renewable energy sources, the storage of this produced energy is still a problem that 

awaits a solution. At this point, adsorption heat pumps with high primary energy 

efficiency come to the fore as a developing technology and attract the attention of 

researchers. However, low heat transfer properties in the adsorbent bed reduce the 

performance of adsorption heat pumps and limit their applications. 

The aim of this thesis was to improve the performance of the adsorption heat pump 

by increasing the effective thermal conductivity within the adsorbent bed. Two methods 

have been employed to enhance the effective thermal conductivity. In the first method, 

which was unconsolidated adsorbent bed design, it was aimed to increase the thermal 

conductivity of the bed with metal additives with a continuous structure. In the second 

method, which is known as consolidated bed design, the effective thermal conductivity 

of zeolite 13X was tried to be enhance with a high conductive material, reduced graphene 

oxide. 

In the experimental studies, it was observed that the thermal conductivity 

increased from 0.12 W/m.K to 0.28 W/m.K in unconsolidated bed design by means of 

fin-shaped metal additive. In consolidated adsorbent bed design, the effective thermal 

conductivity of the Graphene/Zeolite 13X (1 wt% Graphene) was determined as 0.1613 

W/m.K. In theoretical studies, the effect of thermal conductivity in the temperature, 

pressure and adsorbate concentration was investigated. The indirect and direct effects of 

effective thermal conductivity on specific cooling/heating power (SCP/SHP) and 

coefficient of performance (COP) values were examined. Although the effect of thermal 

conductivity on COP was ignored in most of the studies in the literature, it was observed 

that COP increased from 0.01 to 0.10 when thermal conductivity increased from 0.12 

W/m.K to 1 W/m.K.
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ÖZET 
 

ISI POMPASI VE SOĞUTUCU İÇİN ADSORBENTLERİN ISI VE 

KÜTLE TRANSFERİ ÖZELLİKLERİ 

Son yıllarda artan kuraklık, pandemi ve iklim krizi gibi nedenlerle araştırmacılar 

çevre dostu enerji kullanımına yönelik çalışmalarını arttırmışlardır. Her ne kadar 

yenilenebilir enerji kaynaklarından enerji üretimine yönelik teknolojik gelişmeler 

yaşansa da bu üretilen enerjinin depolanması hala çözüm bekleyen bir sorun olarak 

karşımıza çıkmaktadır. Bu noktada, birincil enerji verimliliği yüksek olan adsorpsiyonlu 

ısı pompaları geliştirilebilir teknoloji olarak ön plana çıkmakta ve araştırmacıların ilgisini 

çekmektedir. Fakat, adsorban yatağı içerisindeki düşük ısı transferi özellikleri 

adsorpsiyonlu ısı pompalarının performansını düşürmekte ve uygulamalarını 

sınırlamaktadır.  

Bu tezin amacı, adsorban yatağı içindeki efektif termal iletkenliği artırarak 

adsorpsiyonlu ısı pompasının performansını iyileştirmektir. Efektif termal iletkenliği 

artırmak için iki yöntem kullanılmıştır. Birinci yöntem olan konsolide olmayan adsorban 

yatağı tasarımında, sürekli bir yapıya sahip metal katkı maddeleri ile yatağın termal 

iletkenliğinin arttırılması hedeflenmiştir. Konsolide yatak tasarımı olarak bilinen ikinci 

yöntemde, zeolit 13X'in efektif termal iletkenliği, yüksek termal iletkenliğe sahip 

indirgenmiş grafen oksit ile artırılmaya çalışılmıştır. 

Deneysel çalışmalarda, konsolide olmayan yatak tasarımında kanat şeklindeki 

metal katkı sayesinde termal iletkenliğin 0.12 W/m.K'den 0.28 W/m.K'ye yükseldiği 

gözlenmiştir. Konsolide adsorban yatağı tasarımında, grafen/Zeolite 13X'in (ağırlıkça %1 

grafen) etkin termal iletkenliği 0.1613 W/m.K olarak belirlenmiştir. Teorik çalışmalarda 

ısıl iletkenliğin sıcaklık, basınç ve adsorbat konsantrasyonu üzerindeki etkisi 

araştırılmıştır. Etkin termal iletkenliğin spesifik soğutma/ısıtma gücü (SCP/SHP) ve 

performans katsayısı (COP) değerleri üzerindeki dolaylı ve doğrudan etkileri 

incelenmiştir. Literatürdeki çalışmaların çoğunda termal iletkenliğin COP üzerindeki 

etkisi göz ardı edilmiş olsa da, termal iletkenlik 0.12 W/m.K'den 1 W/m.K'ye 

yükseldiğinde COP'un 0.01'den 0.10'a yükseldiği gözlenmiştir. 
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CHAPTER 1 
 

INTRODUCTION 

  
Increasing drought, epidemics and forest fires draw attention to climate change 

and global warming. Sustainable climate and environmental studies have accelerated 

around the world, especially after the World Meteorological Organization stated that a 

global warming of 1.5°C would be reached by 2025. In our country, the "National Climate 

Action Plan 2023" was published and the Paris Climate Agreement was approved by the 

Turkish Grand National Assembly in October 2021. With all these developments, 

adsorption in energy recovery and storage systems have gained importance once again. 

Thermal driven heat pumps which can be operated by renewable and sustainable energy 

sources such as geothermal energy, solar energy and waste heat can be a good option in 

decreasing effect of global warming.   

Adsorption heat pumps, which are a type of thermal driven heat pumps, have 

higher primary energy efficiency compared to traditional heat pumps, do not contain any 

hazardous materials, and can operate without noise and vibration. Adsorption heat pumps 

consist of an adsorbent bed, an evaporator, a condenser, and an expansion valve. The working 

fluid is circulated between the adsorbent bed, evaporator, and condenser according to the 

Carnot cycle.  

Although adsorption heat pumps have several advantages over traditional heat pumps, 

they still require enhancements due to low COP and SCP/SHP. Meunier claimed that the 

adsorption heat pumps could be an alternative to traditional heat pumps when COP and SCP 

values were at least 1 and 300-1000 W/kg, respectively (Meunier 1993).  Furthermore, 

Meunier stated that the optimum values of thermal conductivity, heat transfer coefficient of 

the adsorbent bed and permeability should be 1 W/m2K, 200 W/m2K and 10-12 m2, 

respectively to satisfy the indicated COP and SCP values.  

Low effective thermal conductivity within the adsorbent bed still limits the 

applications of adsorption heat pumps. Therefore, different methods were developed to 

achieve the optimum COP and SCP values in the previous studies. Among them, using 

advanced adsorption cycles, producing new adsorbate-adsorbent pairs and enhancement of 

heat and mass transfer by new adsorbent bed designs draw attention.  

Due to the intermittent behaviour of single-bed adsorption systems, the COP of the 

adsorption heat pump decreased. As a consequence, advanced cycles such as heat recovery 
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cycles, mass recovery cycles, thermal wave cycles and multistage and cascading cycles, and 

hybrid systems have been improved to achieve continuous operation (Meunier, 2001; Wang, 

2001; Sumathy et al., 2003; Demir et al., 2008; Goyal et al., 2016). In these advanced cycle 

systems, two or more adsorbent beds are included in the cycle. For instance, while the same 

adsorbent is used in heat recovery cycle, different adsorbents are used in the beds in cascading 

cycle. 

Selection of the appropriate working pair is too crucial in the design of the adsorption 

heat pump. Although high adsorption capacity and heat of adsorption values can be achieved 

with the available adsorbent-adsorbate pairs such as silica gel-water, active carbon-methanol 

and zeolite-water, the low thermal conductivity of the adsorbents limits the application of the 

adsorption heat pumps. Thus, researchers focused their studies on enhancement of high 

thermal conductive adsorbent materials. In order to obtain an adsorbent of high thermal 

conductive, methods such as mixing a material of high thermal conductive with current 

adsorbent, coating adsorbent onto a metal fin or a tube are performed.  

Unconsolidated adsorbent bed design is another method to increase the effective 

thermal conductivity within the bed. In this method, the pellet, granule, or fibre adsorbent is 

added inside the heat exchanger or metal additives are included without any binder.  

The aim of this study to enhance effective thermal conductivity with the adsorbent 

bed, so the performance of the adsorption heat pump. In order to do that, selection of working 

pair is taken into consideration first. Due to the high affinity to each other and high heat of 

adsorption value, zeolite 13X-water pair was selected as the working pair. The adsorption 

equilibrium and kinetics data were evaluated by a volumetric adsorption system at different 

adsorption temperatures (35,45 and 60°C) and at regeneration temperature of 90°C. The 

details of the experimental study are given in Chapter 6.  

The improvement of the effective thermal conductivity of the bed was studied with 

two different methods. In the first method, aluminum wire was inserted inside the bed with 

different geometrical configurations and zeolite beads were filled into the spaces. In this 

method, the effective thermal conductivity measurements were with a homemade system 

which is detailed in Chapter 6.  

The other improvement method was chosen as consolidated adsorbent bed design. In 

this method, high thermal conductive graphene is used by mixing and pelletizing with 

binderless zeolite 13X. The experimental method used to pelletize the graphene/zeolite 13X 

was explained in Chapter 6. 

In addition to the experimental studies, the adsorptive flow inside the adsorbent bed 

was also examined for zeolite 13X-water pair by theoretical analysis in MATLAB. The heat, 
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mass and momentum equations were solved simultaneously and temperature, adsorptive 

pressure and adsorbate concentration distributions inside the bed were determined. The one 

and two-dimensional analysis of the adsorbent bed with constant temperature source were 

performed. The effect of temperature and adsorbate loading dependence of effective 

diffusivity of the adsorbent-adsorbate pair and effective thermal conductivity of the bed were 

investigated. Furthermore, different designs were also analysed by numerical method. The 

details of the theoretical studies and solution procedure were represented in Chapter 4 and 

Chapter 6, respectively. 

The principles of adsorption heat pumps are explained in Chapter 2. The advantages 

and drawbacks of the adsorption heat pumps are also given in this section. The performance 

improvement methods of adsorption heat pumps are summarized, and details of the previous 

studies performed in literature are represented.  

The adsorption phenomena are introduced in Chapter 3. Models to define adsorption 

equilibrium are explained in detail. The heat of adsorption and experimental evaluation of 

adsorption equilibrium data are summarized. Furthermore, the adsorption kinetics are 

discussed in this chapter, too. The isothermal and non-isothermal adsorption kinetics is 

summarized.  

 In Chapter 4, the fluid flow in a porous bed is stated and the governing equations 

used to define temperature, adsorptive pressure and adsorbate concentration within the 

adsorbent bed are discussed. 

The framework structure of Zeolite is introduced in Chapter 5. Furthermore, the 

significant effect of pre-adsorbed water on adsorption applications and the studies performed 

with zeolite-water pair are also summarized in this section. 

The details of selection of working pair, adsorption equilibrium experiments, 

producing high thermal conductive graphene, characterization studies, improvement methods 

of effective thermal conductivity inside the adsorbent bed, numerical solution of governing 

equations are given in Chapter 6 which is titled as Materials and Methods.  

In Chapter 7, the results are given and discussed. Experimental and numerical studies 

are evaluated in detail in this section. 

The conclusion is given in Chapter 8. The summary of the performed studies and 

suggestions about these studies are given in this chapter. 
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CHAPTER 2 

 

ADSORPTION HEAT PUMPS 

 
Due to the increase in world population, the effect of global warming and climate 

crisis become sensible. Furthermore, the energy crisis affects all industrial applications 

in the whole world. As a result, energy recovery and storage systems gain importance 

once again. Adsorption heat pumps, a type of thermal driven heat pumps, is crucial in 

energy recovery and storage systems because of being environmentally friendly system.  

In this chapter, the working principle of adsorption heat pumps, performance 

analysis and the improvements performed in the previous studies are introduced in detail. 

 

2.1. Adsorption in Energy Recovery and Storage Systems 
 

The limitations in the natural sources prompt the researchers to improve systems 

that store energy for later uses. Among them, thermal energy storage underlies the 

adsorption, which is a spontaneous exothermic process which occurs at the solid/fluid 

interface due to the molecular or atomic interactions, in energy recovery and storage 

systems. In adsorption heat pumps, thermal energy can be stored as latent or sensible heat 

in the adsorbent from sources such as peak electricity, solar energy or waste heat during 

the desorption process which is the reverse of the adsorption and an endothermic process.  

Open and closed cycle systems can be designed by means of adsorption-

desorption cycle which was improved by Close and Dunkle (Close and Dunkle 1977). 

While the dehumidification of the air is the basis of the open cycle systems, closed cycle 

systems are mainly used in heat pump and heat transformer applications in which heat is 

extracted from low temperature source to high temperature sink by using a third energy 

source. 

Adsorption heat pump cycle can be examined as the combination of two cyclic 

devices: a heat engine and a heat pump. While the working fluid is vaporized in 

evaporator by taking heat from low-temperature source and releasing heat to the first 

intermediate-temperature sink in the heat pump cycle (adsorption process), heat is 

extracted from high-temperature source and release heat to second intermediate-
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temperature sink during condensation in the heat engine cycle (desorption process). The 

work obtained from heat engine can be used in heat pump cycle. The main components, 

which are an adsorbent bed, a condenser, an evaporator, and an expansion valve, are 

represented in Figure 2.1. 

 
Figure 2.1.Components of Adsorption Heat Pump 

 

The operation of adsorption heat pump can be represented by an isoster diagram 

as given in Figure 2.2. The cycle consists of isosteric heating (a-b), isobaric heating and 

desorption (b-c), isosteric cooling (c-d) and isobaric cooling and adsorption (d-a) 

processes. The amount of heat for each process are given in the set of equations, 

respectively (Equations 2.1-2.4). 

Isosteric heating (a-b): 

 

Qab= Cps+ Cp +mbedCpbed dT

Tb

Ta

 

 

Isobaric heating and desorption (b-c): 

 

Qbc= Cps+xCpv +mbedCpbed dT+
c

b

∆Hadx

Tc

Tb

 

 

V1 V2 

(2.1) 

(2.2) 
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Isosteric cooling (c-d): 

 

Qcd= Cps+ Cpv +mbedCpbed dT

Td

Tc

 

 

Isosteric cooling and adsorption (d-a): 

 

Qda= Cps+xCpv +mbedCpbed dT+
a

d

∆Hadx

Ta

Td

 

 
Figure 2.2. Thermodynamic cycle of adsorption heat pump 

 

Furthermore, the heat of evaporation and condensation which are used for cooling 

and heating purposes respectively can be written as:  

 

Qev= ∆x∆Hv+ ∆xCpwdT

Tev

Tcond

 

 

Qcond= ∆x∆Hv 

 

The performance analysis of adsorption heat pumps is based on two concepts: 

cooling of performance (COP) and specific cooling/heating power (SCP/SHP). COP can 

(2.4) 

(2.3) 

(2.5) 

(2.6) 
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be defined as the ratio of heat taken from the low-temperature source, in other words 

useful energy output, to the heat transferred from third energy source, energy input. For 

adsorption heat pumps, cooling and heating COPs can be written as:  

 

COPcooling=
Qev

Qab+Qbc
 

 

COPheating=
Qcond+Qcd+Qda

Qab+Qbc
 

 

Additionally, SCP and SHP can be described as the cooling and heating power 

per unit mass of adsorbent per cycle time of adsorption process, respectively, as follows.  

 

SCP=
Qev

mτcycle
 

 

SHP=
Qcond+Qcd+Qda

mτcycle
 

 

When compared to the traditional mechanical pumps, adsorption heat pumps are 

environmentally friendly, have higher primary energy efficiency, can be operated without 

noise and vibration, requires less maintenance and repairs, and can be worked with a low 

temperature source. For the simplest case where single adsorbent bed is included, 

adsorption heat pumps have advantages since they are zero-operational cost systems. 

Furthermore, the use of solar and geothermal energy sources in thermal driven heat pumps 

instead of electrical power which is mainly produced by the heat of fossil fuels is also a 

significant feature. As a result, the primary energy efficiency of adsorption heat pumps 

(130-180%) are higher than mechanical heat pumps (90-100%) (Ülkü et al 1987). 

Additionally, the exchange of adsorbent is not needed in adsorption heat pumps and the 

lifetime is longer since no corrosive materials are used. Nevertheless, adsorption heat 

pumps have lower COP than traditional heat pumps, so, the improvements are still 

required.  

 

 

(2.7) 

(2.8) 

(2.9) 

(2.10) 
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2.2. Improvements Performed in the Previous Studies 
 

Although adsorption heat pumps have several advantages over traditional heat 

pumps, it still requires enhancements due to low COP, SCP and SHP. In order to be an 

alternative to the traditional heat pumps, COP and SCP of adsorption heat pumps should 

be 1 and 300-1000 W/kg, respectively. According to the study of Meunier, these COP 

and SCP values can be satisfied when the optimum values of thermal conductivity, heat 

transfer coefficient and permeability of the adsorbent bed are of 1 W/m.K, 200 W/m2.K 

and 10-12 m2, respectively (Meunier 1993).  

In order to reach the requirements given above, several improvement methods 

were developed in the previous studies.  Among them, three methods stepped forth 

(Demir et al. 2008; Gediz İliş 2012):  

 Using advanced adsorption cycles which operate at low temperature 

sources and increase COP and provide continuous cooling and heating processes. 

 Producing new adsorbate-adsorbent pairs or developing available pairs to 

increase COP and adsorption rate. 

 Enhancement of heat and mass transfer by new adsorbent bed designs.  

The intermittent behavior of single bed adsorption heat pumps leads to 

discontinuity of the operation and decrease in the COP value. Thus, advanced adsorption 

cycles such as heat recovery cycles, mass recovery cycles, thermal wave cycles and 

multistage and cascading cycles, and hybrid systems have been developed to achieve 

continuous operation (Meunier 2001; Wang 2001; Sumathy et al. 2003; Demir et al. 2008; 

Goyal et al., 2016).  

In heat recovery cycle two or more adsorbent beds are utilized. Adsorbent bed is 

also used as heat recoverer in the system. The heat produced during the cooling of 

adsorbent bed is transferred to the second adsorbent bed to be heated which consists of 

sensible heat along with heat of adsorption.  A schematic view of heat recovery cycle is 

illustrated in Figure 2.3. The process continuous until both adsorbent beds reach the same 

temperature. Then, while one adsorber is heated by external heat source, the other is 

cooled by external heat sink. This type of cycle can also be defined as uniform 

temperature cycle (Sumathy et al. 2003; Meunier 2001). 

 



 9 

 
Figure 2.3. Schematic view of heat recovery cycle 

(Source: Sumathy et al., 2003) 

 

Cascading cycle, which is also defined as type of uniform temperature cycle 

(Meunier, 2001), is operated with different working pairs. For instance, in two stages 

cascading cycle while zeolite-water cycle can be used as high temperature source, 

activated carbon-methanol pair cycle can be used as low temperature source in heat 

recovery (Figure 2.4). In the performed studies (Table 2.2), the highest COP values are 

observed in the cascading cycle. 

 

 
Figure 2.4. Working principle of a cascading cycle 

(Source: Meunier 2001) 
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Mass recovery cycle is achieved by pressurization-depressurization of the 

adsorbent beds. The adsorbent bed which is at low pressure is pressurized to condensation 

pressure and the other which is at high pressure is depressurized down to the evaporator 

pressure. As seen in Figure 2.5, there is a single tube between two beds and vapor is 

transferring from high pressure bed to low pressure bed by opening valve A. Some 

researchers combined heat and mass recovery systems to enhance the COP further (see 

Table 2.2). 

 

 
Figure 2.5. a) Mass recovery cycle b) Heat and mass recovery cycle 

(Source: Goyal et al. 2016; Leong and Liu 2004) 

 

On the other hand, in thermal wave cycles, it is desired to reduce heat requirement 

for desorption process by using exothermic heat produced during the adsorption process. 

The representative cycle is given in Figure 2.6. As seen, the cycle is conducted by 

circulating a heat transfer fluid between two adsorbent beds. By this way, the adsorption 

heat obtained in one adsorber can be transferred to the other adsorber to be used in 

desorption process. 

In design of the adsorption heat pump, the selection of the working pair has crucial 

importance. In addition to the properties of adsorbate such as non-toxicity, availability, 

corrosiveness and minimum cost, the pair should satisfy the properties that also influence 

the energy density such as affinity to each other, high adsorption capacity, high thermal 

conductivity of adsorbent, high mass diffusivity and no loss in performance with repeated 

cycles. The common adsorbent-adsorbate pairs used in the studies of energy recovery 

systems are active carbon-methanol, silica gel-water, zeolite-water, and active carbon-

ammonia.  
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Figure 2.6. Schematic view of thermal wave cycle 

(Source: Ben Amar et al., 1996) 

 

In 2005, Anyanwu and Ogueke performed a study with different working pairs 

(Anyanwu and Ogueke, 2005). As a conclusion, they mentioned that while zeolite-water 

pair is the best for air-conditioning applications, activated carbon-ammonia was 

suggested for ice-making, deep freezing, and food preservation applications. 

Furthermore, maximum cooling COP values were found as 0.3, 0.19 and 0.16 for zeolite-

water, activated carbon-ammonia and activated carbon-methanol pairs, respectively. 

Unfortunately, low thermal conductivity of these adsorbents limited the 

applications of adsorption heat pumps. For instance, Demir et al. performed a numerical 

study in order to investigate the effect of heat and mass transfer in adsorbent bed during 

an adsorption heat pump cycle. They stated that thermal resistance controlled the mass 

and heat transfer through the bed (Demir et al. 2011). As a consequence, several 

researchers started to improve adsorbent bed design to enhance heat and mass transfer 

properties, thus decrease cycle time. Types of adsorbent beds that design to improve heat 

and mass transfer were unconsolidated adsorbent beds, coated adsorbent beds and 

consolidated adsorbent beds (Table 2.3).  

The consolidated adsorber design was one of the improvement methods for heat 

and mass transfer (Eun et al. 2000; Aristov et al. 2002; Wang et al. 2004; Wang et al. 

2006; Oliveira et al. 2007; Lu et al. 2007; Li et al. 2010; Jiang et al. 2014; Palomba et al. 

2015; Kim et al. 2017). As a result of low adsorption rate of current pairs, advanced 

adsorbents were produced by researchers in order to increase heat and mass transfer 

properties of the pairs. Wang et al. described the synthesizing steps for consolidated 
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adsorbent as: a) adding calcium chloride powders to slurry of expanded graphite and 

water b) compression molding of well-mixed mixture c) removing of water to obtain 

consolidated composite adsorbent (Wang et al. 2006). Eun et al. used composite blocks 

that was obtained by mixing silica gel powders with graphite powders in their study. They 

reported that while the silica gel packed bed had a thermal conductivity of 0.17 W/mK,  
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the thermal conductivity of these blocks was 10-20 W/m.K depending on the graphite 

bulk density in the block (Eun et al. 2000). However, Ilis indicated that although the 

adsorption rate was increased, the enhanced adsorbent may not be suitable for adsorption 

heat pump for given conditions and showed that while one condition is satisfied by the 

developed adsorbent, other properties may be failed. For instance, in that study, 

MIL101(Cr)@G05 had the best SCP for the volume of the bed, it had the worst COP 

when compared to FAM Z01, FAM Z02 and NH2-MIL 125 (Ti) (Ilis 2017). 

Another improvement method was coating of adsorbent on a metal fin or a tube. 

The coating could be performed by two methods. The first one was crystallization of 

adsorbent directly on the metal support (Tatlıer and Şenatalar 1999; Bauer et al. 2009; 

Schnabel et al. 2010; Atakan et al. 2013; Bonaccorsi et al. 2013; Tatlıer et al. 2014). In 

this technique, the heat transfer at the interface of the metal and adsorbent layer was 

improved significantly due to the nearly perfect contact and mass transfer resistance was 

reduced due to the thin layer of adsorbent. Unfortunately, the method was expensive and 

has limitations due to the physical and chemical interactions between metal and adsorbent 

(Bonaccorsi et al. 2013).  

The second method of coating was binder-based coating (Restuccia et al. 2002; 

Dawoud et al. 2007; Freni et al. 2013; Dawoud 2013; Freni et al. 2015). In this method, 

firstly, the metal support plunged into an aqueous solution including adsorbent powder 

and an inorganic or organic binder. Then, thermal treatment was performed to stabilize 

the adsorbent. As in direct coating method, while heat and mass transfer are enhanced, it 

had some drawbacks such as poor mechanical strength, generation of volatile compounds 

from organic binders and blockage of the pores of adsorbent by the binder (Freni et al. 

2015). Dawoud investigated two types adsorber: extruded finned-tube heat exchanger and 

finned-plate exchanger with different thickness of zeolite layer. In that study, it was 

concluded that while thickness of zeolite layer increased the COP value, it lowered the 

the rate of adsorption which was compatible with the study of Restuccia et al. (Restuccia 

et al. 2002; Dawoud 2013). 

On the other hand, in the design of unconsolidated adsorber, the pellet, granule or 

fibre adsorbent added inside the heat exchanger or metal additives are included without 

any binder (Gui et al. 2002; Demir et al. 2010; Ilis et al. 2011; Umair et al. 2016; Radu et 

al. 2017). In the study of Demir et al., they used stainless steel, copper, aluminium and 
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brass (40% zinc, 60% copper) as metal additives and investigate the effect these metals 

on the thermal conductivity and diffusivity of adsorbent bed. The adsorbent was chosen 

as silica gel and adsorbate was water vapor. They used two different size of additives by 

assuming that the shape of additives did not have significant effect on the mass diffusivity, 

and they concluded that addition of 15wt% aluminium pieces with sizes between 1.0 and 

2.8 mm increases the effective thermal diffusivity and conductivity of silica gel bed by 

157% and 242%, respectively (Demir et al. 2010). Furthermore, in the numerical study 

of Ilis et al., it was observed that if the ratio of the mass diffusivity of adsorbate in the 

particle to the thermal diffusivity throughout the adsorbent bed is low, the use of fins in 

the adsorbent bed would not increase the heat transfer rate significantly (Ilis et al. 2011).      

In addition to these adsorbent bed designs, Demir constructed a microwave 

regenerated adsorbent bed. In that performed study, he used zeolite 4A-water pair and 

worked in the temperature range of 40-110°C. The obtained COP value was 0.81 for a 

cycle time of 35 min. However, due to the long period of isosteric cooling and adsorption 

processes, the maximum SCP value was 3.6 W/kg (Demir 2013a). In another study, 

Demir used silica gel instead of zeolite and obtained COP and SCP values of 1.13 and 

7.24 W/kg, respectively (Demir 2013b). 

While the studies on the enhancement of adsorption heat pumps were conducted, 

manufacturing of adsorption heat pumps under the name of adsorption chiller was 

continued at the countries such as USA, Japan, China, and Germany. The COP values of 

adsorption chillers produced in Germany were in the range of 0.5-0.6 and cooling capacity 

is 7.5 kW. In addition, the adsorption chiller which was manufactured by the HIJC 

company in USA had a cooling capacity of 150.15 kW with a COP value of 0.7. In the 

production of these adsorption chillers, silica gel-water and active carbon-methanol pairs 

were generally used.  
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CHAPTER 3 

 

ADSORPTION PHENOMENA 

 
In this chapter, the details of the adsorption are explained. The adsorption 

equilibrium models are summarized. Furthermore, the kinetic models used to evaluate 

mass transfer rate through an adsorbent are also involved in this part. 

 

3.1. Adsorption  
 

Adsorption phenomena can be defined as the atomic and molecular interactions 

that occurs at solid-fluid interface. According to the interactions between the solid and 

the fluid, two types of adsorptions, physisorption and chemisorption, may take place 

(Table 3.1).  

 

Table 3.1. Differences between physical and chemical adsorption processes 

(Source: Ruthven 1984) 

PHYSISORPTION CHEMISORPTION 
Nonspecific interactions Specific interactions 
Low heat of adsorption (5-50 kJ/mol) High heat of adsorption (40-800 kJ/mol) 
Reversible Irreversible 
Monolayer or multilayer Only monolayer 
Occurs with polarization of adsorptive 
molecules 

Electrons transfer due to bond formation 
between adsorptive and adsorbent surface 

 

3.1.1. Adsorption Equilibria 
 

Adsorption equilibrium can be described as the amount of adsorbate adsorbed by 

unit mass of adsorbent at specific temperature and pressure at equilibrium. Surface 

characteristics of the adsorbent, working temperature and pressure, thermophysical 

properties of the adsorbent and adsorbate concentration can affect the amount of 

adsorbate adsorbed on the adsorbent at equilibrium (Gediz-İliş 2012; Gundogan-Sayılgan 

2013).  



 22 

In order to define the relationship between the amount of adsorbate adsorbed on 

the adsorbent at equilibrium, several models have been reported with different assumption 

(Table 3.2). For instance, Langmuir relationship fulfil the requirement of Henry’s law and 

saturation limits. However, the heat of adsorption is considered as independent of 

adsorbate loading and isosteric heat of adsorption is directly equal to the heat of 

adsorption value in this relationship. This assumption restricts the use of the model since 

isosteric heat of adsorption generally depends on the adsorbate loading in real systems.  

Sips (Langmuir-Freundlich) relationship which is an empirical model does not 

have proper Henry’s law limit. On the other hand, it has corrected saturation limit and the 

isosteric heat of adsorption is assumed to be dependent on adsorbate loading. Similar with 

Sips relationship, the adsorbate loading dependence of isosteric heat of adsorption is also 

taken into consideration in Toth’s relationship. Furthermore, it also has proper Henry’s 

law and saturation limits.  

Ülkü used clinoptilolite-water pair for energy storage and heat pump applications 

and define the equilibrium relationship with experimental correlations (Ülkü 1986). 

Furthermore, the decrease of isosteric heat of adsorption with increasing adsorbate 

loading was also mentioned in the study. 

On the other hand, silica gel-water (type A and type RD) pair and was used in the 

study of Chua et al (Chua et al. 2002). In that study, they used Toth’s relationship to 

define the adsorption equilibria. The monolayer capacities of silica gel type A-water and 

silica gel type RD-water pairs were determined as 0.4 and 0.45 kgw/kgs, respectively. In 

2018, Gabrus et al. studied dewatering aliphatic alcohols in temperature swing adsorption 

process (Gabrus et al. 2018). In that study, they used zeolite 3A and 4A and investigate 

the adsorption equilibrium behavior of these zeolites with water vapor. They observed 

that while adsorption of water vapor can be illustrated with statistical thermodynamic 

adsorption equilibrium model, Toth’s model was better for zeolite 4A-water pair.     

In the study of Cakıcıoglu-Ozkan and Ulku, adsorption of water vapor on acid-

treated clinoptilolite was investigated. They obtained Type I isotherm and stated that 

Dubinin-Radushkevich relationship defined the equilibrium data better than Langmuir 

relationship for acid-treated zeolite-water pair (Cakıcıoglu-Ozkan and Ulku 2005). Saha 

et al. also used Dubinin-Radushkevich relationship to define adsorption equilibrium for 

active carbon fibre-ethanol pair (Saha et al. 2007). 

Gundogan-Sayılgan et al. investigated adsorption of water vapor on zeolite 13X 

by a homemade volumetric system (Gundogan-Sayılgan et al. 2016). In that study, Type 
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I isotherm was obtained, and the experimental data was well fitted to Langmuir 

Relationship.  The effect of adsorption and desorption temperature on the adsorption 

isotherm was also examined in that study.    

On the other hand, instead of traditional adsorption equilibrium models and 

relationships, there are alternative models used in literature to illustrate the adsorption 

equilibria of zeolites (Table 3.2) such as Hill’s, Aranovich-Donohue, Frenkel-Halsey-Hill 

and statistical thermodynamic adsorption models (Hill 1960; Wang and LeVan 2009; 

Liano-Restrepo and Mosquera 2009; Kim et al. 2016).  
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3.1.1.1. Heat of Adsorption 
 

The spontaneous behavior of adsorption process and energy loss of the adsorption 

molecules during the adsorption process causes the enthalpy of the adsorption process to 

be negative, generally. The heat released from the system is named as heat of adsorption.  

The heat of adsorption value depends on the surface coverage, temperature, and 

pressure. According to the value of the heat of adsorption, the interactions between solid-

fluid phases and the desorption conditions can be estimated.  

The heat of adsorption can be defined in three ways: the differential heat of 

adsorption, the integral heat of adsorption and the isosteric heat of adsorption. In an 

isolated system, the heat released during the adsorption process is known as differential 

heat of adsorption. Differential heat of adsorption value can be evaluated by measuring 

the amount of heat released upon a small amount of adsorbate is adsorbed at constant 

temperature (Eq 3.1) and can be measured by using Calvet calorimeter (Ostrovskii 2002; 

Ülkü et al. 2006; Garcia-Cuello et al. 2009).  

 

∆ah=-
∂Q
∂na T

+V
∂P
∂na T

 

 

where Q is heat released during the adsorption process, na is the adsorbate loading, 

P is the adsorptive pressure and V is the volume of the gas phase.  

In the simplest case, the integral heat of adsorption can be defined as the total heat 

evolved from initial state to final state of adsorption. By taking integral of Eq 3.1, the 

integral heat of adsorption can be calculated as follows:  

 

∆aH= ∆ah

na

0

dna 

 

On the other hand, when the adsorption reaches an equilibrium state, the chemical 

potential, which can be defined in terms of the Gibbs free energy, of the adsorbed and 

adsorptive phases are equal. By applying ideal gas equation of state, the thermodynamic 

relationship takes the form given in Equation 3.3 since the volume of the adsorptive phase 

is greater than the adsorbed phase. 

(3.1) 

(3.2) 
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dlnP
dT na

=-
∆as
RT

=-
∆ah
RT2 

 

When Equation 3.3 is rearranged, Clausius-Clapeyron equation is obtained (Eq 

3.4) and qst is known as isosteric heat of adsorption. Although isosteric heat of adsorption 

is considered as independent of adsorbate loading in Langmuir relationship, it decreases 

with increasing adsorbate loading in many systems due to the heterogeneity of the surface 

and interactions between molecules.  

 

dlnP
d -1/T na

=-
∆ah
R

=
qst
R

 

 

3.1.2. Adsorption Kinetics 
 

The transfer of an adsorbate molecule from the bulk phase to the adsorption sites 

occurs in five steps (Figure 3.1). When the bulk fluid phase is uniform, which means that 

there is no concentration gradient through the adsorptive, bulk diffusion cannot be 

considered as the rate limiting. Then, the adsorption kinetics may be controlled by one or 

more of the following resistances: diffusional resistance in external fluid film on the 

particle surface, diffusional resistance in the meso and macropores, a possible barrier to 

mass transfer at the external surface of the microparticle (skin resistance), and diffusional 

resistance in the micropores within the microparticles.  

As a result of heat released during the adsorption process and heat transfer rate, 

temperature gradient may occur both through the adsorbent particle, and between 

adsorbent particle and the surrounding fluid during the adsorption processes. In general, 

heat transfer by conduction within the particle is assumed to be greater than heat transfer 

by convection at the external surface of the particle. This assumption is mainly based on 

the definition of a dimensionless Biot number (Eq 3.5).  

(3.3) 

(3.4) 
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Figure 3.1.Diffusional resistances involved in adsorption kinetics 

 

Bih=
hrp

3ka
=

Nu
6

kv

ka
 

 

where h is heat transfer coefficient, ka is thermal conductivity of adsorbent, kv is 

thermal conductivity of vapour, rp is the adsorbent particle radius and Nu is the Nusselt 

number.  

Nu=2.0+1.1Pr1 3Re0.6 

 

where Pr is the Prandtl number and Re is the Reynolds number. As seen in 

equation 3.6, Nusselt number is always greater than 2 and kv/ka ~10-2-10-3 for gaseous 

systems, so it is clear that at any acceptable Reynolds number Bih<<1 illustrating that the 

temperature within the particle is uniform and external resistance is the rate-controlling 

mechanism (Ruthven, 1984; Ülkü and Mobedi, 1989).    

However, the relative importance of internal and external resistances for mass 

transfer is opposite. In general, the concentration gradient within the particle is greater 

than the concentration gradient at the external surface of the particle. The definition of 

Biot number for mass transfer can be given as: 

Bim=
kfrp

3εpDp
=

Sh
6

Dm

εpDp
 

(3.6) 

(3.5) 

(3.7) 
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where kf is the external mass transfer coefficient, rp is the particle radius, εp is the 

total porosity of the adsorbent particle, Dp is the pore diffusivity and Dm is the molecular 

diffusivity in gas phase.  

 

Sh=2.0+0.6Sc1 3Re1 2 

 

where Sc is the Schmidt number. Since Sh≥2 (Eq 3.8) and Dp ≤ Dm/τ, then for 

practical purposes Eq 3.7 becomes Bim > τ/3ε. For the limiting case, Bim number would 

be approximately equal to 3 indicating that there exists concentration gradient within the 

particle and intraparticle diffusion resistance is rate-controlling step (Ruthven 1984; Ülkü 

and Mobedi 1989).  

Furthermore, when heat and mass transfers are simultaneously occurred, another 

dimensionless number (Eq 3.9), Lewis number which is the ratio of thermal diffusivity, 

α, to mass diffusivity, D, is defined.  

 

Le=
Sc
Pr

=
α
D

 

 

In order to design an adsorption system, mass transfer controlling mechanism of 

through the adsorbent should be well evaluated. Karger and Ruthven classified adsorption 

kinetics in batch systems depending on different parameters such as heat transfer rate, 

linearity of adsorption equilibrium relationship, controlling mass transfer resistance and 

boundary conditions at the particle surface (Karger and Ruthven 1992).  

In most of the studies, the adsorption process is assumed to be isothermal. 

However, heat released during the adsorption process, and it cannot be drawn away from 

the adsorbent as fast as it is generated in conventional systems. As a result, temperature 

of the adsorbent increases at the beginning of adsorption, reaches a maximum level and 

then reduces to the initial temperature value when the equilibrium has been achieved. 

This situation generally occurs due to the temperature dependence of equilibrium 

adsorbate concentration and diffusivity (Sircar and Kumar 1984; Ruthven 1984). Ruthven 

stated that although the temperature dependency of diffusivity would be ignored by 

decreasing the step size of the concentration step over which the uptake curve was 

determined, the temperature dependency of adsorbed amount was independent of step 

size (Ruthven 1984).  

(3.9) 

(3.8) 
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In order to describe the isothermal and non-isothermal sorption, several models 

have been derived (Table 3.3). While Fickian diffusion model is generally used in 

describing the mass transfer in adsorbent particle, linear driving force model is also used 

due to the simplicity and giving approximate solution. The general assumptions used in 

describing mass transfer through the particle are: 

 The shape of the particle is spherical. 

 The initial concentration of adsorbate in the solid is zero. 

 The initial concentration of adsorptive is constant. 

 

Table 3.3.Adsorption Kinetics Models (Ruthven 1984) 

Assumptions Model Boundary Conditions 
 -Isothermal adsorption 
-Linear System (q*=KC) 
- External fluid film or 
surface resistance control 

dq
dt

=
3kf

KRp
q*-q∞  

q
q∞

=1-exp -
3kft
KRp

 

t<0,  C=q=0 
t>0, C=C∞=q∞/K 

-Isothermal adsorption 
-For all equilibrium 
relationships 
-Micropore diffusion 
control 
-Step change followed by 
constant adsorptive 
concentration 

∂q
∂t

=Dc
∂2q
∂r2 +

2
r

∂q
∂r

 

mt

m∞
=

q-q0
q∞-q0

=1-
6
π2

1
n2 exp -

n2π2Dct
rc

2

∞

n=1

 

t<0, C=C0, q=q0 
t≥0, C=C∞, q(rc, t)=q∞ 

∂q
∂r rc=0

=0 for all t 

-Isothermal adsorption 
-For all equilibrium 
relationships 
-Micropore diffusion 
control 
-Step change followed by 
time varying concentration 

∂q
∂t

=Dc
∂2q
∂r2 +

2
r

∂q
∂r

 

mt

m∞
=1-6

exp - Dcpn
2t rc

2

9 λ 1-λ + 1+λ qn
2

∞

n=1

 

 

t<0, C=C0, q=q0 

t≥0,  C=C0
' ,     q rc,t =q*(t) 

-Vf
dC
dt

=
3Vs

rc
D

∂q
∂r rc

 

-Isothermal adsorption 
-Linear system (q*=KC) 
-Macropore diffusion 
control 
-Step change followed by 
constant concentration 
 

1-ϵp
∂q
∂t

+ϵp
∂c
∂t

=ϵpD
p

∂2c
∂R2 +

2
R

∂c
∂R

 

mt

m∞
=

q-q0
q∞-q0

=1-
6
π2

1
n2 exp -

n2π2Defft
Rp

2

∞

n=1

 

Deff=
ϵpDp

ϵp+ 1-ϵp K
 

c R,0 =c0,    q R,0 =q0 
c Rp,t =c∞   q Rp,t =q∞ 

∂c
∂t R=0

=
∂q
∂t R=0

=0 

-Isothermal adsorption 
-Non-linear system 
(Langmuir) 
-Micropore diffusion 
control 

q*

qs
=

bP
1+bP

 

Dc=
D0

1- q qs
 

∂q
∂t

=
D0

r2
∂
∂r

r2

1- q qs

∂q
∂r

 

 
 

q(r,0)=0 (saturation) 
q(r,0)=q0 (regeneration) 

q rc, t =q* 
∂q
∂r rc=0

=0 for all t 

(cont. on next page) 
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Assumptions Model Boundary Conditions 
-Isothermal adsorption 
-Non-linear system 
(Langmuir) 
-Macropore diffusion 
control 

dq*

dc
=

bqs
1+bc 2 =bqs 1- q qs

2
 

∂q
∂t

=
ϵpDp

1-ϵp bqs

1
R2

∂
∂R

R2

1- q qs
2

∂q
∂R

 

t=0:  q R,0 =0 

q Rp,t =
qsbc
1+bc

 

∂q
∂R R=0

=0 

LDF model* 
-Isothermal adsorption 
-Linear system 
-Macropore diffusion 
control 

dq
dt

=
15D

r2 q-q  

q
q∞

=1-exp -
15Dt

r2  

 

-Non-isothermal 
adsorption 
-Linear system 
-Micropore diffusion 
control 

∂q
∂t

=
1
r2

∂
∂r

r2Dc
∂q
∂r

 

-∆H
dq
dt

=Cs
dT
dt

+ha T-T0  

q'-q0
'

q0-q0
' =

∂q*

∂T
P

T-T0

q0-q0
'  

mt

m∞
=1-

9
pncotpn-1

pn
2

2

exp -
pn

2Dct
rc
2

1
β + 3

2
pncotpn pncotpn-1

pn
2 +1

∞

n=1

 

q r,0 =0 
∂q
∂r

0,t =0 

LDF model** 
-Non-isothermal 
adsorption 
-External mass transfer 
resistance control 
-External heat transfer 
resistance  

dq
dt

=k q*-q  

cp
dT
dt

=∆H
dq
dt

-ha T-T0  

q∞-q* =
∂q*

∂T q=q∞
T=T0

T0-T  

mt

m∞
=1+

βα2

1-βα2 exp rt -
exp -k 1-αβ t

βα2  

t=0→q=q0  ;  T=T0

t=∞→q=q∞  ;  T=T0

t=0→ q0=q0
* P0,T0

t=∞→ q∞=q∞
* P∞,T0

t=t→ q*=q* P∞,T  

*Glueckauf 1955 

**Sircar 1983 
 

Table 3.3. (cont) 
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CHAPTER 4 

 

HEAT AND MASS TRANSPORT IN ADSORBENT BED 

 
In an adsorbent bed, the heat, mass, and momentum transfer occur simultaneously. 

As a result, temperature, pressure, and adsorbate concentration gradients exist. In order 

to define the cyclic conditions and analyse the performance of adsorption heat pump, 

transport equations should be solved simultaneously numerically with appropriate 

boundary conditions and assumptions. In this chapter, the details of fluid flow in a porous 

media and the governing equations used to represent transport in the adsorbent bed are 

introduced.   

 

4.1. Porosity and Fluid Flow in a Porous Media 
 

Porous media can basically be defined as the media that includes voids. This 

media may be a solid with pores such as adsorbents or a bed filled with solids such as 

packed bed columns and adsorbent beds (Figure 4.1). Different from other adsorbents, 

the crystalline structure of zeolites is uniform, so the micropores are located in the crystal 

channels.   

 

 
Figure 4.1.Schematic view of porous media 

(Source: Hassan 2013) 
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The ratio of void volume to the total bed volume in a porous media gives the bed 

voidage. For an isotropic adsorbent bed, the voidage can be defined as: 

 

ε=
Vvoid

Vtotal
=1-

ρb
ρp

 

 

where ε is the bed voidage, ρb is the bulk density of the adsorbent particle and ρp 

is the particle density of the adsorbent. 

In a porous media, the resistance to the fluid flow occurs depending on the voidage 

of the bed. The decrease in the value of bed voidage will increase the cross-sectional area 

that is occupied with the particles and leads to decrease in the velocity of the fluid (Eq 

4.2).  

 

u=
Q
A

 

 

where u is the superficial velocity of the fluid, Q is the volumetric flowrate of the 

fluid and A is the cross-sectional area of the bed. Furthermore, the resistance to fluid flow 

causes the pressure drop within the fluid. According to the flow regimes, the relationship 

between the pressure drops and the superficial velocity of the fluid has been illustrated 

by the researchers.  

When the fluid flow regime is laminar, the relationship between the superficial 

velocity and the pressure drop is generally explained by Darcy’s law (Eq 4.3). In this 

equation, while the fluid velocity is directly proportional to the pressure drop and the 

permeability at a specified distance in the bed, it is inversely proportional to the fluid 

velocity. According to the Darcy’s law, the flow will only exist if there is a pressure drop 

in the fluid and the flow will occur from the high pressure to the low pressure which leads 

to a negative sign in the equation.  

 

u=-
K
μ

P 

 

where K is the apparent permeability of the bed, μ is the viscosity of the fluid. At 

low pressures, the effect of collision of molecules cannot be neglected for the fluid flow 

(4.1) 

(4.2) 

(4.3) 
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in a porous bed. Therefore, an apparent permeability is defined including both collision 

of molecules and inherent permeability as follows (Marletta et al. 2002).  

 

Kapp=Kinh+
εμ
P

Dbed 

 

where Kinh is the inherent permeability, and Dbed is the diffusion coefficient of 

adsorptive through the bed. For laminar flow regime and ε < 0.5, Blake-Kozeny equation 

can be used (Eq 4.5) in order to define the inherent permeability in the porous medium. 

In this model, the porous medium is considered as bundled of capillary tubes (Bird et al. 

1961). 

 

Kinh=
rp
2ε3

37.5 1-ε 2 

 

where rp is the particle radius.  

On the other hand, the diffusion of molecules through the bed can be explained 

by both Knudsen, molecular or surface diffusion mechanisms. However, surface diffusion 

can be neglected in large macroporous bed. Then, the diffusion of the fluid through the 

adsorbent bed can be given as (Ruthven 1984, Suzuki 1990): 

 
1

Dbed
=τ

1
Dm

+
1

DKn
 

 

where Dm is the molecular diffusion coefficient (m2/s) obtained from Chapman-

Enskog equation for moderate pressures (Eq 4.7) and DKn is the Knudsen diffusion 

coefficient (m2/s) (Eq 4.8). τ is the tortuosity which is a geometric factor independent of 

temperature or the nature of the fluid. Although tortuosity is generally found in the range 

of 2-6 in the experimental studies, it can be assumed as 3 for the straight, random oriented 

cylindrical pores (Ruthven 1984).  

 

Dm=1.8583x10-7 T3 M
Pσ2Ω

 

 

(4.4) 

(4.5) 

(4.6) 

(4.7) 
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DKn=97rp
T
M

 

 

where T is temperature of bed, M is the molecular weight of the water vapor, P is 

the pressure of the water vapor (atm), σ is the collision diameter of the water vapor and 

Ω is the collision integral of the water vapor.  

When the flow regime is turbulent, Darcy’s law cannot be used. In such cases, 

Ergun’s equation is used to explain the relationship between the pressure drop and the 

superficial velocity of the fluid. In Ergun’s equation (Eq 4.9), in addition to the viscous 

effects, inertial effects are also taken into the consideration (Bird et al. 1961). 

 

∆P=
150μu

dp
2

1-ε 2

ε2 +1.75
ρu2

dp

1-ε
ε3  

 

where ρ is the density of the fluid and dp is the diameter of the solid. 

 

4.2. Governing Equations for Heat and Mass Transfer in an Adsorbent 

Bed 

 
In an adsorbent bed, the adsorptive flows between the particles (inter-particle 

voidage) and within the particles (intra-particle pores) with different transfer 

mechanisms. In the modelling of an adsorption process in the bed, the effect of adsorptive 

flow on the temperature, pressure, adsorbate concentration profiles inside the bed can be 

determined by solving heat and mass transfer equations. Therefore, the following 

governing equations of the momentum, heat and mass transfer in an adsorbent bed are 

solved simultaneously with appropriate assumptions and boundary conditions to define 

the temperature, pressure, and concentration profiles in the bed (see Appendix A).  

1) Continuity equation in the adsorbent bed for a cylindrical adsorbent bed 

(neglecting dispersion effect): 

 

ε
∂ρv
∂t

+
1
r

∂
∂r

rρvur +
∂

∂ϕ
ρvuϕ +

∂
∂z

ρvuz +ρs
∂w
∂t

=0 

 

(4.9) 

(4.10) 

(4.8) 
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where ρv and ρs are the density of the adsorptive and bulk density of adsorbent, 

respectively,  is the average adsorbate concentration inside the bed. 

2) The relationship between the velocity of the adsorptive and the pressure drop 

within the bed which are given in the section 4.1.  

3) Energy balance equation for the cylindrical adsorbent bed: 

 

keff
1
r

∂
∂r

r
∂T
∂r

+
∂2T
∂z2 +

∂2T
∂ϕ2 -

1
r

∂
∂r

rCpvρ
v
urT  

-
∂

∂ϕ
CpvρvuϕT -

∂
∂z

CpvρvuzT +ρs∆Hads
∂w
∂t

= εCpvρv+Cpsρs+Cplρsw
∂T
∂t

 

 

keff=kz
1-ε ×kv

ε  

 

where keff is the effective thermal conductivity within the bed, kz is the thermal 

conductivity of the adsorbent, kv is the thermal conductivity of the adsorptive, Cpv, Cps 

and Cpl are the specific heat capacity of adsorptive, adsorbent and adsorbate, respectively 

where the adsorbed phase is considered as liquid. When Bih<<1, the temperature gradient 

within the particle is neglected. Thus, only heat transfer equation inside the bed is taken 

into consideration. Furthermore, the heat losses in the cycle are neglected and not 

included in Eq 4.11. 

4) Equation to define mass transfer within the adsorbent particle which were given 

in Section 3.1.2.    

In the adsorbent bed, the interparticle mass transfer occurs as a result of the 

concentration gradient (or pressure gradient) in the bed. When the interparticle mass 

transfer resistance in the bed is neglected, the pressure within the bed will be uniform and 

there will be no pressure drop in the bed. Therefore, the mass transfer within the adsorbent 

particle (intraparticle mass transfer) and heat transfer through the adsorbent bed will be 

enough to determine the concentration and temperature profiles of the adsorbent bed.  

In order to solve the governing equations, some additional information is required 

for the adsorptive and adsorbate concentrations. For instance, a relationship between the 

density, pressure and temperature of the adsorptive is necessary to determine the velocity 

profile of the adsorptive. In most of the studies, the adsorptive is considered as an ideal 

gas which is logical for low pressure operations. Furthermore, a relationship between 

(4.11) 

(4.12) 
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equilibrium adsorbate concentration, temperature and pressure is also desired to solve 

mass transfer equation within the adsorbent particle (Section 3.1.1).  

There are several studies performed to simulate the temperature, pressure and 

adsorbate concentration for the adsorption heat pumps and adsorption columns with 

different boundary conditions and assumptions. In these studies, the adsorbent particles 

was considered as identical in size, so the bed voidage was assumed uniform. The 

thermophysical properties of the adsorbate, adsorptive and adsorbent such as specific heat 

capacity and viscosity of the adsorptive were also assumed constant. 

The pressure through the bed was considered as uniform and the velocity of the 

fluid was assumed constant in most of the studies for the simplification of the modelling 

(Ruthven and Rojo 1990, Park and Knaebel 1992, Sun et al. 1997, Yun et al. 2000, Delage 

et al. 2000, Restuccia et al. 2002, Chahbani et al. 2004, Ilis et al. 2010, Ilis et al. 2011, 

Deshmukh et al. 2015, Gaeini et al. 2016, Radu et al. 2017). However, in real systems, 

there would be a pressure drop through the bed which leads a velocity distribution of the 

fluid along the bed. In order to define the velocity profile of the fluid, different models 

have been used in the performed studies. Some of the researchers used only inherent 

permeability with Darcy’s law to explain the velocity profile of the adsorptive (Zhong et 

al. 1992, Ben Amar et al. 2009, Wu et al. 2009, Chan et al. 2012, Duquesne et al. 2014, 

Narayanan et al. 2014, Solmuş et al. 2015, Golparvar et al. 2018, Mohammed et al. 2018). 

On the other hand, as mentioned before, due to the effect of collisions of molecules, the 

apparent permeability was used instead of inherent permeability in some of the studies 

(Leong and Liu 2004, Liu and Leong 2005, Demir et al. 2008, Demir et al. 2009, Demir 

et al. 2011, Niazmand et al. 2012, Demir 2013, Gediz Ilis et al. 2015). Ergun’s equation 

which involves turbulent and laminar flow regime was also used in the performed studies 

(Bart et al. 1996, Marletta et al. 2002, Maggio et al. 2006, Xue et al. 2015, Xiao et al. 

2016). 

It was seen that the axial dispersion was also contributed to the mass transfer for 

the fluid especially in the column studies (Zhong, et al. 1992, Bart et al. 1996, Yun et al. 

2000, Kim et al. 2004, Gaeini et al. 2016, Xiao et al. 2016). Axial dispersion occurs due 

to the contribution of the molecular diffusion and turbulent mixing. Since the contribution 

of molecular diffusion is more significant in the laminar flow regime for the gas phase 

(Suzuki 1990), it is logical to neglect axial dispersion for adsorption heat pump 

applications.  
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In adsorbent bed design, one of the most important thermophysical parameters of 

the working pair is the heat of adsorption. In the study of Gündoğan-Sayılgan et al. which 

was performed with zeolite 13X-water pair, it was observed that the heat of adsorption 

was decreasing with increasing adsorbate concentration in the adsorbent (Gündoğan-

Sayılgan et al. 2016). Therefore, it is significant to define the relationship between the 

heat of adsorption and adsorbate concentration. In the previous studies, the relationship 

was defined by some of the researchers (Ülkü 1986, Park and Knaebel 1992, Bart et al. 

1996, Delage et al. 2000, Kim et al. 2004, Dawoud et al. 2007, Chan et al. 2012, 

Narayanan et al. 2014, Gaeini et al. 2016, Pinheiro et al. 2016). For instance, Ülkü was 

obtained heat of adsorption values from the slope of the isosters by applying Clausius-

Clapeyron equation for different adsorbate concentrations. Then, a third order polynomial 

equation was obtained to explain the relationship between the heat of adsorption and 

adsorbate concentration for the clinoptilolite-water pair (Ülkü 1986).  

On the other hand, the mass transfer through the adsorbent particle was generally 

defined by linear driving force model or Fickian diffusion model and the effective 

diffusivity was considered as temperature dependent. So, the researchers used Eyring 

equation to define the effective diffusivity in their study. However, in the study of 

Gündoğan-Sayılgan et al. 2016, it was seen that the effect of adsorbate loading has a 

significant effect on the effective diffusivity rather than temperature (Gündoğan-Sayılgan 

et al. 2016). Pinheiro et al. also stated adsorbate loading dependency on effective 

diffusivity. They applied constant effective diffusivity, temperature dependent effective 

diffusivity and both temperature and adsorbate loading dependent effective diffusivity in 

their study. As a conclusion, they claimed that the use of an average constant effective 

diffusivity value with linear driving force model is sufficient to predict the heating 

performance of adsorption heat pump rather than dependence of effective diffusivity on 

temperature and adsorbate loading (Pinheiro et al. 2016). 

Several parameters were evaluated in literature. In Table 4.1, the studies were 

summarized. For instance, Liu and Leong and Yaici et al. gave limits for velocity of heat 

transfer fluid (Liu and Leong 2005; Yaici et al. 2019). They concluded that up to a limit, 

the velocity of HTF significantly affect the performance of adsorption heat pump, but 

after that limit, it would have no significant effect. 
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CHAPTER 5 
 

ZEOLITE 

 
Zeolites, which are found in natural form or can easily be synthesized, are used in 

several industrial applications such as drying processes, water treatment and softening, 

agriculture and animal husbandry, mining and metallurgy, construction, and energy 

recovery and storage systems as an adsorbent, ion exchanger or catalysis.  

In this chapter, the structural information about zeolites, the effect of pre-adsorbed 

water on zeolitic applications and the use of zeolite as adsorbent in energy recovery and 

storage systems are discussed.  

 

5.1. Framework Structure of Zeolites 

 
Zeolites, porous crystalline aluminosilicates, have a tetrahedron framework in 

which aluminum or silicon atoms are occupied at the center, and oxygen atoms are located 

at the corners (Figure 5.1). A polyanionic three-dimensional network arises as a result of 

sharing of oxygen atoms between two tetrahedra.  Thus, additional positive charges must 

be located in the structure to balance the electrical charge and to obtain a stable crystal 

structure. This additional charge is maintained by cations such as Na, Ca, K, Mg, Ti which 

are replaceable and easily removable from the structure.  

 

 
Figure 5.1.(SiO4) and (AlO4) tetrahedron 

(Source: Querol et al. 2002) 
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Framework structure of zeolites affects most of the properties of zeolites such as 

stability, cation exchange properties, adsorption of gases and vapors, catalytic properties, 

electrical conductivity, the behavior of zeolitic water (Breck 1974). 

 Zeolites can be classified into seven groups according to the secondary building 

units which present the subunit of the structure with a specific array of AlO4 and SiO4 

tetrahedra. For instance, while double 4-ring tetrahedra (D4R) is found in the structure of 

zeolite A, zeolite X consists of double 6-ring tetrahedra (D6R) (Figure 5.2). The 

framework structures of both zeolites consist of β-cages which was characteristic 

structure of sodalite. The cations are mainly located in site I and site II and oxygen 

molecules are appeared in each cubic face of zeolite A. On the other hand, the cations in 

zeolite X are located within the hexagonal prism unit (site I), single 6-rings (site II) and 

main cavities (site III).  On the other hand, group 7 which includes clinoptilolite has a 

more complex structure. 

 

 
Figure 5.2.Secondary Building Units in Zeolite Structure 

 

The crystal lattice of zeolites is literally uniform, and it separates zeolites from 

other adsorbents. Si/Al ratio, the location, size, and number of cations which are the 

adsorption sites of zeolites, and the dehydration conditions are the properties that affect 

the adsorption ability of zeolites. The Si/Al ratio affects inversely the adsorption ability 

of zeolites. On the other hand, thermal stability increases as Si/Al ratio increases because 

of the less energy requirement to break Al-O bonds instead of Si-O bonds (Tsitsishvili et 

al. 1992; Narin et al., 2011).  

The presence of cations in the structure of zeolites prevents the homogeneous 

distribution of the electrostatic field at the ionic surface of the zeolites and adsorption 



 58 

center is formed in the structure of zeolites for polar molecules. Especially, zeolites with 

Si/Al ratio lower than 10 have a higher affinity for polar molecules. Furthermore, when 

polar adsorbates adsorbed by the adsorbents with ionic structure, the electrostatic 

interactions become too high which leads high heat of adsorption values. 

In zeolites, the dehydration can occur without structural defects and the water 

molecules are removed at different temperatures according to the energy of cation-water 

bond distance and the exchangeable cation sites (Van Reenwijk 1974; Knowlton et al. 

1981; Bish 1993). In addition, the desorbed water, namely zeolitic water, can be adsorbed 

again when the zeolite is cooled. The extraction of zeolitic water causes structural changes 

in zeolite framework since it accomplishes the coordination of the cations in the cavities 

and minimizes the electrostatic attraction forces between the oxygen molecules 

(Tsitsishvili et al. 1992; Ozkan 1996).  

In recent years, the effect of cation size and location on water adsorption capacity 

of zeolites gain attention by several researchers (Dzhigit et al. 1971; Ozkan 1996; Moise 

et al. 2001; Janchen et al. 2004; Fan et al. 2014). In zeolite crystals, the total void space 

must remain the same, therefore the water adsorbed by zeolites will increase as the ionic 

radius of the cation decreases. In the study of Moise et al., they compare the water 

adsorption capacities of several exchanged X and Y zeolites given in literature and 

observe that while the adsorption capacity of zeolite X is mainly depended on cation 

radius, cation location becomes also effective in adsorption capacity of zeolite Y (Moise 

et al., 2001).  

 

5.2. Effect of Pre-Adsorbed Water and Regeneration Conditions on 

Zeolite Applications 
 

Although zeolites have high affinity to various gases and vapor, water has a 

special value for applications in which zeolites are used as adsorbent, catalyst or ion 

exchanger. The pre-adsorbed water in the framework structure of the zeolites affects the 

properties such as adsorption capacity, heat of adsorption value and mass transfer rate 

and the strength and heterogeneity of electric field (Malka-Edery et al. 2001; Szanyi et 

al. 2004; Brandani and Ruthven 2004; Fan et al. 2014; Purdue and Qiao 2018). As a 

consequence, the thermal behavior of zeolites as a function of the type, amount, and 

position of cations within the structure, the coordination of cations with water molecules, 
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Si/Al ratio, dehydration temperature, water vapor pressure and heating rate should be well 

evaluated (Bish 1993; Bish and Wang 2010). Furthermore, the cation locations may 

change during reversible and continuous dehydration process without topographic 

changes in the framework structure of zeolites (Breck 1974; Tsitsishvili et al. 1992; Bish 

1995; Narin et al. 2011). As a result, the adsorption ability of zeolites is affected inversely. 

Under vacuum conditions, the complete regeneration of zeolites, which is 

dependent on the degree of vacuum and evacuation period, is generally accomplished at 

temperatures above 350°C (Breck 1974). However, due to the poor hydrothermal stability 

of aluminum-rich zeolites and the possibility of destruction of crystallinity even at low 

temperatures in the presence of water, the regeneration should be relatively slow at a 

moderate temperature under a good vacuum (Ruthven 1984). In the study of Yucel and 

Ruthven, which was performed with zeolite 4A and 5A, it was indicated that the 

temperature should be increased 2-3°C/min during regeneration under vacuum (Yucel 

and Ruthven, 1980). Furthermore, the adsorption capacity and mass diffusivity were also 

affected by regeneration conditions especially at the initial period of the adsorption 

(Ruthven 2012; Sayılgan et al. 2016). 

 

5.3. Zeolite-Water Pair in Adsorption Studies 
 

Due to the high affinity to each other and high heat of adsorption values, zeolite-

water pair has special importance in adsorption studies. Some of the studies performed 

by this pair in the previous studies are summarized Table 5.1. Although there are several 

studies on adsorption equilibria zeolite-water pair, the kinetic studies are still not enough. 

In most of these studies, the adsorption equilibrium relationship has been obtained for 

regeneration temperature above 200°C.  

On the other hand, San and Lin performed a study to compare the effect of 

different working pairs such as zeolite 13X-water, silica gel-water and active carbon-

methanol on the performance of adsorption heat pump (San and Lin 2008). In their study, 

the regeneration temperature was in the range of 80-120°C and they used experimental 

correlation to define adsorption equilibrium relationship of zeolite 13X-water pair. 

Maximum adsorption capacity of this pair was introduced as 0.23 wt/wt. For this 

operation conditions, the COP and SCP values for zeolite 13X-water pair was lower than 

other pairs.  
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In 2009, Wang and LeVan compared adsorption of CO2 and H2O on zeolite 13X 

and 5A for different adsorption temperatures (Wang and LeVan 2009). The samples were 

regenerated at 175°C under vacuum condition and it was seen that Toth’s relationship 

was well fitted to the experimental data at all temperatures.   

In the study of Gaeini et al., the effect of kinetic parameters on thermal 

performance of sorption heat storage reactor was investigated by using zeolite 13X-water 

pair (Gaeini et al. 2016). Langmuir and Sips relationships were taken into consideration 

to define adsorption equilibrium of the pair. They found that Sips relationship was better 

fit to experimental data for this pair.  

Tatlıer and Erdem-Şenatalar designed a consolidated adsorbent bed in which 

zeolite 4A was coated on the bed (Tatlıer and Erdem-Şenatalar 1999). In their study, they 

searched the effect of thermal and mass diffusivities of zeolite 4A-water pair on 

adsorption heat pump performance. In that study, they found the effective diffusivity of 

the pair in the range of 4x10-11-1x10-9 m2/s by means of solid diffusion model and 

mentioned that the mass diffusivity of the pair was the limiting parameter to specify the 

coating thickness on metal support of adsorbent bed.  

The diffusion mechanism of clinoptilolite-water pair was examined by 

Çakıcıoğlu-Ozkan and Ulku and they stated that while the intraparticle diffusional 

resistance was rate controlling mechanism at initial periods of the adsorption process, 

external heat transfer resistance became significant above the Henry’s law region 

(Çakıcıoğlu-Ozkan and Ulku 2008). 

In the study of Sayılgan-Gündoğan et al. 2016, a volumetric system was used to 

define adsorption equilibrium and kinetics of zeolite 13X-water pair for different 

adsorption and regeneration temperatures (Sayılgan-Gündoğan et al. 2016). In that study, 

they observed that although temperature had a significant effect of adsorption capacity, 

the effective diffusivity was dependent on adsorbate loading rather than temperature. 

They measured the effective diffusivity of this pair in the range of 4x10-9-6x10-8 m2/s and 

the effective diffusivity decreased with increasing adsorption adsorbate loading in the 

long time period. 

From the beginning of the studies on adsorption technology in energy recovery 

and storage systems, zeolite-water pair gains attention of the researchers especially for 

the heating systems. The performed studies are given in Table 2.1, Table 2.2, and Table 

4.1.  
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For instance, Douss designed an adsorption heat pump with two adsorber and 

NaX-water pair was used in the experimental study (Douss 1988). The heating coefficient 

of performance was determined as 1.56 for two adsorber case. In 1996, BenAmar et al. 

performed a numerical study with temperature wave regenerative heat pump (BenAmar 

et al. 1996). In their study, they used zeolite NaX-water and activated carbon AX21-

ammonia in the adsorbent beds. It was concluded that COP greater than 1 and SCP near 

200 W/kg could be obtained for that advanced heat pump cycle.  

On the other hand, Poyelle et al. preferred to use composite adsorbent in which 

thermal conductivity of zeolite was enhanced by natural expanded graphite (Poyelle et al. 

1999). The effective thermal conductivity of zeolite was increased from 0.1 W/m.K to the 

range of 5-10 W/m.K. However, the permeability was decreased due to the consolidation 

of the adsorbent. As a result, while the COP value decreased due to the mass transfer 

resistance, SCP value increased due to the decrease in cycle time with the enhance of 

thermal conductivity. 

In 2009, Bauer et al. produced zeolite/aluminum composite adsorbent for 

adsorption refrigeration (Bauer et al. 2009). In their study, they coated zeolite (SAPO-34) 

onto the aluminum substrate and determine COP and SCP values. They claimed that the 

composite material had a promising potential to enhance the performance value of the 

adsorption refrigerators.   
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Table 5.1.Previous Studies on Adsorption of Water on Zeolites 

(Source: Sayılgan-Gündoğan and Ülkü 2018) 

Year Researcher Zeolite 
Operating 
Temperature 
(°C) 

Adsorption 
Equilibrium 
Relationship 

Max. 
Adsorption 
Capacity 
(wt/wt) 

Diffusion 
Coefficient 
(m2/s) 

1961a-
1961b 

Barrer and 
Fender 

Chabazite 
Gmelinite 
Heulandite 

30-80 Langmuir 
0.28 
0.27 
0.19 

4.8x10-10 
1.5x10-10 
1.6 x10-10 

1969 Dzhigit et al. 

LiNaX 
NaX 
KNaX 
RbNaX 
Cunaxa 

23-400 - 

0.36 
0.31 
0.28 
0.22 
0.19 

- 

1986 Ülkü 
Clinoptilolite 
rich  
zeolitic tuff 

25-250 Experimental 
correlation 0.14 - 

1986a Ülkü et. al Clinoptilolite 20-220 

-Dubinin-
Radushckevich 
-Experimental 
correlation 

0.08-0.115 
0.04-0.115 - 

1986b Ülkü et al. Clinoptilolite 20-200 - 0.12 - 

1987 Karger and 
Pfeifer NaX 20 - - 4 x10-10- 2 

x10-9 
1992 Ülkü et al. Clinoptilolite 25-200 - - 5 x10-10 

1995 Cacciola and 
Restuccia 

13X 
4A 5-55 Experimental 

correlation - - 

1995 Sun et al. 13X 20-200 Three-term 
Langmuir - - 

1997 Hunger et al. 

NaA 
NaX 
NaY 
Na,K-erionite 
Na-mordenite 
NaZSM-5 

- - 

0.26 
0.30 
0.29 
0.16 
0.13 
0.08 

- 

1999 
Tatlıer and 
Erden-
Şenatalar 

4A 20-150 - - 4 x10-11 - 1 
x10-12 

2001 Ryu et al. 13X 25-340 
Langmuir-
Freundlich 
model 

0.30 1x10-11 - 1 
x10-10 

2001 Moise et al. BaX 
BaY 25-400 Dubinin-

Radushkevich 
0.28 
0.28 - 

2003 
Cakicioglu-
Ozkan and 
Ulku 

Ba-rich 
clinoptilolite 25-400 Dubinin-

Astakhov 0.13 - 

2003 Lu et al. 13X 10-250 Dubinin-
Astakhov 0.26 - 

2004 Kwapinski 
and Tsotsas 4A 25-350 Experimental 

correlation  0.24 2.8 x10-10-1 
x10-9 

2004 Janchen et 
al. 

NaX 
MgNaX 
LiX 
CaNaA 

20-350 - 

0.192 
0.212 
0.244 
0.162 

- 

2005 Liu and 
Leong 13X 45-200 Three-term 

Langmuir - - 

2006 Ülkü et al. Zeolitic Tuff 
4A 20-300 Langmuir - - 

2007 Caputo et al. Zeolitic tuff 20-250 Dubinin-
Astakhov 0.022-0.117 - 

(cont. on next page) 
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Year Researcher Zeolite 
Operating 
Temperature 
(°C) 

Adsorption 
Equilibrium 
Relationship 

Max. 
Adsorption 
Capacity 
(wt/wt) 

Diffusion 
Coefficient 
(m2/s) 

2008 San and Lin 13X 30-120 Experimental 
correlation 0.236 - 

2008 
Çakıcıoğlu-
Ozkan and 
Ülkü 

Clinoptilolite 
rich zeolitic 
tuff 

18-400 - 0.15 1.2 x10-8-
3.154 x10-6 

2009 Simo et al. 3A 100-270 Langmuir 0.07-0.16 - 

2009 Wang and 
LeVan 

5A 
13X 25-175 Toth’s 0.13-0.24 

0.15-0.26 - 

2009 

Llano-
Restrepo 
and 
Mosquera 

3A 0-100 

Generalized 
statistical 
thermodynamic 
model 

0.03-0.23 - 

2010 Ivanova et 
al. Clinoptilolite 20-200 - 0.016 2.5 x10-12-

4.4 x10-12 

2010 Cortes et al. 13X 50-450 Dubinin-
Radushkevich 0.20-0.25 - 

2014 Mette et al. 13X 20-350 Dubinin-
Astakhov 0.02-0.32 - 

2016 Sayılgan et 
al. 13X 35-200 Langmuir 0.19-0.23 4 x10-9-6 

x10-8 
 

Table 5.1 (cont.) 
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CHAPTER 6 

 

MATERIALS AND METHODS 

 
High consumption of the fossil fuel-based electricity increases the effect of global 

warming in recent years. This increase not only effect the weather conditions, but it also 

brings diseases, scarcity, and drought. Therefore, eco-friendly solutions must be carried 

out immediately. Although producing electricity from renewable energy sources has been 

increasing in recent years, the storage of the produced energy still turns out to be the 

biggest problem. The current energy storage systems are not sufficient to be 

environmentally friendly and researchers try to enhance alternative systems. At this point, 

adsorption heat pumps which use renewable energy sources and waste heat as heat source 

gains attention of the researchers. However, they still require enhancement due to the low 

heat transfer in the adsorbent bed.  

In the scope of this thesis, the theoretical analysis of the adsorbent bed with 

different design and parameters have been conducted. Zeolite 13X-water pair has been 

chosen as the working pair and adsorption equilibrium and kinetic data have been 

determined from the experimental data performed at regeneration temperature of 90°C. 

The enhancement of the effective thermal conductivity within the bed has been 

investigated with metal additives and manufacturing high thermal conductive zeolite-

graphene pellet. Furthermore, synthesizing of graphene from graphite is also summarized 

in this section. The details of the study have been introduced in the following sections.  

 

6.1. Selection of the Working Pair 

 

Water is a non-toxic, non-flammable, low-cost adsorbate with high latent heat of 

evaporation. Furthermore, due to high electronegativity and oppositely charged oxygen 

and hydrogen atoms, water is a polar molecule with dipole moment. As mentioned before, 

zeolites with Si/Al ratio smaller than 10 have great affinity to polar molecules and high 

heat of adsorption values can be obtained from the adsorption of water by these zeolites. 

High affinity to each other and high heat of adsorption value of zeolite-water make these 

pair suitable especially for energy recovery and storage systems.  
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Additionally, when compared to other adsorbents, the uniform crystal structure 

gives advantages to zeolites in adsorption processes. In many adsorbents, the molecular 

structure of the adsorbents is destroyed as water is adsorbed and desorbed. However, due 

to the uniform crystal structure of zeolites, water can easily move in the channels without 

any destruction in the structure of zeolite.  

Zeolites, which are found in natural form or can easily be synthesized, are used in 

several industrial applications such as drying processes, water treatment and softening, 

agriculture and animal husbandry, mining and metallurgy, construction, and energy 

recovery and storage systems as an adsorbent, ion exchanger or catalysis (Gündoğan-

Sayılgan et al. 2016). As mentioned before, the pre-adsorbed water affects the zeolite 

applications quietly. However, the studies on adsorption of water on zeolites are limited 

and the discussion of heat and mass transfer properties of this pair is not sufficient. So, in 

the thesis zeolite 13X which has high affinity to water vapor and high heat of adsorption 

value has been chosen as adsorbent and water has been chosen as the adsorbate. 

Furthermore, in literature, there are several studies on adsorption heat pumps 

working with silica gel-water, active carbon-methanol pairs. However, the studies on the 

zeolite-water pair are limited especially. Therefore, in this study, the application of 

zeolite-water pair in the adsorption heat pump design has been discussed.  

 

6.2. Characterization of Zeolites 
 

Prior to applications, affinity to water vapor, framework structure, thermal 

behavior of zeolites should be characterized to detect the suitability of the properties for 

the processes. Thermal and structural properties of zeolites such as 4A from Sigma 

Aldrich Co., 13X from Alfa Aeser (4-8 mesh), 5A from Alfa Aeser Co. (3-5 mm) and 

Clinoptilolite-rich natural zeolitic material from Gördes-Turkey can be determined by 

different methods such as thermal gravimetric analysis (TGA), scanning electron 

microscopy (SEM) and infrared spectroscopy (IR). The experimental conditions for the 

characterization of zeolite samples used in the study are summarized in Table 6.1.  
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Table 6.1. Characterization methods 

Methods Apparatus Conditions 

TGA Shimadzu TGA-51 

Heating rate: 5°C/min 
N2 flow: 40 mL/min 

Temperature:25-1000°C 
(Dehydrated in saturated KCl 

solution prior to analysis) 

SEM-EDX SEM, FEI QUANTA 250 
FEG - 

FTIR Shimadzu FTIR-8201 model KBr pellet technique 
   

6.3. Adsorption Equilibrium  

In this study, a volumetric system has been used to determine the adsorption 

equilibrium and diffusivity of pairs. The schematic view of the set-up is illustrated in 

Figure 6.1. The details of the system have been given in the master thesis (Gündoğan-

Sayılgan 2013).  

 
 

Figure 6.1. Schematic view of experimental setup 

 

Since adsorption experiments are conducted under vacuum conditions and zeolite 

can adsorb water vapor even at low adsorptive pressure, the leakage tests have been 

performed similar with the master thesis study of Gündoğan-Sayılgan. It has been seen 

that there is no leakage in the system for 60 hours. 
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After the leakage test has been accomplished, the adsorption experiments are 

performed by the following experimental procedure: 

1) All four valves are closed, 

2) Temperature and pressure loggings are on,  

3) Temperature controllers connected to vessel 2 and vessel 3 are set to the desired 

regeneration temperature (90°C) and the temperature controller connected to the 

pipes is set to the 60°C. 

4) Vacuum pump is turned on,  

5) V2, V3 and V4 are opened, 

6) Evacuation is continued for a week at selected regeneration temperature,  

7) After a week, the temperature controllers are set to the desired adsorption 

temperature while evacuation continued,  

8) When the temperature of the system reaches to the adsorption temperature and 

come to equilibrium, V3 and V4 are closed,  

9) Vacuum pump is closed,  

10) V1 is opened until the saturation water vapor pressure is reached, then it is closed, 

11) When the adsorptive pressure reaches equilibrium in entire system, V3 is opened 

until equilibrium pressure is reached, and then it is closed. 

The adsorption experiments performed at different adsorption temperatures of 35, 

45 and 60°C. Adsorptive pressure versus time data was recorded during the experiments. 

The adsorption capacity, heat of adsorption, uptake rate and effective diffusion coefficient 

were calculated from these data by using ideal gas law.  

After determination of adsorption isotherm and effective diffusion coefficient, the 

proper equilibrium and kinetic model should be selected. In order to determine the 

appropriate equilibrium model for zeolite 13X-water regenerated at 90°C, Langmuir, Sips 

and Toth’s models applied by curve fitting method in excel.  

 

6.3.1. Non-isothermal Adsorption Analysis 
 

Heat is released during the adsorption process, and it cannot be drawn away from 

the adsorbent as fast as it is generated in conventional systems. As a result, temperature 

of the bed increases significantly at the beginning of the adsorption and then decreases 
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slowly to the initial value. Although this increment is generally neglected in the previous 

studies, it should be considered in the design of an adsorbent bed.  

 In determining the non-isothermal adsorption kinetics, both the models based on 

Fickian diffusion (Ruthven 1984), and linear driving force (LDF) approximation (Sircar 

1983) are used, and the set of equations are solved numerically. The assumptions and 

boundary conditions of the models are given in Table 3.3. The nodal equations of mass 

and energy transfer equations for non-isothermal LDF model have been obtained by 

applying Euler’s method (Eq 6.1-6.5). Both the Langmuir and Sips relationships were 

used to define adsorption equilibrium where q* represents the amount adsorbed at the 

solid surface at equilibrium. It is assumed that the bed and the sample reached thermal 

equilibrium instantaneously. Therefore, the specific heat capacity in heat transfer 

equation is the average specific capacity including both the sample and the bed. The 

parameter “a” in the model is the external surface area of the adsorbent bed in the test 

apparatus with the units of m2/kg (Eq 6.3). The external heat transfer coefficient, h, has 

been obtained from Nusselt equation. 
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In non-isothermal solid diffusion model, implicit finite difference model has been 

used in to solve the mass transfer through the adsorbent particle and the Euler’s method 

has been used to solve the heat transfer equation. The average adsorbate concentration 

(Eq 6.1) 

(Eq 6.2) 

(Eq 6.3) 

(Eq 6.4) 

(Eq 6.5) 
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was used in heat transfer equation. The equilibrium relationship was defined by Langmuir 

relationship and the specific heat capacity in the heat transfer equation is the average 

specific capacity including both the sample and the pan. On the other hand, the parameter 

“a” in the solid diffusion model is the external surface area per unit volume of the 

adsorbent sample.  
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6.4. Thermal conductivity measurements 
 

Thermal conductivity measurements of zeolite beads have been performed by 

KEM QTM-500 device which works according to the standardized hot wire method and 

by a homemade measurement apparatus which is given at Figure 6.2.   

In hot wire method which is a transient method used to measure thermal 

conductivity (Figure 6.2a), it is assumed that the hot wire diameter is infinitely small, and 

heat losses due to convection and radiation are neglected. An electric current with a 

constant power is applied to the wire on the probe and the temperature rise exponentially. 

(6.6) 

(6.7) 

(6.8) 

(6.9) 

(6.10) 

(6.11) 
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From the slope of the linear line of temperature versus time, which is in logarithmic scale, 

the thermal conductivity of the sample is determined (Eq 6.12). 

 

keff=
q

4π(T2-T1)
ln

t2
t1

 

 

 
Figure 6.2. Measurement device for thermal conductivity a) Hot wire method b) Heat 

Source method 

 

This method can be used for the measurement of several species in the form of 

liquid, granular or powder with a thermal conductivity less than 15 W/m.K (Griesinger et 

al. 1999; Wang et al. 2006; Franco 2007). In the study of Franco, it was mentioned that 

the required sample thickness was related with the thermal diffusivity of the sample and 

the optimum conditions for thermal conductivity measurement with hot wire method was 

given (Table 6.2) (Franco 2007).  

 

Table 6.2. Minimum dimensions required for the sample in hot wire method 

(Source: Franco 2007) 

 (W/mK) Length (mm) Width (mm) Thickness (mm) 

0.02 50 20 10 
0.05 35 15 6 
0.1 30 12 5 
0.2 40 15 6 
0.5 50 36 9 
1.0 70 35 12 
2.0 80 50 18 
5.0 120 80 30 

(a) (b) 

(1) (2) 

(3) 
(4) 

(5) 

(6.12) 
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Besides standardized methods, alternative methods are also used in literature. One 

of the most popular methods is heat source method (Huetter et al. 2004; Demir et al. 2008; 

Guo et al. 2013). In this method, a long cylindrical vessel which is filled with the sample 

is suddenly plunged into the water bath and the temperature change is monitored against 

time (Figure 6.3). By applying transient heat conduction equation, the thermal 

conductivity of a sample with a known specific heat capacity is calculated (Eq 6.13).   

 

ρbCp
∂T
∂t

=keff
∂2T
∂r2 +

1
r

∂T
∂r

 

 

 

Figure 6.3. Schematic view of test apparatus 

(Source: Demir et al. 2008) 

 

In this study, heat source method was applied with a homemade system (Figure 

6.2b) which included of a hot water bath (1), a data logger (2), a cold-water bath (3), a 

computer to record the temperature data against time (4) and a sample holder (5). During 

the experiments, two different sample holders were used. The first one was a long cylinder 

(SH-1) with dimensions of 45 mm inner diameter, 50 mm outer diameter and 150 mm 

length. However, since it was hard to locate the metal additives due to small diameter, a 

larger sample holder with dimensions of 85 mm inner diameter, 90 mm outer diameter 

and 125 mm length was used (SH-2). Insulation was placed at the top and the bottom of 

the sample holder to prevent end effects.  

The experiments with the homemade system are performed with the following 

steps: 

1) The hot water bath is heated to the temperature of 40°C. 

(6.13) 
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2) When the temperature of the bed reached equilibrium, the sample holder is 

placed into the water bath. 

3) Meanwhile, the increase in temperature at the center of the of the sample 

holder is measured with a grounded K-type thermocouple (later two additional 

thermocouples are located at the sides of the sample holder) (Figure 6.4). 

4) When the temperature at the center of the sample holder reaches equilibrium, 

it is taken from hot water bath and placed into the cold-water bath which is at 

5°C.  

5) The change in temperature with time (30 seconds interval) is recorded by data 

logger and computer program.  

Figure 6.4. Sample holder (SH-2) with three K-type thermocouples 

After obtaining experimental data, the transient heat conduction equation given in 

Eq 6.11 was solved numerically by using MATLAB program with appropriate boundary 

conditions (Eq 6.14- 6.15).  

 
∂T
∂r r=0

=0 

 

-keff
∂T
∂r r=R

=hw T r=R-T∞  

 

(6.14) 

(6.15) 
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In the numerical study, both SH-1 and SH-2 have been considered as long 

cylinder. The end effects, the conductive heat transfer through the wall of the sample 

holder and contact resistance between the sample holder and metal additives have been 

neglected. Furthermore, since only the temperature in radial direction is recorded, the 

change of temperature in axial direction has not been taken into consideration. Then, the 

numerical and experimental data has been fitted by using curve fitting method and 

effective thermal diffusivity of the sample is obtained. Finally, by multiplying effective 

thermal diffusivity with effective thermal capacitance, the effective thermal conductivity 

is obtained (Eq 6.16).  

 

ρCp eff
=x ρCp m

+(1-x) ρCp s
 

 

where x is the mass fraction of the metal additives. In order to increase the 

effective thermal conductivity, metal additives with different geometries have been used 

(Figure 6.5). 

 

 
Figure 6.5. Metal additives with different geometries 

 

When the equilibrium temperature is reached, the temperature at each side of the 

sample holder should be equal to the temperature of the water bath which is maintained 

at 5°C. Therefore, in the numerical solution of the thermal diffusivity, the convergence 

criterion is determined as:  

 

max Tcenter-T∞ <10-3 

 

(6.16) 

(6.17) 
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6.5. Heat and Mass Transfer in the Adsorbent Bed 

 

As mentioned in Chapter 4, the heat, mass, and momentum transfer equations 

should be solved simultaneously to determine the temperature, pressure, and adsorbate 

concentration distribution within the adsorbent bed. In this thesis, three different bed 

designs were evaluated. Within the scope of the thesis, the effect of parameters such as 

the thermal conductivity of the adsorbent, the effective diffusivity through the adsorbent 

particle, the cold fluid velocity and temperature and the hot fluid temperature on the 

performance of the bed were investigated. The details of the study are given in the 

following sections. 

 

6.5.1. Adsorbent Bed-1 
 

In the first design, the considered annular bed is given in Figure 6.6 (Demir et al. 

2009). The inner radius (Ri) of the bed is taken as 0.06 m and the outer radius (Ro) is 

taken as 0.16 m with a length of 0.35 m. The bed voidage was taken as 0.36. Furthermore, 

the top and bottom of the bed was considered as adiabatic. 

 

 
Figure 6.6. Considered annular Adsorbent Bed-1 
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6.5.1.1. One-Dimensional Analysis of the Adsorbent Bed-1 (Case I) 
 

The heat, mass and momentum transfer equations were solved simultaneously for 

the adsorbent bed-1 (Figure 6.6). In that design, it was assumed that the flow of the 

adsorptive was laminar flow in radial direction and the bed was adiabatic. Thus, the 

continuity and heat transfer equations became: 
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Since the flow regime was laminar, Darcy’s law with apparent permeability was 

used to define the pressure drop and velocity profile of the adsorptive (Eq 4.1-4.8). 

Furthermore, while the adsorptive was assumed as ideal gas, the adsorbed phase was 

considered as liquid. The thermophysical properties of adsorptive, adsorbate and 

adsorbent except adsorptive density and heat of adsorption were taken as constant.  

One of the parameters examined during the numerical study was the effect of 

effective thermal conductivity of adsorbent on the performance of adsorption heat pump. 

In order to evaluate that, the effective thermal conductivity has been taken as 0.12 W/mK 

and 1 W/mK which is the value given by Meunier (Meunier 1993).  

As mentioned in Chapter 4, equilibrium relationship is also required to solve the 

governing equations. According to the results of experimental study, Sips relationship 

(Eq 6.21) has been used to define adsorption equilibrium where the isosteric heat depends 

on the adsorbate loading.  

 

q=qs
bP 1 n

1+ bP 1 n 

 

Since the constants b and n are temperature dependent parameters, they are 

defined as a function of temperature as (Do 1998): 

 

(6.20) 

(6.18) 

(6.19) 
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b=b∞exp
Q

RT
 

 
1
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qst=Q- αRT0 nln bP  

 

where b∞ is the pre-exponential factor of the affinity constant. n is the surface 

heterogeneity, Q is the heat of adsorption, n0 is the parameter at reference temperature of 

T0, qst is the isosteric heat of adsorption, and α is a constant parameter.  

The change of amount of adsorbate in the adsorbent can be determined with 

different kinetic models with appropriate assumptions and boundary conditions which 

have been given in Section 3.1.2. In this study, due to the simplicity and giving 

approximate solution, linear driving force (LDF) model has been used to determine the 

change in adsorbed amount of adsorbate with time (Eq 6.24). The effect of temperature 

and adsorbate loading dependence of effective diffusivity value on the performance of 

adsorption heat pump is another parameter evaluated in this study.   

 
dq
dt

=
15Deff

rp
2 q-q  

 

where q is the average adsorbate concentration at the adsorbent surface, Deff is the 

effective diffusivity within the adsorbent particle and rp is the particle radius. The effect 

of adsorbate loading, and temperature on effective diffusivity has been also evaluated in 

Case I.  

 

6.5.1.2. Two-dimensional Analysis of the Adsorbent Bed-1 (Case II) 
 

Two-dimensional analysis of the Adsorbent Bed-1 (Figure 6.6) was also 

performed to decide the effect of adsorptive flow in axial direction within the bed. 

Therefore, two-dimensional forms of the heat and mass transfer equations were taken into 

consideration (Eq 6.25- 6.26).  

 

(6.21) 

(6.22) 

(6.23) 

(6.24) 
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Similar with the Case I, the adsorption equilibrium has been represented by Sips 

relationship (Eq 6.20-6.23). The adsorption rate was represented by LDF model with an 

average effective diffusivity value (Eq 6.24). The velocity profile of the adsorptive and 

pressure drop in the bed was defined by the Darcy’s law (Eq 4.3). 

 

6.5.2. Validation of the Theoretical Model for Adsorbent Bed-1 
 

The validation of theoretical model with experimental data was achieved by taking 

experimental data from the study of Mobedi (Mobedi 1987). In that study, Zeolite 13X-

water pair was used. The experimental design constructed by Mobedi is presented in 

Figure 6.7. 

 

Figure 6.7. Experimental design of Mobedi 

(Source Mobedi 1987) 

(6.25) 

(6.26) 
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The one-dimensional governing equations obtained for Adsorbent Bed-1 were 

used in the validation. The adsorption equilibrium was defined by Sips Relationship and 

the parameters for equilibrium relationship was obtained from the experimental data. The 

evaporator pressure was taken as 2 kPa. The outer radius of the bed was 110 mm.  

 

6.5.3. Adsorbent Bed-2 (Case III) 

In the second design, the top and bottom of the bed was non-adiabatic, and the 

heating was done by a constant temperature source at the outer region of the bed (Figure 

6.8). The governing equations were the same with two-dimensional analysis of the 

adsorbent bed-1 (Eq 6.25-6.26), except the boundary conditions. 

 
Figure 6.8. The considered annular Adsorbent Bed-2 (Case III) 

 

6.5.4. Adsorbent Bed-3 (Case IV) 

In the third adsorbent bed design, the adsorbent bed was supposed to be heated 

with a heat transfer fluid flowing at the outside of the annular adsorbent bed rather than 

constant temperature source (Figure 6.9). In the design, the axial dispersion of the 

adsorptive was also taken into consideration. The top and bottom of bed was considered 

as adiabatic as in the Adsorbent Bed-1.   
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Figure 6.9. The considered annular Adsorbent Bed-3 (Case IV) 

 

According to the assumptions given above, two-dimensional analysis of the heat 

and mass transfer equations are performed for the Adsorbent Bed-3 which were the same 

with Case II (Eq 6.25-6.26).  

In addition to the adsorbent bed, heat transfer equations for the heat transfer fluid 

and the metal tube were also taken into consideration for this case. The thermal gradients 

in radial direction were neglected for both heat transfer fluid and the metal tube. Thermal 

properties of metal tube and heat transfer fluid were assumed to be constant. The thermal 

resistance between the metal tube and the adsorbent bed was neglected.  

 

Energy balance for the heat transfer fluid: 
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Energy balance for the metal tube: 
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where uf is the velocity of the HTF, Df is the thermal dispersion coefficient, V, ρ, 

Cp are the volume, density and specific heat capacity for both HTF and metal tube, Af 

(6.27) 

(6.28) 
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and hf are the surface area and heat transfer coefficient at the HTF-metal tube interface, 

and As and hs are the surface area and heat transfer coefficient at the adsorbent bed-metal 

tube interface, respectively. 

Similar with the Adsorbent Bed-1 and Adsorbent Bed-2, the adsorption 

equilibrium was represented by Sips relationship (Eq 6.20-6.23). The adsorption rate was 

represented by LDF model with an average effective diffusivity value (Eq 6.24). The 

velocity profile of the adsorptive and pressure drop in the bed was defined by the Darcy’s 

law (Eq 4.3). 

In this design, parametric studies were also performed. The effect of velocity of 

heat transfer fluid (0.1, 1, 10 m/s), hot fluid temperature (464 K, 484 K and 504 K) and 

cold fluid temperature (298 K, 288 K and 278 K) were investigated for Adsorbent Bed-

3. 

 

6.5.5. Numerical Solution of the Governing Equations 
 

The governing equations used in the design of adsorption heat pumps are 

nonlinear parabolic differential equations which defines how an unknown varies in both 

space and time.  In order to solve these type of equations, different numerical methods 

such as finite element, finite difference and finite volume have been represented. In this 

study, finite difference method which is applicable in boundary value problems was 

employed. In this method, the domain is discretised in both space (Figure 6.10) and time 

and the differential equation is turned into a linear algebraic equation for each node. 

 
Figure 6.10. Grids used for the finite difference solution of parabolic partial differential 

equations 
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In linearization of the differential equations central difference is generally used 

for the space derivatives. 

 

∂2y
∂x2 =

yi+1,j-2yi,j+yi-1,j

∆x 2  

 
∂y
∂x

=
yi+1,j-yi-1,j

2∆x
 

 

On the other hand, two methods called implicit and explicit can be used for the 

time dependent differential equations. While each node at future time is obtained by using 

the present values of at the node and its neighbours in explicit method (Eq 6.31), the 

approximation is performed at an advanced time level in implicit method (Eq 6.32). A 

forward finite difference is generally used to approximate the time derivative. In this 

study, implicit method is used to solve the governing equations due to the stability of the 

method.  

 

yi,j
k+1-yi,j

k

∆t
=

yi+1,j
k-2yi,j

k+yi-1,j
k

∆x 2  

 

yi,j
k+1-yi,j

k

∆t
=

yi+1,j
k+1-2yi,j

k+1+yi-1,j
k+1

∆x 2  

 

6.5.5.1. Discretization of Governing Equations of Adsorbent Bed-1 for 

Case I 
 

As mentioned in Section 6.5.1, the considered annular bed is cylindrical and only 

gradients in the radial direction are taken into the consideration for Case I. By applying 

finite difference method, the continuity and heat transfer equations become: 

 

T i k+1=
AT i+1 k+1+BT i k+CT i-1 k+1+Dρb∆Hads

E
 

 

 

(6.31) 

(6.32) 

(6.33) 

(6.29) 

(6.30) 
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A=
keff

2r i ∆r
+

keff

∆r 2 -
ρw i+1 k+1Cpwu i+1 k+1

2∆r
 ; B=

ρCpeff
k

∆t
;  

 

C=-
keff

2r i ∆r
+

keff

∆r 2 +
ρw i-1 k+1Cpwu i-1 k+1

2∆r
 ;D=

w i k+1-w i k

∆t
 

 

E=
ρCpeff

k+1

∆t
+

ρw i k+1Cpwu i k+1

r i
+

2keff

∆r 2 

 

The change in adsorbate concentration in the adsorbent with time has been defined 

with the LDF model. Since it is a first order ordinary differential equation, Euler’s method 

is used. 

w i k+1-w i k

∆t
=

15Deff

rp
2 w∞ i k+1-w i k  

 

Furthermore, the velocity profile of the adsorptive which is obtained by Darcy’s 

law is calculated by means of central finite difference approximation. 

 

u i k+1=-
Kapp

μ
P i+1 k+1-P i-1 k+1

2∆r
 

 

The initial and boundary conditions are given in Table 6.3. The given initial 

conditions for the isobaric cooling process are start-up values. After the first cycle 

completes, the initial conditions of isobaric cooling process are taken from the final values 

of isosteric cooling process. The temperature at point c (Figure 2.2) is taken as 473 K and 

the condenser pressure is taken as 8.5 kPa.  

 

6.5.5.2. Discretization of Governing Equations of Adsorbent Bed-1 for 

Case II and Adsorbent Bed-2 (Case III) 

In the second case, axial dispersion has also been taken into consideration. 

Therefore, the governing equations for mass and heat transfer equations for the bed are 

analysed for two-dimensional flow and given below, respectively. 

(6.34) 

(6.35) 

(6.36) 

(6.34) 

(6.34) 



 83 

Mass transfer of adsorptive in the adsorbent bed:  

 

ρw i,j k+1= 

Aρw i+1,j k+1+Bρw i,j k+Cρw i-1,j k+1-Dρb+Fρw i,j+1 k+1+Gρw i,j-1 k+1

E
 

 

A=-
ur i+1,j k+1

2∆r
; B=

ε
∆t

; C=
ur i-1,j k+1

2∆r
; D=

w i,j k+1-w i,j k

∆t
 

 

E=
ε
∆t

 +
ur i,j k+1

r i
; F=-

uz i,j+1 k+1

2∆z
 ;G=

uz i,j-1 k+1

2∆z
 

 

Heat transfer in the adsorbent bed:  

 

T i k+1= 

AT i+1,j k+1+BT i,j k+CT i-1,j k+1+Dρb∆Hads+ET i,j+1 k+1+FT i,j-1 k+1

G
 

 

A=
keff

2r i ∆r
+

keff

∆r 2 -
ρw i+1,j k+1Cpwur i+1,j k+1

2∆r
 ; B=

ρCpeff
k

∆t
;  

 

C=-
keff

2r i ∆r
+

keff

∆r 2 +
ρw i-1,j k+1Cpwur i-1,j k+1

2∆r
 ;D=

w i,j k+1-w i,j k

∆t
 

 

E=
keff

∆z 2 -
ρw i,j+1 k+1Cpwuz i,j+1 k+1

2∆z
  

 

F=
keff

∆z 2 +
ρw i,j-1 k+1Cpwuz i,j-1 k+1

2∆z
 

 

G=
ρCpeff

k+1

∆t
+

ρw i,j k+1Cpwur i,j k+1

r i
+

2keff

∆r 2 +
2keff

∆z 2   

 

(6.37) 

(6.38) 

(6.39) 

(6.40) 

(6.40) 

(6.40) 

(6.40) 

(6.40) 

(6.38) 
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Velocity distribution of the adsorptive within the adsorbent bed was defined by 

Darcy’s law with two-dimensional approach. 

 

ur i,j k+1=-
Kapp

μ
P i+1,j k+1-P i-1,j k+1

2∆r
 

 

uz i,j k+1=-
Kapp

μ
P i,j+1 k+1-P i,j-1 k+1

2∆z
 

 

7.5.4.3. Discretization of Governing Equations of Adsorbent Bed-3 

(Case IV) 
 

In the Case IV, the mass and heat transfer equations take the similar form with 

Case II and Case III. On the other hand, heat transfer equations for metal tube and HTF 

were discretized according to the one-dimensional approach, respectively. 

 

Tm i,j k+1=
A+B Tm i,j+1 k+1+Tm i,j-1 k+1 +CTm i,j k

G
 

 

A=hfAfTf i,j k+1+hsAsT i,j r=R0
k+1 

 

B=
km

∆z 2  ;  C=
ρmCpmVm

∆t
 ; D=

ρmCpmVm

∆t
+

2km

∆z 2 +hfAf+hsAs 

 

Tf i,j k+1=
ATf i,j+1 k+1+BTf i,j-1 k+1+CTf i,j k+D

E
 

 

A=-
uf

2∆z
+

Df

∆z 2   ;  B=
uf

2∆z
+

Df

∆z 2  

 

C=
1
∆t

  ;  D=
hfAf

ρfCpfVf
Tm i,j k+1  ; E=

1
∆t

 +
2Df

∆z 2
hfAf

ρfCpfVf
 

 

 

(6.41) 

(6.42) 

(6.43) 

(6.44) 

(6.45) 

(6.46) 

(6.47) 

(6.47) 
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6.5.5.3. Algorithm of the Solution Procedure 
 

The solution procedure of the governing equations for all designs are similar with 

the study of Gediz Ilis et al. (2013). In details, the adsorption equilibrium, which was 

defined by Sips equilibrium relationship, adsorption rate equation (LDF model), heat 

transfer equation and continuity equation are solved simultaneously in order to obtain the 

temperature and adsorptive density gradients in the adsorbent bed. By using the new 

values of the adsorptive density and temperature, pressure distribution is calculated by 

using ideal gas law and velocity profile was calculated from Darcy’s law. After obtaining 

solution for a time step, the next time step is started until the convergence criteria for 

inner iterations are satisfied (Eq 6.48). 

 

φk+1-φk

∆t
<10-5 

 

where φ illustrates values of the temperature or adsorptive density. On the other 

hand, the convergence criterion for the outer iteration is  for the isobaric cooling 

process and  for the isobaric heating process. The average values of the 

adsorbate concentration, temperature, adsorptive pressure, and adsorptive density in axial 

directions are calculated by arithmetic mean. For the radial direction, the average values 

are obtained from: 

 

φ t =
2rφ r,t drR0

Ri

R0
2-Ri

2  

 

The number of nodes inside the bed has been taken as 7 in the radial direction and 

7 in the axial direction. However, it has been seen that the time interval is affected from 

the value of the porosity in the bed. Therefore, time interval has been taken in the range 

of 0.00005-0.000001. The initial and boundary conditions for Case I, Case II, Case III 

and Case IV are given in Table 6.3, Table 6.4, Table 6.5 and Table 6.6.  

 

 

 

(6.48) 

(6.49) 
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Table 6.3. The initial and boundary conditions of the AHP for Case I 

Process Dependent variable 
Boundary 
conditions 

at R=Ri 

Boundary 
conditions 
at R=R0 

Initial 
conditions 

(t=0) 

Isobaric 
cooling 

Temperature (K) ∂T
∂R =0 T=300 T=300 

Pressure (kPa) P=Pev=2 ∂P
∂R =0 P=f(T,ρ) 

Adsorptive density (kg/m3) ρw= f(T,P) ρw= f(T,P) ρw≈0 
Amount of adsorbate 
(kgw/kgz) 

W= f(T,P) W= f(T,P) W≈0 

Adsorptive velocity (m/s) u= 
f(ρw,Kapp) 

∂u
∂R =0 u=0 

Isosteric 
heating 

Temperature (K) ∂T
∂R =0 T=363 

Last values 
of isobaric 
cooling 
process 

Pressure (kPa) ∂P
∂R =0 ∂P

∂R =0 

Adsorptive density (kg/m3) ρw= f(T,P) ρw= f(T,P) 

Amount of adsorbate 
(kgw/kgz) 

W= f(T,P) W= f(T,P) 

Adsorptive velocity (m/s) ∂u/∂R=0 ∂u/∂R=0 

Isobaric 
heating 

Temperature (K) ∂T
∂R =0 T=473 

Last values 
of isosteric 
heating 
process 

Pressure (kPa) P=Pcond=8.5 ∂P
∂R =0 

Adsorptive density (kg/m3) ρw= f(T,P) ρw= f(T,P) 

Amount of adsorbate 
(kgw/kgz) W= f(T,P) W= f(T,P) 

Adsorptive velocity (m/s) u= f( 
ρw,Kapp) 

∂u
∂R =0 

Isosteric 
cooling 

Temperature (K) ∂T
∂R =0 T=300 

Last values 
of isobaric 
heating 
process 

Pressure (kPa) ∂P
∂R =0 ∂P

∂R =0 

Adsorptive density (kg/m3) ρw= f(T,P) ρw= f(T,P) 

Amount of adsorbate 
(kgw/kgz) W= f(T,P) W= f(T,P) 

Adsorptive velocity (m/s) ∂u
∂R =0 ∂u

∂R =0 
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Table 6.4. The initial and boundary conditions of the AHP for Case II 

Process Dependent 
variable 

BCs at 
R=Ri 

BCs at 
R=R0 

BCs at 
z=0 

BCs at 
z=L 

IC 
(t=0) 

Isobaric 
cooling 

Temperature (K) ∂T
∂R =0 T=300 ∂T

∂R =0 ∂T
∂R =0 T=300 

Pressure (kPa) P=Pev=2 ∂P
∂R =0 ∂P

∂z =0 ∂P
∂z =0 P=f(T,ρ) 

Adsorptive density 
(kg/m3) ρw= f(T,P) ρw= f(T,P) ρw= 

f(T,P) 
ρw= 
f(T,P) ρw≈0 

Amount of 
adsorbate (kgw/kgz) 

W= f(T,P) W= f(T,P) W= 
f(T,P) 

W= 
f(T,P) W≈0 

Adsorptive 
velocity (m/s) 

u= 
f(ρw,Kapp) 

∂u
∂R =0 ∂v

∂z =0 ∂v
∂z =0 u=0 

Isosteric 
heating 

Temperature (K) ∂T
∂R =0 T=363 ∂T

∂R =0 ∂T
∂R =0 

Last values 
of isobaric 
cooling 
process 

Pressure (kPa) ∂P
∂R =0 ∂P

∂R =0 ∂P
∂z =0 ∂P

∂z =0 

Adsorptive density 
(kg/m3) ρw= f(T,P) ρw= f(T,P) ρw= 

f(T,P) 
ρw= 
f(T,P) 

Amount of 
adsorbate (kgw/kgz) 

W= f(T,P) W= f(T,P) W= 
f(T,P) 

W= 
f(T,P) 

Adsorptive 
velocity (m/s) ∂u/∂R=0 ∂u/∂R=0 ∂v

∂z =0 ∂v
∂z =0 

Isobaric 
heating 

Temperature (K) ∂T
∂R =0 T=473 ∂T

∂R =0 ∂T
∂R =0 

Last values 
of isosteric 
heating 
process 

Pressure (kPa) P=Pcond=8.5 ∂P
∂R =0 ∂P

∂z =0 ∂P
∂z =0 

Adsorptive density 
(kg/m3) ρw= f(T,P) ρw= f(T,P) ρw= 

f(T,P) 
ρw= 
f(T,P) 

Amount of 
adsorbate (kgw/kgz) 

W= f(T,P) W= f(T,P) W= 
f(T,P) 

W= 
f(T,P) 

Adsorptive 
velocity (m/s) 

u= f( 
ρw,Kapp) 

∂u
∂R =0 ∂v

∂z =0 ∂v
∂z =0 

Isosteric 
cooling 

Temperature (K) ∂T
∂R =0 T=300 ∂T

∂R =0 ∂T
∂R =0 

Last values 
of isobaric 
heating 
process 

Pressure (kPa) ∂P
∂R =0 ∂P

∂R =0 ∂P
∂z =0 ∂P

∂z =0 

Adsorptive density 
(kg/m3) ρw= f(T,P) ρw= f(T,P) ρw= 

f(T,P) 
ρw= 
f(T,P) 

Amount of 
adsorbate (kgw/kgz) 

W= f(T,P) W= f(T,P) W= 
f(T,P) 

W= 
f(T,P) 

Adsorptive 
velocity (m/s) 

∂u
∂R =0 ∂u

∂R =0 ∂v
∂z =0 ∂v

∂z =0 

 



 88 

Table 6.5. The initial and boundary conditions of the AHP for Case III 

Process Dependent 
variable 

BCs at 
R=Ri 

BCs at 
R=R0 

BCs at 
z=0 

BCs at 
z=L 

IC 
(t=0) 

Isobaric 
cooling 

Temperature (K) ∂T
∂R =0 T=300 T=300 T=300 T=300 

Pressure (kPa) P=Pev=2 ∂P
∂R =0 ∂P

∂z =0 ∂P
∂z =0 P=f(T,ρ) 

Adsorptive density 
(kg/m3) ρw= f(T,P) ρw= f(T,P) ρw= 

f(T,P) 
ρw= 
f(T,P) ρw≈0 

Amount of 
adsorbate (kgw/kgz) 

W= f(T,P) W= f(T,P) W= 
f(T,P) 

W= 
f(T,P) W≈0 

Adsorptive 
velocity (m/s) 

u= 
f(ρw,Kapp) 

∂u
∂R =0 ∂v

∂z =0 ∂v
∂z =0 u=0 

Isosteric 
heating 

Temperature (K) ∂T
∂R =0 T=363 T=363 T=363 

Last values 
of isobaric 
cooling 
process 

Pressure (kPa) ∂P
∂R =0 ∂P

∂R =0 ∂P
∂z =0 ∂P

∂z =0 

Adsorptive density 
(kg/m3) ρw= f(T,P) ρw= f(T,P) ρw= 

f(T,P) 
ρw= 
f(T,P) 

Amount of 
adsorbate (kgw/kgz) 

W= f(T,P) W= f(T,P) W= 
f(T,P) 

W= 
f(T,P) 

Adsorptive 
velocity (m/s) ∂u/∂R=0 ∂u/∂R=0 ∂v

∂z =0 ∂v
∂z =0 

Isobaric 
heating 

Temperature (K) ∂T
∂R =0 T=473 T=473 T=473 

Last values 
of isosteric 
heating 
process 

Pressure (kPa) P=Pcond=8.5 ∂P
∂R =0 ∂P

∂z =0 ∂P
∂z =0 

Adsorptive density 
(kg/m3) ρw= f(T,P) ρw= f(T,P) ρw= 

f(T,P) 
ρw= 
f(T,P) 

Amount of 
adsorbate (kgw/kgz) 

W= f(T,P) W= f(T,P) W= 
f(T,P) 

W= 
f(T,P) 

Adsorptive 
velocity (m/s) 

u= f( 
ρw,Kapp) 

∂u
∂R =0 ∂v

∂z =0 ∂v
∂z =0 

Isosteric 
cooling 

Temperature (K) ∂T
∂R =0 T=300 T=300 T=300 

Last values 
of isobaric 
heating 
process 

Pressure (kPa) ∂P
∂R =0 ∂P

∂R =0 ∂P
∂z =0 ∂P

∂z =0 

Adsorptive density 
(kg/m3) ρw= f(T,P) ρw= f(T,P) ρw= 

f(T,P) 
ρw= 
f(T,P) 

Amount of 
adsorbate (kgw/kgz) 

W= f(T,P) W= f(T,P) W= 
f(T,P) 

W= 
f(T,P) 

Adsorptive 
velocity (m/s) 

∂u
∂R =0 ∂u

∂R =0 ∂v
∂z =0 ∂v

∂z =0 
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Table 6.6. The initial and boundary conditions of the AHP for Case IV 

Process Dependent 
variable 

BCs at 
R=Ri 

BCs at 
R=R0 

BCs at z=0 BCs at z=L ICs 
(t=0) 

Isosteric 
Cooling 

Temperature 
(K) 

∂T
∂R =0 

 

∂T
∂R =0 ∂T

∂R =0 T=300 

Pressure 
(kPa) P=Pev=2 ∂P

∂R =0 ∂P
∂R =0 ∂P

∂R =0 P=f(T,ρ) 

Adsorptive 
density 
(kg/m3) 

ρw= f(T,P) ρw= f(T,P) ρw= f(T,P) ρw= f(T,P) ρw≈0 

Amount of 
adsorbate 
(kgw/kgz) 

W= f(T,P) W= f(T,P) W= f(T,P) W= f(T,P) W≈0 

Adsorptive 
velocity 
(m/s) 

u=f(ρw,Kap

) 
∂u

∂R =0 v= 0 v= 0 u=0 
v=0 

Isobaric 
Heating 

Temperature 
(K) 

∂T
∂R =0 

 

∂T
∂R =0 ∂T

∂R =0 

Last 
values of 
isobaric 
cooling 
process 

Pressure 
(kPa) 

∂P
∂R =0 ∂P

∂R =0 ∂P
∂R =0 ∂P

∂R =0 

Adsorptive 
density 
(kg/m3) 

ρw= f(T,P) ρw= f(T,P) ρw= f(T,P) ρw= f(T,P) 

Amount of 
adsorbate 
(kgw/kgz) 

W= f(T,P) W= f(T,P) W= f(T,P) W= f(T,P) 

Adsorptive 
velocity 
(m/s) 

u=f(ρw,Kap

) u=0 v= 0 v= 0 

Isosteric 
Heating 

Temperature 
(K) 

∂T
∂R =0 

 

∂T
∂R =0 ∂T

∂R =0 

Last 
values of 
isosteric 
heating 
process 

Pressure 
(kPa) 

P=Pcond=8.
5 

∂P
∂R =0 ∂P

∂R =0 ∂P
∂R =0 

Adsorptive 
density 
(kg/m3) 

ρw= f(T,P) ρw= f(T,P) ρw= f(T,P) ρw= f(T,P) 

Amount of 
adsorbate 
(kgw/kgz) 

W= f(T,P) W= f(T,P) W= f(T,P) W= f(T,P) 

 
Adsorptive 
velocity 
(m/s) 
 

u= f( 
ρw,Kapp) 

u=0 

v= 0 

v= 0 

(cont. on next page) 
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Process Dependent 
variable 

BCs at 
R=Ri 

BCs at 
R=R0 BCs at z=0 BCs at z=L ICs 

(t=0) 

Isobaric 
Cooling 

Temperature 
(K) 

∂T
∂R =0 

 

∂T
∂R =0 ∂T

∂R =0 

Last 
values of 
isobaric 
heating 
process 

Pressure 
(kPa) 

∂P
∂R =0 ∂P

∂R =0 ∂P
∂R =0 ∂P

∂R =0 

Adsorptive 
density 
(kg/m3) 

ρw= f(T,P) ρw= f(T,P) ρw= f(T,P) ρw= f(T,P) 

Amount of 
adsorbate 
(kgw/kgz) 

W= f(T,P) W= f(T,P) W= f(T,P) W= f(T,P) 

Adsorptive 
velocity 
(m/s) 

u= f( 
ρw,Kapp) 

∂u
∂R =0 u= f( 

ρw,Kapp) 
u= f( 
ρw,Kapp) 

Heat 
Transfer 
Fluid 

Temperature 
(K)   

 
 

∂
∂z =0 T=300 

Metal 
Tube 

Temperature 
(K)   ∂

∂z =0 ∂
∂z =0 T=300 

 

6.6. Enhancement of Effective Thermal Conductivity of Zeolite by High 

Thermal Conductive Material (Consolidated Bed Design) 
 

The low thermal conductivity of the available adsorbents is one of the biggest 

obstacles in enhancement of the adsorption heat pumps. Therefore, the researchers try to 

develop a high thermal conductive material which also maintains high adsorption 

capacity, high mass transfer properties and high heat of adsorption value. Although, 

zeolite 13X-water provides most of the expected properties, low thermal conductivity still 

requires enhancement. Therefore, some researchers pay attention to increase the heat 

transfer in the adsorbent bed by consolidated bed design method (see Chapter 2).  

Due to its advance physical and chemical properties such as high Young modulus, 

high electrical and thermal conductivity, graphene is one of the most remarkable 

chemicals that gains attention of researchers.  

In this thesis, the enhancement of the thermal conductivity in the bed is performed 

by consolidating zeolite 13X with a commercial graphene powder (Nanokar).  

Furthermore, the manufacturing procedure of graphene from graphite powder is 

also introduced in this chapter. The effect of reaction time, amount of H2O2 and amount 

Table 6.6. (Cont) 
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of HCl and ethanol during synthesizing graphene oxide and the effect of reducing agent 

on removal of oxygen functional groups are investigated in this chapter, too. 

 

6.6.1. Graphene 
 

Graphene which has a hexagonal honeycomb lattice, is a single layer allotrope of 

carbon atom. It is the thinnest material that is known with a one carbon atom thick. This 

2D layer structural chemical gains attention of the researchers in recent years due to its 

advance physical and chemical properties such as high young modulus, high  electrical 

and thermal conductivity. For instance, for single layer graphene, Balandin et al. reported 

thermal conductivity as approximately 5000 W/m.K (Balandin et al. 2008). Due to the 

reported thermal conductivity values of graphene, it was used as high thermal conductive 

material within the consolidating adsorbent bed design. 

 

6.6.1.1. Manufacturing Zeolite/Graphene Pellet 
 

The enhancement of thermal conductivity of zeolite 13X is supposed to be 

performed by mixing crystal zeolite 13X with reduced graphene oxide. However, for 

practically use of the adsorbent, a macroporous adsorbent with suitable dimensions, 

mechanical strength and porosity should be produced (Ruthven 1984). Furthermore, it is 

undesirable to increase mass transfer resistance within the adsorbent particle and decrease 

of water vapor adsorption capacity. 

In order to obtain pellets, extrusion or granulation can be used to form cylindrical 

or spherical pellets, respectively. In agglomeration of the crystals, clay binder such as 

kaolin, sepiolite, attapulgite can be used to increase the mechanical strength. Especially, 

metakaolin, which was obtained by calcination of kaolin at 500-600°C, is preferred in 

binderless zeolite applications. By this way, the adsorption capacity of the adsorbent is 

not decreased and the increase in mass transfer resistance can be eliminated.      

In literature, the amount of the zeolite, binder and water is not given, properly. 

Thus, prior to manufacturing graphene/zeolite pellet, the amount of zeolite, binder and 

water is optimized. In these studies, kaolin is used as binder. However, it is seen that it is 

hard to agglomerate the zeolite and kaolin without an organic binder. Therefore, 1 g of 

methyl cellulose, which is added in the dry mixing step, is used in the manufacturing 
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process. The steps for producing zeolite pellet are also given in Figure 6.11. Extrusion is 

used in the process and cylindrical zeolites are obtained.  

 

 
Figure 6.11. Manufacturing procedure of zeolite 13X pellet 

 

After determining the optimum amount of zeolite and binder, first graphene was 

dispersed with deionized water in ultrasonic bath, then added into the zeolite-binder 

mixture. It was undesirable to decrease the adsorption capacity of the zeolite and to 

deteriorate its structural form. Therefore, 1 wt% of graphene was added into the mixture. 

In order to prevent the removal of the graphene from the pellet, the calcination process is 

performed in N2 atmosphere.  

The effective thermal conductivity of zeolite/graphene pellet was calculated by 

Eq 6.50 which is derived by Maxwell to define thermal conductivity of composite solids. 

In that equation, the material made of spheres of thermal conductivity k1 enclosed in a 

continuous solid phase with thermal conductivity k0. Although the volume fraction of 

enclosed sphere, , was considered as sufficiently small in Maxwell’s equation it was still 

applicable for large volume fractions with neglecting the effect of nonuniform sphere 

distributions (Bird et al. 2001).  

 

 (6.50) 
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The characterization of the obtained pellets with commercial zeolite 13X achieved 

by means of TGA, FTIR, SEM analysis. The effective thermal conductivity 

measurements of synthesized Zeolite 13X and Zeolite 13X/Graphene pellet was 

performed with hot wire method. 

 

6.6.1.2. Previous Studies Performed with Graphene and Zeolites 
 

Graphene oxide and reduced graphene oxide can be used in different application 

fields such as membrane, lithium-ion battery, solar cell, supercapacitor, biomedical 

applications (Zhao et al. 2011; Boukhvalov et al. 2013; Han et al. 2013; Perrozzi et al. 

2015; Yoo et al. 2017; Liu et al. 2017; Huang et al. 2017). For instance, Liu et al. 

performed a study with graphene oxide (HGO) which was prepared by Hummer’s method 

and reduced graphene oxide (RGO) that was reduced by thermal reduction in air at 200°C 

(Liu et al. 2017). In that study, they investigated the water adsorption capacity of HGO 

and RGO papers for air dehumidification and compared their results with silica gel. 

According to the results, the water adsorption capacity of HGO was higher than silica gel 

and obtained Type IV adsorption isotherm which indicated the multilayer adsorption with 

capillary condensation. On the other hand, while the water adsorption capacity of RGO 

was small at low relative humidity values, it was increased at relative humidity of 90% 

which showed that the water-water interactions were dominated for RGO.  

On the other hand, the studies with zeolite are mainly focused on the separation 

and biomedical applications (He et al. 2012; Zhang et al. 2013; Todd et al. 2013; Yu et 

al. 2013; Nagarjuna et al. 2015; Khatamian et al. 2015; Yang et al. 2015; Xu et al. 2016; 

Khatamian et al. 2017; Liu et al. 2017; Cheng et al. 2017). In the study of Yu et al., they 

functionalized graphene oxide nanosheets with acid treated clinoptilolite-rich zeolite for 

cationic dye removal (Yu et al. 2015). In that study, they observed that covalent ester 

bonds were occurred between carboxyl groups of graphene oxide and hydroxyl groups of 

acid-treated zeolite. The covalent ester linkage was also observed by Cheng et al. who 

used acid treated Beta zeolite and graphene oxide to investigate rhodamine B adsorption 

(Cheng et al. 2017). On the other hand, Yang et al. performed a study with composite 

disks which were obtained by compression molding of zeolite 13X and graphene oxide 

and few layers graphene powders under pressure range of 100-350 MPa (Yang et al. 

2015). In the water adsorption studies, they observed that the adsorption capacity was 
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only decreased by 2% when 3% graphene oxide was added to composite disks. 

Furthermore, they observed that while graphene oxide did not have effect on thermal 

conductivity of zeolites, it was increased by 6-21% in the case of few layers graphene.  

In 2021, Rocky et al. performed a study to enhance the thermal conductivity of a 

chabazite type zeolite with graphene which would be used in adsorption heat pumps later 

(Rocky et al. 2021). They used commercial graphene (H-grade and M-grade) in their 

studies (Table 6.7). In order to obtain a composite material, they mixed powders of 

graphene and zeolite in water to obtain a slurry. Then, they compressed the slurry and 

dried the sample at 150°C for 3 hours. In the experimental study, they observed that the 

effective thermal conductivity of zeolite was increased from 0.088 W/m.K to 

approximately 3 W/m.K when 50 wt% H-grade graphene was used.  

 

Table 6. 7. Thermophysical properties of graphene 

(Source: Rocky et al. 2021) 

Property H25-GNPs M25-GNPs 

Average particle diameter (μm) 25 25 

Average thickness (nm) 15 6-8 

Bulk density (g cm-3) 0.03-1 0.03-1 

Thermal conductivity (parallel to surface) (W 

m-1 K-1) 
3000 3000 

Thermal conductivity (perpendicular to 

surface) (W m-1 K-1) 
6 6 

Surface area (m2 g-1) 50-80 120-150 

 

6.6.2. Preparation of High Conductive Graphene   
 

Although graphene has extremely high thermal conductivity, difficulty in large 

scale synthesize of graphene and the high price of commercial graphene is limiting the 

applications. Therefore, the possibility of manufacturing graphene from graphite by 

chemical processes and reduction has increased the attraction of researchers. In the scope 

of the thesis, first the production of the graphite oxide is optimized, then reduction is 

performed with two different reducing agents.  
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6.6.2.1. Synthesizing Graphite Oxide (GO) 
 

Although the scientists tried to manufacture graphene since 1859, the first 

manufacturing of graphene was succeeded in 2004 by Geim and Novoselov. In their 

study, they put an ordinary scotch tape on the graphite stone and obtain monolayer 

graphene which will later bring them Nobel Prize in 2010.  On the other hand, the 

manufacturing of graphene oxide was earlier. In 1859, Brodie synthesized graphite oxide 

by adding potassium chlorate (KClO3) to graphite flakes in fuming nitric acid (HNO3). 

The Brodie’s method was improved by Staudenmaier in 1898. Instead of using only 

HNO3, Staudenmaier reduced the amount of HNO3 by the ratio of two thirds and placed 

H2SO4 in the same ratio (Dreyer et al. 2010; Yu et al. 2016). The addition of H2SO4 

increased the oxidation of graphite oxide. In 1958, Hummer and Offeman (Hummer’s 

method) used potassium permanganate (KMnO4) and NaNO3 instead of HNO3 and 

KClO3 with H2SO4 in manufacturing process. Although Hummer’s method survived, it 

still required improvements due the generation of toxic gases such as NO2 and N2O4 and 

incomplete oxidation. Therefore, researchers improved the Hummer’s method in different 

ways (Figure 6.12). In 2010, Marcano et al. improved the Hummer’s method by 

increasing the KMnO4 amount and used phosphoric acid (H3PO4) instead of NaNO3 

(Marcano et al. 2010). This method is also known as Tour’s method. In this method, the 

oxidation degree was increased, large scale production was achieved, and toxic gas 

generation was eliminated. In all of these methods, the reaction is stopped by using 

hydrogen peroxide (H2O2). In the study of Kumar et al., they claimed that the 

concentration of H2O2 influenced surface and molecular structure of graphene oxide 

(Kumar et al. 2017). They used 50, 70 and 100 mL of 30% H2O2 solution in the study and 

observed that the exfoliation of graphene oxide increased with increasing H2O2 

concentration. Furthermore, the increase in H2O2 concentration caused the epoxy groups 

to vanish from the structure of graphene oxide.  

In Brodie’s, Hummer’s and Tour’s methods, multilayer graphite oxide is 

synthesized. Therefore, in order to obtain single layer graphene oxide exfoliation is 

performed by means of ultrasonication (Figure 6.13). Botas et al. stated that the 

exfoliation time should be optimized. They emphasized that when exfoliation time was 

too long, the break-up of graphene oxide sheets was observed due to the effect of hydroxyl 

and epoxy groups on the strength of graphene oxide (Botas et al. 2013).  
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Figure 6.12. Methods to produce graphite oxide 

(Source: Marcano et al. 2010) 

 

 

 
Figure 6.13. Manufacturing procedure of graphene oxide 

(Source: Ammar et al. 2016) 

 

In the structure of graphene oxide, oxygen functionalized groups such as carboxyl, 

epoxy and hydroxyl have been located (Figure 6.14). While the carboxyl groups are 

placed at the edges of the plane, the epoxy and hydroxyl groups are located at the basal 

plane. These functional groups give the hydrophilic property to the graphene oxide. On 

the other hand, they also reduce the conductive properties of the graphene oxide. Mu et 

al. emphasized that the thermal conductivity of graphene oxide was reduced by 50% when 

compared with pristine graphene at an oxygen content of 0.5% (Mu et al. 2014). 
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Figure 6.14. Chemical structure of graphene oxide 

(Source: Chiu et al. 2014) 

 

Botas et al. and Diker et al. studied the effect of raw particle size of graphite on 

the structure of graphene oxide (Botas et al. 2012; Diker et al. 2017). Both of them 

claimed that the size of raw graphite had a key role on the distribution and amount of 

oxygen functionalized groups which also affect the interlayer spacing of graphene oxide. 

They stated that as the particle size of raw graphite flakes decreased, while the amount of 

epoxy groups in the basal plane was increasing, the amount of carboxyl groups at the 

edges was decreasing. Diker et al. claimed that this may be related with the slower 

diffusion of KMnO4 and lower amount of H3PO4 per unit area of graphene oxide (Diker 

et al. 2017). On the other hand, they stated that smaller raw graphite size increased the 

lateral size of graphene oxide which was the opposite of the statement of Dao and Jeong 

(Dao and Jeong 2015).  

Due to the presence of oxygen functional groups in the structure of graphene 

oxide, they have excellent hydrophilic properties. In the study of Lian et al., they stated 

that the water vapor adsorption capacity of graphene oxide was 0.13 g/g and 0.58 g/g at 

relative pressures of 0.1 and 0.9, respectively (Lian et al. 2018). They also indicated that 

the isotherm type was combination of type I and type IV isotherms related to the d-spacing 

of graphene oxide layers which was increased with increasing relative pressure (Figure 

6.15). Furthermore, they observed that at high relative pressures water-water interactions 

were dominated which confirms the capillary condensation between graphene oxide 

layers.  
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Figure 6.15. Water vapor adsorption on graphene oxide 

(Source: Lian et al. 2018) 

 

In the scope of this thesis, improved Hummer’s method (Tour’s method) has been 

used due to having high oxidation degree, opportunity for large scale production and 

generating no toxic gas. Graphite powder is oxidized in KMnO4 and mixture of 

H2SO4/H3PO4 (9:1 volume ratio) in order to produce graphite oxide. As a detailed 

procedure (Marcano et al. 2010; Diker et al. 2017), H2SO4 and H3PO4 (180:20 mL) is 

mixed in a bottle and put in refrigerator which was at +4°C. Meanwhile, graphite powder 

(2.6 g) and KMnO4 (14 g) is mixed in a beaker.  Then, due to the highly exothermic 

reaction, the mixture of H2SO4/H3PO4 is added very slowly with a dropper during stirring 

continues in an ice bath. Then, the reaction is started at 50°C in a shaking water bath at 

120 rpm. The reaction is stopped by adding H2O2 into ice water (300 mL) and pouring 

the GO mixture onto the H2O2 mixture. At that point, it is expected that the colour of the 

mixture turns from dark brown to golden. Finally, the mixture is washed and centrifuged 

by HCl (%30), ethanol and distilled water until the solution neutralized, then dried in 

vacuum drier.  

However, there is an inconsistency in the performed studies for the method 

especially for the amount of H2O2, the reaction time and the amount of HCl and ethanol 

used in washing of graphite oxide. Therefore, the effect of these parameters is examined 

before the reduction is performed (Table 6.8).  
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Table 6.8. Parameters used in synthesizing graphite oxide 

Sample Name Reaction time  
(h) 

H2O2  
(mL) 

HCl and ethanol 
(mL) 

S1 16 2 200 
S2 16 2 300 
S3 16 20 300 
S4 12 20 300 

 

6.6.2.2. Reduction of Graphite Oxide to High Conductive RGO 
 

Due to the functionalized groups in the structure of graphene oxide, it works as 

insulating material. In order to increase conductive properties of graphene oxide, 

reduction process is performed. In literature, different reduction techniques such as 

chemical, thermal, and electrochemical have been illustrated (Gao et al. 2010; Chen et al. 

2010; Haubner et al. 2010; Pei and Cheng 2013; Dao and Jeong 2015; Alam et al. 2017). 

In thermal reduction, the graphene oxide is exposed to high temperature. On the other 

hand, in chemical reduction, there are several organic and inorganic reducing agents such 

as hydrazine hydrate, glucose, amino acids, etc. that can be used (Singh et al. 2016; Emiru 

and Ayele 2017). Besides, hydrazine hydrate is the most common reducing agent used in 

literature (Marcano et al. 2010; Park et al. 2011; Cao and Zhang 2015). 

In 2014, Xu et al. claimed that the selective reduction of graphene oxide could be 

achieved by using ethanol, ethyl glycol and glycerol which were reduced epoxy groups 

and provided higher conductive property of graphene oxide (Xu et al. 2014). Similar 

reduction can be obtained for hydroxyl groups (Chua and Pumera, 2013). In hydrazine 

hydrate reduction, the epoxy and hydroxyl groups located at the basal plane can be 

removed. On the other hand, the hydroxyl groups at the edge of the aromatic plane were 

not removed and carboxyl groups are partially removed. Furthermore, the previous works 

showed that the chemical reduction would increase thermal conductivity and thermal 

stability of graphene oxide more than thermal reduction (Haubner et al. 2010; Park et al. 

2011). 

As in the synthesis of the graphene oxide, the size of raw graphite also affects the 

properties of reduced graphene oxide. Tran et al. studied the effect of raw particle size on 

electrochemical properties of reduced graphene oxide (Tran et al. 2014). Different from 

graphene oxide, the small particle size had a favorable effect on the reduced graphene 
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oxide. Tran et al. indicated that the electrochemical properties of graphene oxide reduced 

by hydrazine hydrate was increased with decreasing raw particle size.  

Although, there are several reducing agents and reducing methods in literature. In 

this study, hydrazine hydrate which is commonly used in reduction of graphite oxide and 

ascorbic acid which is an environmentally friendly are used as reducing agent and 

chemical reduction is performed.  

The reduction is started by exfoliation of 400 mg graphite oxide in 400 mL 

distilled water (1 mg/mL). The exfoliation is performed in two steps. First, the graphite 

oxide solution is stirred at high speed for 24 hours and then, it is sonicated in ultrasonic 

bath for 1 hour. Then, the reducing agent is added (4 mL hydrazine hydrate or 400 mg 

ascorbic acid) and the reduction is performed at 95°C for 3 hours. Finally, the solution is 

filtrated by vacuum filtration and washed with distilled water until the pH is neutralized.  

Furthermore, it is seen that some of the researchers also use NH3 during the 

reducing graphite oxide. In order to investigate the effect of NH3 on reduction, NH3 (30%) 

is added until pH of the solution is reached approximately to 9 before adding reducing 

agent.  
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CHAPTER 7 
 

RESULTS AND DISCUSSIONS 

 
In this section, the results of the experimental and theoretical studies will be 

discussed. The characterization results of the zeolites enlighten the water vapor affinity 

of zeolite 13X. Then, the adsorption experiments performed with zeolite 13X-water pair 

will be discussed and equilibrium and kinetic data will be evaluated. The effective thermal 

conductivity measurement of zeolite is also represented and the effect of the metal 

additives on the effective thermal conductivity in the bed will be investigated. By means 

of the obtained results, the theoretical analysis of the adsorption heat pump will be 

discussed in detail and the effect of different parameters on the performance of adsorption 

heat pump will be illustrated. Finally, the experimental study performed to obtain high 

thermal conductive zeolite/RGO pellet are summarized in the scope of the thesis.  

 

7.1. Characterization of Zeolites 
 

Particle and surface morphologies, crystal size and structures and elemental 

compositions are determined with scanning electron microscopy (SEM). The crystal 

structures of zeolites can be observed in Figure 7.1. While zeolite 4A and 5A crystals 

have cubic, zeolite 13X crystals have spherical morphology.  

 

 
Figure 7.1. Representative SEM images of zeolites at 10000X magnification a) 4A b) 5A 

c) 13X d) Clinoptilolite 

(a) (b) 

(c) (d) 
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The elemental compositions (atomic %) obtained from EDX are represented in 

Table 7.1. The atomic Si/Al ratio, which affects the affinity of zeolites to water vapor, is 

in the range of 1.30-1.40 for zeolite 13X and type A, and 4.85 for Clinoptilolite, 

respectively which is consistent with the literature (Breck 1974).  

 

Table 7. 1. Elemental compositions of zeolites 

Element 4A 
(Atomic %) 

5A 
(Atomic %) 

13X 
(Atomic %) 

Clinoptilolite 
(Atomic %) 

O 73.32 71.36 71.70 75.83 
Na 4.84 2.62 8.26 0.31 
Mg 1.39 1.10 0.95 0.44 
Al 7.69 8.30 8.15 3.72 
Si 10.14 11.56 10.94 18.03 
K 2.36 - - 0.81 
Ca 0.25 5.06 - 0.85 

 

The weight losses of zeolites 4A, 5A, 13X and Clinoptilolite-rich zeolitic material, 

which were hydrated in saturated KCl solution medium prior to analysis, are illustrated 

in Figure 7.2 which is obtained from thermogravimetric analysis. In thermogravimetric 

analysis, it is observed that maximum weight loss is achieved for zeolite 13X. Different 

inflections points can clearly be detected from the graph. For example, the externally and 

loosely bounded water inflection points for zeolite 13X are at approximately 100°C and 

180°C, respectively. Above ≈180 °C, slow dehydration of tightly bound water takes place 

for zeolite 13X. Additionally, there is an interruption in the curve of zeolite 13X at 600°C 

which indicates the deteriorations in the framework structure and is consistent with the 

results given in literature (Breck 1974; Tsitsishvili et al. 1992).  

 

 
Figure 7.2. TGA curves of different zeolites 
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The structural characterization of zeolites is provided by infrared spectroscopy 

(IR) by KBr pellet technique. The experimental data is normalized according to the 

maximum peak value to compare properly. The normalized data have been represented 

in Figure 7.3. The characteristic spectra of zeolites are summarized in Table 7.2. The 

position of internal tetrahedra asymmetric stretching band depends on the Si/Al ratio and 

can be considered as indicative for the aluminium content in the framework. The peak 

that can be observed at approximately 1645 cm-1 is the characteristics of bending vibration 

of water molecule. On the other hand, three different bands may be examined indicating 

the hydroxyl groups in the structure of zeolites (Breck 1974). The peak at 3740 cm-1 can 

be observed in all dehydrated zeolites illustrating OH groups on the surface. The protons 

bonded to the framework can be recognized at the 3650 cm-1 (high frequency OH) and 

3540 cm-1 (low frequency OH) and refers to cation hydrolysis. 

 

 
Figure 7.3. FTIR spectra of zeolites 

 

Table 7.2. Characteristic IR-bands of zeolites 

(Source: Breck, 1974) 

Internal Tetrahedra 

Asymmetric stretching due 
to internal vibrations 

1250-950 cm-1 

symmetric stretching 720-650 cm-1 
T-O bending 500-420 cm-1 

External linkages 

Double ring 650-500 cm-1 
Pore opening 300-420 cm-1 

symmetric stretching 750-820 cm-1 
asymmetric stretching 1150-1050 cm-1 



 104 

7.2. Adsorption Equilibrium and Kinetics

The adsorption experiments have been performed at 35, 45 and 60°C. During the 

adsorption process, pressure and temperature data have been collected against time as 

mentioned in Chapter 6. The representative graph of pressure and temperature change for 

the adsorption temperature of 35°C is given in Figure 7.4.  

 

 
Figure 7.4. Pressure and temperature changes of zeolite 13X-water pair (Tads=35°C) 

 

It is known that under vacuum conditions, water vapour behaves as an ideal gas. 

Therefore, the amount of adsorbed is calculated by applying ideal gas law. The isotherms 

obtained at three temperatures are represented in Figure 7.5.  

 

 
Figure 7.5. Adsorption isotherms of zeolite 13X-water pair at different adsorption 

temperatures (Treg=90°C) 
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In the design of the adsorption heat pump, the equilibrium relationship of the 

working pair should also be defined. The availability of experimental data with Langmuir, 

Sips (Langmuir-Freundlich), Toth’s and Freundlich relationships are examined. The 

obtained parameters from the relationships are given in Table 7.3. In determination of 

deviation of model from experimental data sum of square root (SSR) method is used (Eq 

7.1-7.2). According to the SSR values, the experimental data is better fit to the Sips and 

Toth’s relationships.  

 

 

 

 

 

Table 7.3. Parameters of equilibrium relationships for zeolite 13X-water pair 

Model Parameter Value SSR 

Langmuir 
qm(wt/wt) 0.181 

0.191 b∞ (kPa-1) 7.94×10-10 
Q(kJ/kg) 3802 

Sips 
qm(wt/wt) 0.552 

0.184 b∞ (kPa-1) 4.28×10-11 
Q(kJ/kg) 2430 

Toth’s 
qm(wt/wt) 0.238 

0.185 b∞ (kPa-1) 3.49×10-11 
Q(kJ/kg) 5473 

Freundlich K 0.173 0.188 n 13.40 
 

The comparison of the isotherm models with the experimental data at 35°C is 

represented in Figure 7.6. It is seen that Sips relationship is better fitted to the 

experimental data especially at high pressure. 

The isosteric heat of adsorption has also been determined by means of equilibrium 

relationship models. The average isosteric is determined as 5280 kJ/kg for Sips 

relationship and 3800 kJ/kg and 5470 kJ/kg for Langmuir and Toth’s relationships, 

respectively. In literature, the isosteric heat of adsorption for Zeolite 13X-water pair is 

given as 4400 kJ/kg (Mobedi and Ülkü 1987). It is observed that while the isosteric heat 

of adsorption is independent of surface loading and equal to the heat of adsorption value 

for Langmuir and Toth’s relationship, it decreases with increasing surface loading for 

(7.1) 

(7.2) 
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Sips relationship (Figure 7.7). Furthermore, as indicated by Do, the heat of adsorption 

value is equal to the isosteric heat of adsorption when the surface loading was equal to 

0.5 for Sips equation (Do 1998). In determination of isosteric heat of adsorption value, 

the equation (Eq 7.3) given by Do is used for different temperatures (Do 1998). 

 

 

 

where Q represents the heat of adsorption,  is a constant parameter, T0 is the reference 

temperature, n is the heterogeneity parameter and qs is the monolayer capacity.  

 
Figure 7.6. Adsorption isotherms with different models 

 

 
Figure 7.7. The change of isosteric heat of adsorption with adsorbate loading 

(7.3) 
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The adsorption kinetics were also determined from the experimental data. The 

adsorption experiments were performed as successive runs as seen in Figure 7.4. For each 

pulses the uptake curves were obtained (Figure 7.8). As the amount of water vapour 

adsorbed increased, the time required to reach equilibrium increased. Thus, the effective 

diffusivity of the water vapor through Zeolite 13X was expected to decrease as the amount 

of adsorbed increased. 

 

 
Figure 7.8. Representative uptake curves for zeolite 13X-water pair (Tads=35°C) 

 

In order to obtain effective diffusivity for each successive run, long term solution 

of Crank’s model (Eq 7.3), which is obtained from Fick’s second law of diffusion for 

spherical particles, has been used.  

 

mt

m∞
=

q-q0
q∞-q0

=1-
6
π2

1
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Rp

2

∞

n=1

 

 

where Deff is the effective diffusivity coefficient, (t) is the average adsorbate 

concentration through the particle, q(R,t) is the adsorbed phase concentration, Rp is the 

particle radius and n is the number of terms taken in the model. 

A linear plot of ln(1-Mt/M∞) versus time is plotted. From the slope of the linear 

line, the effective diffusivity of zeolite 13X-water pair is calculated for each successive 

run. The representative graphs are given in Figure 7.9 on which the range of amount of 

adsorbed are indicated as title.  

(7.3) 
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Figure 7.9. Representative graphs of long-term solution of Crank’s model (Tads=35°C) 

 

As seen in Figure 7.10, the effective diffusivity is nearly constant while the 

amount of water vapour adsorbed increases and the effect of adsorption temperature is 

not significant. Thus, constant diffusivity assumption is appropriate for zeolite 13X-water 

pair. 

 

 
Figure 7.10. Effect of adsorption temperature on the effective diffusivity 
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The effective diffusivity was calculated from the Crank’s model (n=4) and LDF 

model (Table 3.3). It can be said that Crank’s model better defines the uptake of zeolite 

13X-water pair almost all successive runs (Figure 7.11). However, the long-term solution 

of Crank’s model is poor in defining the initial times of the uptake curve.  

 

 
Figure 7.11. Comparison of kinetic models (Tads=35°C) 

 

Average effective diffusivity was calculated as 1.01×10-8 m2/s and 1.18×10-8 m2/s 

by using Crank’s and LDF models, respectively. Although LDF model was not ideal to 

represent the uptake of the zeolite 13X-water pair, the effective diffusivity coefficient 

obtained from the LDF model was too close to the Crank’s model which was related with 

LDF model’s giving approximate solution (Figure 7.12). Thus, using LDF model in 

defining the mass transfer within the adsorbent particle was sufficient in design of the 

adsorption heat pump. 

 

Pulse-3 Pulse-8 

Pulse-18 
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Figure 7.12. Effective diffusivity coefficients obtained from different kinetic models 

 

7.2.1. Non-isothermal Adsorption Analysis 
 

Due to the heat released during the adsorption, an instant temperature rise may be 

observed. Therefore, the assumption of isothermal system can cause error in the 

adsorption kinetics analysis. In order to determine the effect of temperature rise, the 

kinetics of the adsorption is examined according to assumption of non-isothermal 

sorption.  

In order to investigate the temperature change in the adsorbent bed during the 

adsorption of water vapor on zeolite 13X, the solid diffusion model given by Ruthven and 

LDF model defined by Sircar were used. The details of the models and the method were 

given in Chapter 3 and Chapter 6.  

The results of the numerical analysis are shown in Figure 7.13. It can be seen that 

the solid diffusion model is more compatible to the experimental data than LDF model. 

However, in both models, the temperature increment is too low. This situation arises from 

the weight ratio of the adsorbent sample and the bed. Due to the weight difference 

between adsorbent bed and the sample, the heat released during the adsorption process 

does not have a significant effect on the bed temperature. Furthermore, the LDF model is 

also analysed with Sips equilibrium relationship (Figure 7.13c). The adsorption rate is the 

same with Langmuir relationship. On the other hand, the temperature increment at the 

beginning of the adsorption is a bit higher than Langmuir relationship which may be 

related with the amount of adsorbate loading dependency of the isosteric heat of 

adsorption for Sips relationship. 



 111 

 

 
Figure 7.13. The non-isothermal uptake curves and the temperature change in the 

adsorbent bed during the adsorption a) LDF model with Langmuir 

relationship b) Solid diffusion model with Langmuir relationship c) LDF 

model with Sips relationship 

 

7.3. Thermal Conductivity Measurement Results 
 

Thermal conductivity measurements have been performed with different methods 

as mentioned in Chapter 6. The first one is hot wire method. By this method, the effective 

thermal conductivity of zeolite 13X, 3A and 4A beads have been measured at a current 

of 0.250 A and temperature of 33°C. The thermal conductivity results obtained from hot 

wire measurement apparatus are given in Table 7.4.  

 

Table 7.4.Effective thermal conductivity of zeolites 

Sample Thermal Conductivity 
(W/m.K) 

13X 0.124 
3A 0.151 
4A 0.132 

(a) (b) 

(c) 
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In design of adsorption heat pumps, the mail drawback is the low heat transfer 

properties of the adsorbent bed. In order to increase the effective thermal conductivity of 

the adsorbent bed, metal additives have been utilized. In the previous studies, 

disconnected wire has been used by the researchers (Demir et al. 2008). Although there 

is an increase in effective thermal conductivity, the effect of the wire is not distributed at 

all sides of the bed due to discontinuous structure of the wire. In this study, aluminium 

wire with 1 mm and 2 mm thickness are used in different geometries.  

As mentioned in Chapter 6, two different sample holders have been used. The 

thermal conductivity of the zeolite 13X is measured as 0.1152 W/m.K for SH-1 (Figure 

7.14a). In order to fix the metal additives inside the sample holder, a stainless-steel cage 

has been used. However, it is seen that the effective thermal conductivity is decreased to 

0.0996 W/m.K (Figure 7.14b) which may related with the thermal resistance at the 

boundary where cage is located. Then, meshes are built within the cage and it is observed 

that meshes with 1 mm thickness do not increase the effective thermal conductivity 

significantly (Figure 7.14c). On the other hand, when a helix shape wire is used (Figure 

7.14d), the effective thermal conductivity increases to 0.1243 W/m.K.  

 

 

  
Figure 7.14. Effective thermal conductivities measured with SH-1 

(a) (b) 

(c) (d) 
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In the experiments performed with SH-2, first aluminium wire with 1 mm 

thickness is used with different geometries (Figure 7.15). It is seen that the effective 

thermal conductivity is increased to 0.1589 W/m.K when concentric wire with a mass of 

10.5 g is used (Figure 7.15d).  

 

 
 

 
Figure 7.15. Thermal conductivity measurements in SH-2 (thickness of wire was 1 mm) 

 

Although there was an increase in effective thermal conductivity value, it was still 

not sufficient and further enhancement was still required. Thus, the wire with 2 mm 

thickness was started to use.  

The concentric and fin shaped wires were tasted for 2 mm wire. It was seen that 

the thickness of wire did not have significantly affect the effective thermal conductivity 

for concentric shape wire (Figure 7.16a).  On the other hand, it was seen that when the 

thickness of wire increased in finned shape arrangement, the effective thermal 

conductivity increased from 0.1362 W/mK (Figure 7.15b) to 0.1638 W/mK (Figure 

(a) (b) 

(c) (d) 
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7.16b). Then, the diameter, number of fins and sides were increased and it was seen that 

the effective thermal conductivity was risen to 0.2830 W/m.K which means 

approximately %140 enhancement of thermal conductivity inside the bed when extensive 

fin shape wire with 6 fins and 8 sides was used (Figure 7.16e). However, it was still 

requires improvements since the optimum value of effective thermal conductivity has 

been given as 1 W/m.K by Meunier (Meunier 1993). 

 

 

 

 
Figure 7.16. Thermal conductivity measurements in SH-2 (thickness of wire was 2 mm) 

(a) (b) 

(c) 

(e) (f) 

(d) 
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7.4. Adsorbent Bed-1 

7.4.1. One-Dimensional Analysis of the Adsorbent Bed-1 (Case I) 
 

The mass, heat and momentum transfer equations have been solved numerically 

to determine the temperature, pressure, and adsorbate concentration distribution inside 

the adsorbent bed. Meanwhile, the effect different parameters on the performance of the 

adsorption pump have also investigated.  

As a first step, the temperature, pressure, and adsorbate concentration distribution 

inside the adsorbent bed are analysed with Sips Relationship in which isosteric heat of 

adsorption is dependent of adsorbate loading. The parameters given in Table 7.3 have 

been used to define the adsorption equilibrium and adsorption isotherms and isoster are 

shown in Figure 7.17.  The maximum temperature of the adsorbent bed has been taken as 

200°C and the condenser pressure is 8.5 kPa. The effective thermal conductivity of 

adsorbent sample has been taken as 0.12 W/m.K.  

 

 
Figure 7.17. Isotherm and Isoster Obtained by Sips Relationship for Zeolite 13X-water 

pair  

 

The start-up and 2nd cycles of Case I are illustrated in Figure 7.18. It is known that 

at the beginning of the adsorption process, the temperature of the adsorbent bed increases 

due to the heat released and then the temperature turns to the initial adsorption 

temperature. The effect of heat of adsorption can be observed in the start-up cycle, too. 

The adsorbent bed temperature suddenly increases approximately to 450 K as a result of 

the heat released, then the temperature of the adsorbent bed started to decrease during 
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isobaric cooling process. It is obvious that the adsorption and desorption processes are 

isobaric, and they stay constant throughout the adsorption and desorption processes at 2 

kPa and 8.5 kPa, respectively. The isosteric heating and cooling cycles almost fits the 

ideal cycle. The deviations in isosteric processes may be related with the sudden 

temperature changes. The adsorbate concentration increases from 0.08 kgw/kgz to 0.18 

kgw/kgz during the isobaric adsorption process.  

 

 
Figure 7.18. Ln P vs -1/T diagram of simulated a) start up cycle b) 2nd cycle of Case I 

with Zeolite 13X-water Pair 

 

In more details, the distributions in radial direction of the bed are examined 

according to the data obtained in 2nd cycle of case I for each process. For the isobaric 

adsorption process, it is seen that while the outer surface of the bed was 300 K, the inner 

surface of the bed is approximately 338 K Figure 7.19a. This temperature difference 

occurs due to the low thermal conductivity of the adsorbent and the heat released at the 

beginning of the adsorption process. In Figure 7.19b, the changes in adsorptive pressure 

during isobaric adsorption process is illustrated. The adsorptive pressure almost remains 

constant at evaporator pressure. The changes in adsorbate concentration are given in 

Figure 7.19c. The adsorbate concentration at the outer surface is higher than the inner 

regions due to the low temperature at the outer surface of the adsorbent bed. This situation 

also indicates the effect of thermal resistance on heat and mass transfer in the adsorbent 
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bed. The adsorptive density also increases due to the low temperature at the outer surface 

of the adsorbent bed (Figure 7.19d).  

 
Figure 7.19. Distributions in the adsorbent bed during isobaric cooling (adsorption) 

process of Case I for zeolite 13X-water pair 

 

During the isosteric heating process, the inner region temperature of the bed is 

350 K and a sharp temperature gradient occurs close to the outer region due to the low 

thermal conductivity within the bed (Figure 7.20a). The bed temperature increases to 363 

K at the outer region of adsorbent bed. On the other hand, the adsorptive pressure during 

isosteric process is uniform throughout the bed due to the constant adsorbate 

concentration (Figure 7.20b and Figure 7.20c). The effect of bed temperature on 

adsorptive density can be observed in Figure 7.20d. As the temperature of the bed 

increases, the adsorptive density decreases.  

The distributions during isobaric desorption process are given in Figure 7.21. A 

small temperature gradient occurs during the process which indicates that the equilibrium 

is nearly approached. The temperature gradient also causes gradients for adsorbate 

concentration and adsorptive density. On the other hand, the bed pressure is constant at 

8.5 kPa which is the condenser pressure during the isobaric heating process. 

(a) (b) 

(c) (d) 
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Figure 7.20. Distributions in the adsorbent bed during isosteric heating process of Case I 

for zeolite 13X-water pair 

 

In isosteric cooling process (Figure 7.22), a temperature gradient occurs within 

the adsorbent bed as expected. The bed pressure is reduced to evaporator pressure at the 

end of this process. The effect of temperature on both adsorbate concentration and 

adsorptive density can be seen during the isosteric heating process, too.  

 

Figure 7.21. Distributions in the adsorbent bed during isobaric heating (desorption) 

process of Case I for zeolite 13X-water pair 

(a) (b) 

(a) (b) 

(c) (d) 

(cont. on next page) 
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Figure 7.21. (cont) 

 

Figure 7.22. Distributions in the bed during isosteric cooling process of Case I for zeolite 

13X-water pair 

 

The average temperature change in the adsorbent bed during all process is 

represented in Figure 7.23. While the blue line shows the change in average adsorbent 

temperature, the black dashes signify the outer boundary of the adsorbent bed. It can be 

observed that the isosteric heating and isosteric cooling processes occurs too fast 

compared to the isobaric heating and cooling processes. This is related with the low 

(c) (d) 

(a) (b) 

(c) (d) 
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thermal conductivity of the adsorbent. At the beginning of the isobaric cooling process, 

the sudden increase in average temperature appears due to the heat released as mentioned 

before and the temperature reaches 426 K. Then, the temperature of the bed decreases 

slowly to 322 K after 31 hours. The temperature increases to 345 K during the isosteric 

heating process. The increase in average temperature continues during the isobaric 

heating process and it reaches 472 K at the end of the process.  

 
 

 
Figure 7.23. Change in average bed temperature during the complete cycle of Case I for 

zeolite 13X-water pair 

 

The variations in average bed pressure during the complete cycle has been 

illustrated in Figure 7.24. The average pressure of the bed remains constant at 2 kPa and 

8.5 kPa during the isobaric heating and isobaric cooling processes, respectively, as 

expected. The pressure of the bed increases during the isosteric heating process. 

When we look at the variations in average adsorbate concentration during the 

complete cycle (Figure 7.25), the adsorbate concentration increases up to 0.18 kgw/kgz 

during the isobaric cooling process and remains constant during the isosteric heating 

process. While the temperature of the adsorbent bed increases during the isobaric heating 

process, the adsorbed water is desorbed from the adsorbent and the adsorbate 

concentration reduces to 0.08 kgw/kgz. The long period of the isobaric heating and cooling 

processes arises from the thermal resistances in the adsorbent bed.  

d-a a-b b-c d-c 
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Figure 7.24. Change in average adsorptive pressure during the complete cycle of Case I 

for zeolite 13X-water pair 

 

 
Figure 7.25. Change in average adsorbate concentration during the cycle of Case I for 

zeolite 13X-water pair 

 

 

d-a a-b b-c d-c 

d-a a-b b-c d-c 
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7.4.1.1. Effect of Effective Thermal Conductivity on the Performance of 
the Adsorption Heat Pump for Adsorbent Bed-1 

 

The effect of effective thermal conductivity on the change in average bed 

temperature in the adsorbent bed and the performance of adsorption heat pump was 

investigated as a first parameter for Case I. The effective thermal conductivity was 

increased from 6.48x10-2 W/mK to 2.51x10-1 W/mK with the assumption that the thermal 

conductivity of zeolite 13X increased from 0.12 W/mK (Case A) to 1 W/mK (Case B).  

By solving the governing equations simultaneously, the average temperature 

change inside the bed with time is determined. The result of the numerical solution is 

illustrated in Figure 7.26. While the temperature of is not changed for the processes, the 

cycle time is reduced from 86 hours to 44 hours which directly affects the specific cooling 

and heating power of the adsorption heat pump.  

 

 
Figure 7.26. Effect of thermal conductivity on temperature of adsorbent bed for zeolite 

13X-water pair (Blue: Case A; Red: Case B) 

 

In most of the studies, the effect of thermal conductivity is ignored since it does 

not have a direct effect on the COP value of the adsorption heat pump. However, the 

amount of heat released and taken in a unit time is changed during each process. Thus, 

the COP is also increased when the effective thermal conductivity increases (Table 7.5). 

The value enhanced 90% when the effective thermal conductivity increased to 1 W/mK.  
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The price of electricity for an industrial facility is 3.44 TL/kWh in Turkey. When 

the COP of the adsorption heat pump increases the amount of utilized heat will increase 

which leads an economical benefit to the consumer. Thus, the enhancement of 90% in 

COP corresponds 3.096 TL/kWh saving for the same electrical consumption.  

 

Table 7.5. Effect of effective thermal conductivity on the performance of AHP 

 
 

7.4.1.2. Effect of Adsorbate Loading and Temperature Dependence of 
Effective Diffusivity on Performance of Adsorption Heat Pump 
for Adsorbent Bed-1 

 
In the analysis of mass transfer of adsorptive through the adsorbent, linear driving 

force (LDF) model is used to due to the simplicity and giving approximate solution. On 

the other hand, the effective diffusivity is analysed for two cases. In the first case, an 

average value of effective diffusivity is used. Adsorption equilibrium is defined by 

Langmuir Relationship.  

In the second case, both adsorbate loading and temperature dependent effective 

diffusivity equation is used. The equation obtained from experimental data by curve 

fitting method is represented in Figure 7.27. The model is applicable for the adsorbate 

loading range of 0.05-0.20 wt/wt.  

 

Case A Case B
Qab (W) 6 640
Qbc (W) 1746 126
Qcd (W) -21 -3427
Qda (W) -61 -238
Qev (W) 20 79

Qcond (W) -540 -39
COPc 0,01 0,10
COPh 0,36 4,83
SCP 0,76 1,50
SHP 3,47 6,84

Cycle Time (h) 86 44
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Figure 7.27. Adsorbate loading and temperature dependence of effective diffusivity for 

zeolite 13X-water pair 

 

During determination of adsorption kinetics of zeolite 13X-water pair from 

experimental data, it was claimed that the effective diffusivity coefficient could be 

considered as independent of adsorbate loading and temperature (Figure 7.12). When the 

adsorbate loading, and temperature dependency of the effective diffusivity was examined 

by numerical analysis, it was seen that taking an average effective diffusivity value was 

applicable for the design of the adsorbent bed (Figure 7.28).  

 

 
Figure 7.28. Effect of temperature and adsorbate loading dependency of effective 

diffusivity on performance of AHP for zeolite 13X-water pair 
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7.4.1.3. Effect of Bed Thickness on Performance of Adsorption Heat 
Pump for Adsorbent Bed-1 

 

The transient heat conduction is also a function of radius of the bed and there is 

an inverse proportion with the heat transfer rate and thickness of the bed. Therefore, the 

poor heat transfer within the bed can also be eliminated by reducing the thickness of the 

adsorbent bed.  

In order to determine the effect of bed thickness on the performance of the 

adsorption heat pump, the governing equations for isobaric cooling process were solved 

simultaneously for the bed thickness of 110 mm and 60 mm. 

In Figure 7.29, the change in average bed temperature with time is presented. As 

expected, when thickness of the bed is reduced from 110 mm to 60 mm, the duration of 

the isobaric cooling process decreases from approximately 870 min to 350 min. 

Furthermore, the temperature difference between inner and outer regions reduces when 

the thickness decreases.  

 

 
Figure 7.29. Effect of bed thickness on performance of AHP for zeolite 13X-water pair 

 

7.4.2. Validation of Theoretical Model with Experimental Data 

In order to validate the theoretical model for Adsorbent Bed-1, the experimental 

data taken from the study of Mobedi have been used (Mobedi 1987). In that study, Mobedi 

performed experiments with zeolite 13X-water pair. Prior to theoretical analysis, Sips 

Relationship parameters are derived from the experimental data (Figure 7.30).   
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Figure 7.30. Sips Relationship for the Experimental Study of Mobedi 

 

After determination of the equilibrium parameters, theoretical analysis has been 

performed. The result of the validation of theoretical model for isobaric cooling is 

illustrated in Figure 7.31. It can be observed that the experimental data is not fitted to the 

theoretical model. This situation may arise from the low accuracy of the pressure 

transducer and other technological equipment during those years. Therefore, the 

experimental study should be performed with new devices.  

Figure 7.31. Comparison of Theoretical and Experimental Data 
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7.4.3. Two-Dimensional Analysis of the Adsorbent Bed-1 (Case II) 

In order to determine the effect of the axial flow of the adsorptive within the 

adsorbent bed, two-dimensional analysis was performed with the Adsorbent Bed-1.  

The change in average temperature of the bed with time is presented in Figure 

7.30. It is obvious that the axial flow of adsorptive does not have significant effect on 

temperature distribution within the adsorbent bed and one-dimensional analysis is quite 

enough in designing adsorption heat pump. 

 

 
Figure 7.32. Effect of axial flow of adsorptive on temperature change in adsorbent bed 

 

7.5. Adsorbent Bed-2 (Case III) 
 

In order to enhance the performance of the adsorption heat pump, different designs 

of the bed were also studied. In Adsorbent Bed-2, the heating of the bed was provided 

from top and bottom in addition to the outer radius of the adsorbent bed.  

The representative temperature and pressure distribution within the adsorbent bed 

during isobaric cooling process is presented in Figure 7.33. While the pressure is 

approximately uniform through the bed, there is a temperature gradient within the bed 

which is related with the low heat transfer conditions within the bed. 
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Figure 7.33. Distribution of a) Bed Temperature b) Adsorptive Pressure through the 

adsorbent bed during isobaric cooling process for zeolite 13X-water pair 

 

 Full cycles of Adsorbent Bed-1 (Case I) and Adsorbent Bed-2 (Case III) are 

compared, too (Figure 7.34). In the graphs, the blue and red lines indicate Adsorbent Bed-

1 and Adsorbent Bed-1, respectively. Two-dimensional heating of the bed decreases cycle 

duration of the processes significantly. It is determined that the cycle time is reduced from 

86 hours to 17 hours when two-dimensional heating is performed. Furthermore, the 

average temperature of the bed decreased for Case III which indicated that the heat 

transfer within the bed was enhanced for this design.  

 

 
Figure 7.34. Comparison of cycles for Case I (blue) and Case III (red) for zeolite 13X-

water pair 

(a) (b) 
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The performance analysis was also performed for Case III (Table 7.6). The 

amount of heat gained and released from the system were changed due to the change in 

average temperature of the bed and periods of the processes. Thus, the COP and SCP/SHP 

of the adsorption heat pump increased. 

 

Table 7.6. Two-Dimensional Analysis of the Adsorbent Bed for Zeolite 13X-water 

 
 

7.6. Adsorbent Bed-3 (Case IV) 
 

Since most of the adsorption heat pump designs are constructed with heat transfer 

fluid, the effect of heat transfer fluid parameters such as hot and cold fluid temperature 

and velocity of the heat transfer fluid are investigated in the following part. The results 

have been illustrated for isobaric cooling process. 

 

7.6.1. Effect of Velocity of Heat Transfer Fluid on Average Bed 

Temperature 
 

The effect of heat transfer fluid velocity on the average bed temperature is 

represented in Figure 7.35. It is seen that velocity of heat transfer fluid does not have any 

significant effect on temperature distribution of adsorbent bed. That is compatible with 

the study of Liu and Leong which is presented in Table 4.1. In that study, it was mentioned 

that when the fluid velocity was smaller than 0.1 m/s, the cycle time would increase very 

quickly with an increase in fluid velocity, however, for velocity larger than 0.5 m/s, the 

Adsorbent 
Bed-1

Adsorbent 
Bed-2

Qab (W) 6 1127
Qbc (W) 1746 504
Qcd (W) -21 -1239
Qda (W) -61 -392
Qev (W) 20 131

Qcond (W) -540 -156
COPc 0,01 0,08
COPh 0,36 1,10
SCP 0,76 3,94
SHP 3,47 18,04

Cycle Time (h) 86 17
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cycle time did not change with velocity leading to very little change in SCP (Liu and 

Leong 2005).  

 
Figure 7.35. Effect of velocity of heat transfer fluid on temperature distribution in the bed 

 

7.6.2. Effect of Cold Fluid Temperature on Average Bed Temperature 
 

 In Figure 7.36, it can be seen that the time consumed during adsorption process 

decreases as decreasing temperature of heat transfer fluid. This leads a direct increase in 

SCP of the adsorbent bed. Furthermore, heat released during the adsorption process per 

unit time will also increase by decreasing cold fluid temperature, so the COP will also 

increase as the cold fluid temperature decreases. 

 

 
Figure 7.36. Effect of cold fluid temperature on temperature distribution of adsorbent bed 
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7.6.3. Effect of Hot Fluid Temperature on Average Bed Temperature 
 

In Figure 7.37, it can be seen that the time consumed during adsorption process 

decreases as increasing temperature of heat transfer fluid. This leads a decrement in SCP 

of the adsorbent bed. Furthermore, heat released during the adsorption process per unit 

time will also increase by increasing hot fluid temperature, so the COP will also increase 

as the hot fluid temperature increases. 

 

 
Figure 7.37. Effect of hot fluid temperature on temperature distribution of adsorbent bed 

 

7.7. Enhancement of Effective Thermal Conductivity of Zeolite 
 

7.7.1. Zeolite/Graphene Pellet 
 

As mentioned in Chapter 6, the optimization of kaolin and water amount was 

performed prior to mix graphene with zeolite 13X. The analysis was performed with the 

amount of kaolin of 15 wt% and 20 wt%. Then, 30-40 wt% of deionized water was used 

to obtain a paste. The calcination was performed at 550°C for 2 hours.  

The obtained pellets are compared with the commercial cylindrical 13X (Sigma 

Aldrich Co.) by means of thermal gravimetric analysis (Figure 7.38). It is seen that there 

is no significant difference on the amount of water loss for three zeolites. Additionally, 

the zeolites are put into water to observe physical strength. It is observed that the strength 

of zeolite with kaolin of 20 wt% is better than kaolin of 18 wt%.  
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Figure 7.38. The effect of kaolin content on thermogravimetric behaviour of Zeolite 13X   

 

Due to the difference in physical strength of the zeolites, 20 wt% of kaolin is used 

in the latter studies. The manufacturing procedure is similar but this time commercial 

graphene (1 wt% graphene/zeolite 13X) is exfoliated in water than added during. The 

calcination is performed at N2 atmosphere.  

In the normalized FTIR results (Figure 7.39), the spectrum of zeolite 

13X/graphene pellet is similar with the commercial zeolite 13X, and any spectrum of the 

graphene is observed in the analysis. This may be related with the low amount of the 

graphene in the zeolite pellet. 

 

 
Figure 7.39. FTIR spectrum of zeolite 13X pellet 
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 In Figure 7.40, SEM images have been represented. The analysis is performed 

with 5000 magnifications. The graphene layers between crystals of the zeolite can 

obviously be seen in Figure 7.40c. which means that the pelletization and calcination of 

zeolite/graphene is achieved successfully.   

 

 
Figure 7.40. SEM images a) Commercial Zeolite 13X b) Zeolite 13X with 20%wt. kaolin 

c) Zeolite 13X /graphene pellet  

 

The measurement of thermal conductivity of the produced pellet was achieved by 

hot wire method. The results of the measurement are presented in Table 7.7. The effective 

thermal conductivity of zeolite 13X is determined as 0.12 W/m.K which is compatible 

with the results obtained by homemade system. Furthermore, the effective thermal 

conductivity of zeolite 13X is increased approximately 30% when graphene is added.  

 

Table 7.7. Effective thermal conductivity measurement with hot-wire method 

Sample Measurement-1 Measurement-2 Measurement-3 

Zeolite 13X 
0.1226 W/m.K 0.1223 W/m.K 0.1240 W/m.K 

Average: 0.1230 W/m.K 

Zeolite 13X-RGO 
0.1621 W/m.K 0.1586 W/m.K 0.1632 W/m.K 

Average: 0.1613 W/m.K 
 

According to the study of Rocky et al., the thermal conductivity of graphene was 

given as 3000 W/m.K and the bulk density of graphene was in the range of graphene was 

(c) 

(a) (b) 
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in the range of 0.3-1 g/cm3. According to Maxwell equation given in Equation 6.49, the 

effective thermal conductivity of the zeolite/graphene was supposed to be in the range of 

15-51 W/mK when 1 wt% graphene was used.  

On the other hand, the thermal conductivity of graphene was calculated from 

experimental result as 2.5-8 W/mK when graphene density was in the range of 0.3-1 

g/cm3. In order to obtain a material with a thermal conductivity of 1 W/mK, at least 20 

wt% of graphene should be used.  

From an economic point of view, commercial graphene (Nanokar, 800 m2/g) has 

a price of 26,019 TL/kg. In an adsorption heat pump, approximately 50 kg adsorbent is 

used. This means that 20 kg of graphene should be used to achieve a thermal conductivity 

of 1W/mK. In Table 7.5, it is seen that the COP increases from 0.01 to 0.1 when thermal 

conductivity increased to 1 W/mK. For an industry that consumes 100 kWh/day 

electricity for cooling purpose, the yearly energy saving will be 125,560 TL according to 

the current electricity price for those COP changes. In adsorption heat pumps, one of the 

main advantages is no requirement for maintenance and long cycle life. Therefore, 

although the initial investment cost is high, considering the electricity prices, it is seen 

that the cost of graphene is covered in a short period of 3 years. Furthermore, the 

adsorption heat pumps utilize the solar energy and waste heat rather than mechanical 

energy, so they have a high primary energy efficiency which makes the adsorption heat 

pumps environmentally friendly. Additionally, the increment in electricity price makes 

solar energy attractive. For instance, the payback of a facility with 55 kW installed 

capacity is approximately 7 years according to the current legislations in Turkey.  
 

7.7.2. Synthesizing Graphite Oxide 
 

Although there are several studies to manufacture graphite oxide, there is still 

inconsistencies in the procedure which affect the functional properties of the graphite 

oxide. In synthesizing GO, Tour’s method has been utilized and different parameters were 

examined are examined in the scope of the thesis.  

The first parameter investigated during the study is the amount of HCl, and ethanol 

used during the washing procedure. It is seen that unoxidized C=C cannot be drawn away 

from the solution effectively when 200 mL ethanol and 200 mL HCl is used during the 

washing process (Figure 7.41). So, 300 mL HCl and 300 mL ethanol is decided to be used 

in the later synthesizes. 
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Figure 7.41. Effect of amount of HCl and ethanol on synthesized GO 

 

The second parameter is the amount of H2O2 used during stopping the reaction. In 

the literature, the amount of H2O2 is not consistent. Some of the researchers have used 2 

mL H2O2 and the others have used 50 mL H2O2 for the same procedure and same amount 

of graphite. On the other hand, Kumar et al. claims that the increase in the amount of will 

increase the exfoliation of the graphene oxide. Therefore, the procedure is performed with 

2 mL (S2) and 20 mL (S3) H2O2 with the same amount of graphite. The FTIR results are 

given in Figure 7.42. It is seen that the oxidization of graphite achieves better when 20 

mL H2O2 is used. Furthermore, the stability of the S3 sample is longer than the S2 sample.  
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Figure 7.42. Effect of amount of H2O2 on synthesized GO 
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The last parameter is the reaction time which affects the stability of the graphene 

oxide. The reaction time is chosen as 16 hours (S3) and 12 hours (S4). It is observed that 

the amount of carboxylic acid groups and epoxy groups increase for the sample S4 (Figure 

7.43). Furthermore, the stability increases when the reaction time decreases to 12 hours.  
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Figure 7.43. Effect of reaction time on synthesized GO 

 

7.7.3. Reduction of Graphite Oxide to Graphene 
 

According to the FTIR results and the stability of the solution, sample S4 has been 

utilized in the reduction studies. The reduction is performed with both hydrazine hydrate 

and ascorbic acid. The details of the procedure have been given in Chapter 6. 

Furthermore, effect of NH3 in reduction process has also been investigated.  

The normalized FTIR results of RGO samples are given in Figure 7.44. It is seen 

that the removal of oxygen functional groups and alkene groups from the graphene oxide 

is better achieved when hydrazine hydrate is used with additional NH3. It is known that 

the functional groups in the structure of the RGO reduces the thermal conductivity. 

Therefore, RGO obtained by reducing GO with hydrazine hydrate by additional NH3 is 

used to enhance the thermal conductivity of the zeolite. On the other hand, due to being 

eco-friendly, ascorbic acid can be alternative to hydrazine hydrate in reduction of 

graphene oxide. 
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Figure 7.44. FTIR results of reduced graphene oxide 

 

From the experimental data, the optimum conditions to obtain graphene has been 

determined. However, still the thermal conductivity measurements should be performed. 

Furthermore, eco-friendly chemicals should be taken into consideration during 

synthesizing both graphene oxide and reduced graphene oxide.
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CHAPTER 8 

 

CONCLUSIONS 
 

In order to deal with the effects of the climate change and prevent the depletion 

in the ozone layer, the environmentally friendly systems have to be improved and started 

to be used in the whole world. In recent years, the use of renewable energy sources rather 

than fossil sources in generation of electricity gains attention. However, the storage of the 

produced energy still requires improvements. Besides, the use of adsorption in energy 

recovery and storage systems is a promising technology.  

According to the performed investigations for adsorption heat pumps, the 

following remarks can be concluded: 

 The main drawback in the design of the adsorption heat pump is the low heat 

transfer properties within the adsorbent bed. 

 The traditional adsorbent-adsorbate pairs are inefficient in enhancing the thermal 

conductivity within the bed, therefore new pairs with high thermal conductivity 

should be produced.  

 Developing advanced cycle systems can be an alternative in order to reach the 

desired performance values of adsorption heat pump.  

According to the information given above, the studies have been performed. The 

main goal is to design an adsorbent bed with high effective thermal conductivity in the 

scope of the thesis. The improvement of the effective thermal conductivity has been 

achieved by two ways:  

1- Enhancing effective thermal conductivity of the adsorbent bed by continuous 

metal additives with different geometrical shapes (Unconsolidated adsorbent 

bed) 

2- Enhancing effective thermal conductivity of the adsorbent (zeolite 13X) by 

adding high thermal conductive graphene (Consolidated adsorbent bed) 

In designing an adsorption heat pump, the selection of the working pair is the main 

task. Due to the high affinity to water vapor and high heat of adsorption value, zeolite 

13X-water pair has been chosen as working pair. Prior to theoretical analysis of the 

adsorbent bed, the characterization of zeolite 13X and determination of adsorption 



 139 

equilibrium and kinetics properties of zeolite 13X-water pair has been performed 

experimentally. In order to analyse the effect of regeneration temperature of the 

adsorbent, the adsorption studies have been performed at regeneration temperature of 

90°C and the isotherms have been obtained at adsorption temperature of 35, 45 and 60°C. 

The remarks obtained from experimental studies can be summarized as the 

followings: 

 When compared to other zeolite types, zeolite 13X has higher affinity to water 

vapor due to Si/Al ration which has been supported with thermal gravimetric 

analysis. 

 The adsorption equilibrium of zeolite 13X-water pair is well defined by Sips 

Relationship rather than Langmuir and Toth’s Relationships. Furthermore, the 

isosteric heat of adsorption is adsorbate loading dependent for zeolite 13X-water 

pair.  

 Although the effective diffusivity is well defined by Crank’s model, it is also 

logical to use LDF model to represent the mass transfer within the particle since 

it gives an approximate solution. 

 The temperature increment at the beginning of the adsorption has been too low 

due to the weight ratio of adsorbent and bed. Therefore, the assumption of 

isothermal adsorption is reasonable for the zeolite 13X-water pair. 

After determining the adsorption equilibrium and kinetic properties of zeolite 

13X-water pair, the studies for designing adsorbent bed have been conducted. The 

thermal conductivity measurements for unconsolidated bed have been achieved with a 

homemade system. The results can be summarized as: 

 Zeolite 13X bed has an effective thermal conductivity of 0.12 W/m.K.  

 The thickness and shape of the continuous wire are effective on the effective 

thermal conductivity.  

 The best configuration has been obtained when fin shape with 6 fins and 8 sides 

has been used. The effective thermal conductivity has increased 140% when fins 

have been located in the bed.  

In theoretical analysis of the bed, heat, mass, and momentum transfer equations 

have been solved simultaneously. Three different beds have been evaluated during the 

theoretical analysis with different assumptions. The detail of the beds has been discussed 

in the Materials and Methods section. The effects of the effective thermal conductivity of 
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the bed and adsorbate loading and temperature dependence of effective diffusivity on 

performance of adsorption heat pump have been investigated for adsorbent bed-1 in one-

dimensional analysis (Case I). As Case II, the two-dimensional analysis of the adsorbent 

bed-1 has been conducted. 

The following remarks for Case I and Case II can be concluded from the 

theoretical studies: 

 When the effective thermal conductivity of the adsorbent increases from 0.12 

W/m.K to1 W/m.K, the effective thermal conductivity of the bed increases from 

6.48x10-2 W/m.K and 2.51x10-1 W/m.K which directly effects specific 

cooling/heating power value of the adsorption heat pump. On the other hand, the 

indirect effect of thermal conductivity value on COP value is generally ignored in 

the studies. However, it has been seen that COP for cooling process increases from 

0.01 to 0.10 and for heating process from 0.36 to 4.83 due to the change in heat 

amounts during cycle.  

 Temperature and adsorbate loading dependence of effective diffusivity has not 

been significant in designing adsorption heat pump. Thus, it can be taken as 

constant during the analysis. 

 The effect of flow of adsorptive in axial direction does not have significant effect, 

so making one-dimensional analysis will define the distributions within the bed 

sufficiently. 

 The experimental data for Zeolite 13X-water pair is limited for validation of 

theoretical model. Due to the low accuracy of the devices used in the study of 

Mobedi, the validation should be performed with a new experimental set up. 

In Case III, the design of the adsorbent bed was changed, and two-dimensional 

analysis were performed since two-dimensional heating of the bed was achieved. The 

following remarks for Case III can be concluded from the theoretical studies: 

 Two-dimensional heating of the bed decreases cycle duration of the processes 

significantly. Furthermore, the average temperature of the bed decreased which 

indicated that the heat transfer within the bed was enhanced for this design. 

For Case IV, heat transfer fluid was used for heating and cooling of the bed. The 

effects of velocity, cold temperature, and hot temperature of heat transfer fluid on 

performance of adsorption heat pump was analysed. The following remarks for Case IV 

can be concluded from the theoretical studies: 



 141 

 The heat transfer fluid velocity in the range of 0.1-10 m/s have not significant 

effect on the performance of the adsorption heat pump which is also compatible 

with the literature.  

 When the temperature of the heat transfer fluid is increased for the cooling 

processes, the time period of the processes increases which directly decreases the 

SCP value.  

 On the other hand, when the temperature of the heat transfer fluid is increased for 

the heating processes, the duration of the processes decreases, so the SCP value 

increases.  

In consolidated adsorbent bed studies, commercial graphene is used. Crystalline 

Zeolite 13X has been mixed with graphene by 1 wt% and then pelletized to enhance the 

effective thermal conductivity of the bed. The following remarks can be concluded: 

 The graphene layers in the framework structure of zeolite which are observed in 

the SEM images show that the methodology is applicable to obtain a composite 

particle. On the other hand, low amount of graphene limits the characterization of 

the material.  

 In thermal conductivity measurements which is performed with hot wire method, 

the thermal conductivity of zeolite 13X increased from 0.12 W/mK to 0.16 

W/mK. According to the Maxwell equation, the thermal conductivity of graphene 

is in the range of 2.5-8 W/mK. Thus, at least 20 wt% of graphene should be used 

to obtain a material with 1 W/mK. 

 In economical analysis, although the initial investment cost is high, considering 

the current electricity prices, it is seen that the cost of graphene is covered in a 

short period of 3 years.   

Due to the high cost of commercial and difficulties in large scale productions of 

graphene, it has also been synthesized in the scope of the thesis. Since the manufacturing 

procedure has not been consistent in literature, first the manufacturing of graphite oxide 

and RGO is optimized. The following remarks can be concluded for the RGO 

manufacturing studies: 

 In synthesizing graphite oxide, the reaction time, amount of H2O2 and amount of 

HCl and ethanol has significant effect on forming functional oxygen groups in the 

structure of GO.  
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 It can be said that the optimum reaction time is 12 hours to functionalize and 

obtain a stable GO. Furthermore, the stability of the GO reduces when the amount 

of H2O2 is reduced.  
 In reduction of GO, hydrazine hydrate with NH3 is efficient to remove functional 

groups. On the other hand, ascorbic acid can also be a good choice due to being 

environmentally friendly reducing agent.  

Based on the obtained experimental and numerical results, further studies can be 

performed on the following issues: 

 The studies on adsorption heat pump with zeolite 13X-water pair is limited. 

Therefore, studies should be focused on this pair due to high adsorption capacity 

and heat of adsorption value. Furthermore, the validation of the theoretical model 

with experimental data should be performed with a new experimental set up.  

 The zeolite 13X/graphene pellet should be synthesized with higher concentration 

of the graphene and characterization of the pellet should be performed in detail. 

Furthermore, the adsorption equilibrium and kinetics behavior of the pellet should 

be determined.  

 The thermal conductivity of synthesized reduced graphene oxide should be 

determined. Eco-friendly chemicals should be tried to synthesize reduced 

graphene oxide.  

 In adsorption heat pump design, using both fins and zeolite 13X/graphene pellet 

at the same time can be beneficial to enhance the performance of the system.  
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APPENDIX A 
 

DERIVATION OF GOVERNING EQUATIONS 
 

 During the design of the adsorbent bed, the heat and mass transfer equations are 

solved simultaneously. In the following part, the derivation of the governing equations 

according to the assumptions are shown in detail. The derivation is obtained for the 

cylindrical bed in which the adsorptive flows through the annulus (Figure A.1).   

 
Figure A.1.The considered annular bed 

 

A.1. Heat transfer equation 
 

The overall energy balance for the control volume can be given as: 

 

 

 

For two-dimensional case, the total energy inlet can be defined as:  

 

 

 

where  
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On the other hand, by using Taylor series expansion in which the higher order 

terms are neglected, the total energy outlet can be given as: 

 

 

 

During the adsorption process, energy is generated due to the isosteric heat of 

adsorption. Then, the energy generation can be written as: 

 

 

 

Finally, the energy accumulation term can be given as:  

 

 

 

When the equations given above are combined, the heat transfer equation can be 

written as: 

 

 

 

 

By dividing all the terms by  and rearranging the equation, the final 

form of the heat transfer equation can be obtained as: 
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A.2. Continuity Equation 
 

The overall mass balance for the control volume can be given as: 

 

 

 

 

 

Since  where A is the cross-sectional area, then the equation takes the 

form of: 

 

 

where  gives the amount of adsorptive consumed during the adsorption 

process and the  gives the accumulation of adsorptive within the bed. By 

dividing all the terms by  and rearranging the equation, the final form of the 

heat transfer equation can be obtained as: 
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