SYNTHESIS OF COPPER BASED METAL
ORGANIC FRAMEWORK FOR SEPARATION OF
CO,/H, AT HIGH PRESSURE

A Thesis Submitted to
the Graduate School of Engineering and Sciences of
Izmir Institute of Technology
in Partial Fulfillment of the Requirements for the Degree of

MASTER OF SCIENCE

in Chemical Engineering

by
Ahmet Ugur CICEK

December 2014
IZMIiR



We approve the thesis of Ahmet Ugur CICEK

Examining Committee Members:

Prof. Dr. Fehime CAKICIOGLU OZKAN
Department of Chemical Engineering, [zmir Institute of Technology

Prof. Dr. Semra ULKU .
Department of Chemical Engineering, [zmir Institute of Technology

Assist. Prof. Dr. Giiler NARIN
Department of Chemical Engineering, Usak University

19 December 2014

Prof. Dr. Fehime CAKICIOGLU OZKAN
Supervisor, Department of Chemical
Engineering

[zmir Institute of Technology

Prof. Dr. Fehime CAKICIOGLU OZKAN Prof. Dr. R. Tugrul SENGER
Head of the Department of Chemical Dean of the Graduate School of
Engineering Engineering and Sciences



ACKNOWLEDGMENTS

Foremost, | would like to express my appreciation to my supervisor Prof. Dr.
Fehime CAKICIOGLU OZKAN for the continuous support and guidance through my
M.Sc. study. Furthermore, | would like to thank to Prof. Dr. Serife Seref HELVACI for
her academic support during the project.

I want to thank my friend Tugba UGRANLI for her unflagging support in this
endeavor. My gratitude also goes to my labmate and best friend Ozgiin DELIISMAIL
for his help, support, and friendship. Additionally, I am so indebted to my dear friends
Elif GUNGORMUS, imran OZER, and Burak Muhammet KAMA for their friendships.
Thanks to Center for Materials Research personnel and Chemical Engineering
Department personnel for their helps during the analyses of my samples.

At last but most important special thanks go to my family. I am also so grateful
and appreciate to my family for their infinite support, love, and encouragement.

This thesis was supported financially by TUBITAK (112M294) and izmir
Institute of Technology Scientific Research Project (20141YTE09).



ABSTRACT

SYNTHESIS OF COPPER BASED METAL ORGANIC FRAMEWORK
FOR SEPARATION OF CO,/H, AT HIGH PRESSURE

In this study, synthesis of Copper based metal organic framework (CuTPA) was
achieved. Terephthalic acids were used as an organic linkers supplied from PETKIM
A.S. Synthesis procedure was carried out in three steps; crystallization, purification and
activation with different parameters. Crystallization time and temperature, purification
method and solvent type , thermal activation rate are studied. MOFs were characterized
by using SEM (Scanning Electron Microscopy), Fourier Transformer Infrared (FTIR),
Thermal Gravimetric Analyzer (TGA), X-ray Diffractometer (XRD), and Volumetric
Adsorption Instrument (ASAP 2010). The CuTPA with the highest specific surface area
(Stang=776 m?/g) was synthesized after purification with methanol by soxhlet method in
a schott bottle for 24 hours at crystallization temperature of 110 °C.

Copper based MOF synthesized (Spang=776 m?/g) and Commercial NaX zeolite
(Stang= 1359 m?/g) were packed in the column. Dynamic adsorption behavior of
adsorbents was also studied; breakthrough of CO,/H, and gases from the packed bed
were carried out under total molar flow rate of 10, 20, and 30 mL/min gas mixture at 1,
5, and, 10 bars. It was conclude that the adsorption data results obtained from our
system is reliable. As a result of breakthrough experiment both adsorbents (CuTPA and
13X zeolite) did not adsorbed H,. The break points are increased with increasing
pressure and decreasing total flow rate. The amount to be adsorbed by the adsorbent in
the column is increased indicating that the adsorption mechanism, controlling
mechanism is changed with decreasing total flow rate.



OZET

YUKSEK BASINCTA CO,/H, AYIRIMI ICIN BAKIR BAZLI METAL
ORGANIK AG YAPISININ SENTEZLENMEZi

Bu c¢alismada, bakir temelli mikrogozenekli metal ag yapilarinin sentezi
gerceklestirilmistir. PETKIM A.S. ve Aldrich’ten tedarik edilen tereftalik asitler
organik baglayici olarak kullanilmistir. Sentez prosediirii {i¢ basamak halinde;
kristalizasyon, saflagtirma ve aktivasyon basamaklarinda farkli parametrelerin
incelenmesiyle ylritiilmiustiir. Kristalizasyon basamaginda zaman ve sicaklik,
saflastirma basamaginda yontem ve ¢Oziicii, aktivasyon basamaginda ise sicaklik artig
hizlar1 parametrik olarak caligilmistir. Adsorpsiyon basamagindan Once; taramali
elektron mikroskobu, X 1s1n1 kirinimi ve volumetrik adsorpsiyon cihazi ile sentezlenen
ag yapilarinin karakterizasyonu yapilmistir. En yiiksek yilizey alani, 776 m?/g (Stang),
110 °C de 24 saat boyunca shot sisesinde gergeklestirilen reaksiyon ve methanol ile
soklet yontemi sonucunda saflastirilan 6rnekte elde edilmistir.

Kolon sentezlenen metal organik ag yapilar1 veya ticari olarak kullanilan NaX
zeolitleri (13X) ile doldurulmustur. Adsorbentlerin dinamik adsorpsiyon davranislari da
bu c¢aligma kapsaminda incelenmistir. Adsorpsiyon g¢alismalart toplam 10, 20 ve 30
mL/dk olacak sekilde ikili (CO2/H;) gaz karisiminin 1, 5 ve 10 bar basing ve sabit
sicakliktaki dolgulu kolana gonderilmesiyle gercgeklestirilmistir. Sonug¢ olarak her iki
adsorbentine H, tutmadigi goriilmiistir. Gazlarin salinim yapma zamanlari basing
artisiyla ve gaz akis hizi azalmasiyla artmistir. Elde edilen salimim egrileri ve ilgili
denklemler ile yiizeye tutunan miktarlar hesaplanmistir. Kolonda adsorbent tarafindan
adsorplanan miktarin akis hizinin azalmasiyla artmasi, adsorpsiyon control

mekanizmasinin degistigini géstermektedir.
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CHAPTER 1

INTRODUCTION

Besides to organic porous materials and polymeric foams, a large number of
inorganic porous materials have been developed. Porous materials find application in
gas separation and storage (Morris and Wheatley 2008), shape/size selective catalysis
(Ranocchiari and Bokhoven 2011) and drug delivery (Keskin and Kizilel 2011),
insulation (Eisenhardt et al. 2014), cushioning, impact protection and construction
materials depending on pore sizes (from nanometer to millimeter), ordered or irregular
arrangement of pores, various chemical compositions (metal, oxides...) and different
preparative approaches. An extensive overview of the development of porous materials,
starting with the discovery of natural zeolites, is dating back to 18" century. Metal
Organic Frameworks (MOFs) also known as coordination polymers are porous
materials. They are usually crystalline compounds built from metal cluster and organic
linker with very high surface areas up to 6000 m%/g (Yaghi and Li 2009). Due to tunable
pore size and shape, the synthesis of MOFs is generally conducted under relatively mild
conditions in three steps; crystallization, purification, and activation. In the synthesis,
metal clusters and organic linkers are mixed in solvent medium. Selection of the solvent
plays important role in thermodynamics and activation energy for the crystallization.
Major methods in the synthesis can be ordered as solvo/hydrothermal, slow evaporation,
microwave-assisted, electrochemical, mechanochemical, and sonochemical.

Hydrogen is regarded as an important energy carrier with a fuel cell as its
converter. In the world, H, can be produced from enrichment of steam methane
reformer off gas with removal of CO,. As other adsorbents, CO, adsorption capacity of
MOFs is depend on pore size/volume and surface area. Therefore, selective CO,
adsorption over H; rich gas mixture is targeted. The key component of separation
methods based on adsorption such as pressure swing adsorption, vacuum swing
adsorption, and temperature swing adsorption is the packed column.

Even mostly studied microporous adsorbent NaX zeolite gives very high CO,
adsorption capacity. Recently, MOFs are evaluated as an alternative adsorbent due to

their high pore volume and surface area. Their flexible pore structure makes them



different from the conventional rigid adsorbents such as zeolite, activated carbon and,
silica gel. Thus adsorption capacity of these flexible materials is increased with
increasing pressure (Peter et al. 2013).

Copper-based MOFs was chosen as an alternative adsorbent due to promising
results and very limited number of studies present in the literature. In this study, Cu-
based metal organic frameworks (CuTPAS) were synthesized and their CO, adsorption
performance over H, was studied at different total pressures (1, 5 and, 10 bars) and flow
rates (5, 10 and, 30 ml/min) of mixture. The results obtained were compared with the

commercial NaX zeolite (13X).



CHAPTER 2

ADSORBENTS

Activated carbon, zeolites, silica gel, alumina, and recently coordinating
polymers (metal organic frameworks, MOFs) are the adsorbents usually used in the
form of spherical pellets, rods, moldings or monoliths with diameters between 0.5 and
10 mm for gas separation. High abrasion resistance, thermal stability and surface area

are some of the important properties of these adsorbents (Ruthven 1984).

2.1. NaX Zeolite (13X)

Zeolites are three dimensional microporous crystalline aluminosilicates of the
alkali and alkaline earth elements such as sodium, potassium and, calcium. The
empirical formula was represented as M2,O'Al,O3xSiO2yH,0 where n is the valence of
the cation, x and y are integers. The structure of the zeolite is commonly identified on
covalent bonded TO, tetrahedra in which T is silicon or aluminum. According to the
Lowenstine rule Silicon/Aluminum ratio of zeolite should be at least 1. Framework was
formed by tetrahedral blocks to form the cavities for the guest molecules. The
hydrophilic nature of the zeolite increases with substitution of aluminum atoms
resulting from increase in the negative charge on the framework. Metal ions such as
Na*, K*, Ca**, Mg*" was used to balance the charge of the framework.

As a member of synthetic zeolites (Fig. 2.1), NaX is used for different
applications such as catalysis, adsorbent, etc. Commonly, zeolite X is synthesized from
silica and alumina sources via hydrothermal reaction (Chen, Park, and Ahn 2014).



® oxygen

o cation 1
1] 6
L 1
T S6R
1 21] DR
1
) 4
Jre '
/ I
large o1-. sod;.\h.te
cavity o cavity

Figure 2.1. Structure of zeolite 13X
(Source: Erten-Kaya and Cakicioglu-Ozkan 2012)

2.2. Metal Organic Frameworks (MOFs)

Metal organic frameworks (MOFs) are an emerging class of porous materials
constructed from metal (Cu, Zn, Cr, Mn etc.) clusters and organic ligands such as
carboxylic acid to form extended polymeric structures in one (1D), two (2D) and three
(3D) dimensions. Thanks to pioneer studies of Hofmann and Kiispert (1897) complex,
now metal organic frameworks (MOFs) was produced (MacGillivray 2010). These
materials are crystalline, highly porous and stable at high temperature. MOFs provide
very high surface area (Ranocchiari and Bokhoven 2011) and controllable pore sizes
due to multifunctionality of bridging organic ligands. Organic ligands and metal clusters
which are secondary building units (SBUs), link to each other to form the extended
framework (Figure 2.2). At the most basic definition, MOFs are polymeric crystal
lattices which contain voids, possibly containing guest molecules, and those which do
not. Materials which contain voids may be described as porous, but those porous
materials which allow exchange of guest molecules are termed open-framework

materials.
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Figure 2.2. 1D, 2D, and 3D structures of MOFs which is constructed by molecular
building units (Source: Yaghi et al. 2003)

As an example of 3D MOFs, Figure 2.3 and Figure 2.4 show framework
structure of Cu-based terephthalate (CuTPA) and the general structure of secondary

building units, respectively.

Figure 2.3. The CuTPA framework
(Source: Carson et al. 2014)



Figure 2.4. Examples of SBUs from carboxylate MOFs; O, red: N, green: C: black
(Source: Yaghi et al. 2003)

MOFs also have wide range of potential applications such as gas adsorption and
separation, catalysis, luminescence sensing, drug delivery and proton conduction (Zhou
and Kitagawa 2014).

The crystallization of copper metal with terephthalate was first reported by
Sherif (1970), but crystal structure was later elucidated by Cueto et al. (1991).

2.2.1. Copper Based Metal Organic Frameworks (Cu TPAS)

MOF syntheses generally occur in liquid medium in which the solutions are
mixed together after metal cluster and organic linker solutions (in solvent medium) are
mixed separately. For these type liquid-phase reactions, the solvent should be selected
by considering the reactivity, solubility, redox potential and stability constant. Apart



from liquid-phase synthesis, solid-phase synthesis is another synthesis procedure due to
its more quickness and easiness. However, beyond this advantage, solid phase synthesis
has difficulties like determination of the crystal structure. Slow evaporation and
solvo/hydrothermal methods are regular methods for synthesis of MOFs. Microwave-
assisted, electrochemical, mechanochemical and sonochemical syntheses are used as the

alternative methods (Fig. 2.5).
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Figure 2.5. (a) Synthesis methods commonly used for MOF production (b) percentage
of MOF synthesized with different methods (Source: Dey et al. 2014)

2.2.1.1. Hydro/Solvothermal Synthesis Method

Solvothermal and hydrothermal syntheses are generally performed in a closed
vessel (autoclave, flask). For the best crystallization, the synthesis should be also carried
out under autogenesis pressure above the boiling point of solvent. However, these
methods typically require long crystallization times depending on solvent type, reaction
temperature and reagent concentrations Organic solvents that have high boiling
temperature are used for solvothermal reactions such as dimethyl formamide and diethyl
formamide; and water medium is used for hydrothermal reactions.

A survey of the literature reveals that there are many MOFs synthesized by
using transition elements as the metal sources. Copper is the one of those metals which
is potential applicant from selective gas separation to sensing (luminescent material) to
catalysis to drug delivery. Copper-based carboxylate was firstly investigated by Cueto
et al. (1991) which is about conductivity and magnetic susceptibility of material

synthesized. However, Mori et al. (1997) reported the first copper terephthalate



synthesized which has large surface area and studied the adsorption capacity of the
material synthesized. Mori et al. (2005) and Carson et al. (2009) conducted the studies
to improve the magnetic susceptibility of copper terephthalate (Fig. 2.6) and

solvothermal synthesis was achieved with a surface area of 625 m*/g.

Figure 2.6. Structure of copper terephthalate in the (001) plane to form porous structure
which responsible for high surface area (Source: Carson et al. 2009)

Copper teraphthalate (MIL-53 (Cu) or copper (I11) dicarboxylates) can also be
synthesized under hydrothermal conditions. The adsorption capacity was found 8.52
mmol/g at 35 bars and 25 °C for methane adsorption. During the synthesis, hydrofluoric
acid and terephthalic acid were used as organic linker (Anbia and Sheykhi 2012).
Lincke et al. (2011) worked on highly adsorptive material which including copper
acetate as metal salt and (4-(3,5-dimethyl-4H-1,2,4-triazol-4-yl)benzoate)/Me,trzpba™ as

the linker. Two different synthesis routes were studied with different solvent medium.

2.2.1.2. Slow Evaporation Synthesis Method

Slow evaporation method is commonly used to synthesize MOFs due to no need
to external energy power in contrast to solvo/hydrothermal method. However, when
compared to the methods that need energy (heating), this method takes a long time.
Solution of the starting materials is concentrated by slow evaporation of the solvent at a



fixed temperature, mostly at room temperature. Mixture of different solvents can be
used as solvent medium to faster reaction by using low-boiling solvents (Du, Li, and
Zhao (2005), Halper et al. (2006))

2.2.1.3. Microwave Assisted Synthesis Method

Synthesis of MOFs requires many hours with conventional methods. Microwave
assisted synthesis reduces this time almost 12 times with respect to the solvothermal
method (Arunkumar et al. 2007). Firstly, Jhung et al. (2007) studied the chromium
terephthalate under microwave irradiation. In particular, the optimum time was found to
be 60 minutes. This method actually can be called microwave assisted
solvo/hydrothermal method because just the heating medium is different from the
conventional solvo/hydrothermal method. Zinc-based MOFs via microwave-assisted
solvothermal method was reported by Ni and Masel (2006) who obtained microcrystals
of IRMOF 1, IRMOF 2, and IRMOF 3. This method can also control the crystal size
from near-millimeter to sub-micrometer by manipulating the temperature and the
concentration of the reactants in the solution. Moreover, quality of the crystals are the
same with the crystals obtained from solvo/hydrothermal method (Bux et al. (2009),
Hindelang et al. (2012), Liang and D'Alessandro (2013), Zornoza et al. (2011),
Klinowski et al. (2011).

2.2.1.4. Electrochemical Synthesis Method

In this method, large crystals and amounts of MOF can be produced with
different solvent preference under mild conditions. Synthesis of MOFs via
electrochemical method basically relies on supplying metal ions from anodic dissolution
as follows the metal cluster is not supplied as salts but by oxidation of the electrode.
Method is excludes unneeded anions during the synthesis, which contribute to the waste
stream and can complicate the synthesis and purification (Martinez Joaristi et al. 2012).
This is the major advantage of the method, especially for the industrial scale production.
Basolite MOFs which are manufactured by BASF by using mentioned method are

currently being marketed by Sigma-Aldrich (Mueller et al. 2006).



2.2.1.5. Mechanochemical Synthesis Method

Researchers have studied the synthesis method of MOFs to develop an
environmentally friendly process under solvent-free condition. The mechanochemical
synthesis method involves use of mechanical forces to drive the solventless reactions of
reagents. Recently, Beldon et al. (2010) reported a study in which small amount of
changing the added solvent, 1D, 2D, and 3D MOFs can be obtained from the same
mixture. Copper based MOF was also studied by Pichon, Lazuen-Garay, and James
(2006). A ball mill was used to grind copper acetate monohydrate and isonicotinic acid
together.

2.2.1.6. Sonochemical Synthesis Method

MOFs can be synthesized by sonochemical method which exhibited rapid
synthesis kinetics and excellent phase purity in inorganic material synthesis. The
sonochemical method promotes homogeneous nucleation and reduces crystallization
time. The sonication method allowed the use of 1-methyl-2-pyrrolidinone (NMP) as an
alternative solvent to diethyl formamide (DEF) traditionally used in solution synthesis.
MOFs are recently explored by Son et al. (2008) in the synthesis of MOF 5 from
solutions of zinc nitrate and terephthalic acid. Arul Dhas, Raj, and Gedanken (1998)
also reported that MOF-5 synthesis using sonochemical method in 1-methyl-2-
pyrrolidinone can produce 5-25 mm crystals in 30 minutes, which is MOF 5 synthesized

by solvothermal method with several hours.

2.2.2. Applications of MOFs

Recently, MOFs have been one of the most interesting materials due to their
unique network and properties for potential applications such as gas/energy storage
(Morris, 2008), catalysis (Ranocchiari, 2011), luminescent material, sensor, and drug
delivery (Kuppler et al. 2009). In this topic, most important applications of MOFs are

going to be mentioned.
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2.2.2.1. Gas Storage in MOFs

The energy usage of World is increasing day by day, which is leading to
consumption of fossil fuel reserves. Therefore, renewable ways to generate, store and
deliver energy are being investigated. The ways of reducing CO, emission was also
studied by researchers due to concerns about the implications of global warming.

Gas storage in MOFs is the most important application due to high surface area
of these porous materials. MOFs are which have 3D structures incorporating uniform
pores and a network of channels, often containing guest species. If these guest
molecules removed from the structure without losing porosity, hydrogen, methane or
nitrogen can be stored in to the network. Many adsorbents such as activated carbon,
zeolites have been studied for gas storage (Morris and Wheatley 2008). However the
MOFs have received more attention than others due to their flexible framework
(adjustable pore size), pore geometries and high surface areas. In 1997, the first
methane storage (Kondo et al. 1997); in 2003, the first hydrogen storage (Rosi et al.
2003) studies was reported. After that many MOF were studied for methane and
hydrogen storage (Langmi et al. (2014), Panella and Hirscher (2013), Zhao, Yuan, and
Zhou (2008)).

2.2.2.2. MOFs in Catalysis

The well-defined pores which can be tailored or modified different chemical
groups in MOFs enable them to be used as a catalyst. Including high metal content is
another advantage of these materials. Unsaturated active sites can be found in two parts
either metal parts or organic linkers. Size and shape selective catalysis is also important
application of such materials. First study of MOF as a catalyst was reported by Fujita et
al. (1994) which is synthesis of 2D [Cd(4,4-Bpy).](NO3), for cyanosilylation of
aldehydes. Horike et al. (2008) synthesized manganese based MOF
(Mn3[(Mn4Cl)3(BTT)s(CH30H)10]2) which is show similar catalytic property with
previous study mentioned above. Recently, Farha et al. (2011) reported a successful
synthesis of MOFs with different metals (Al, Zn, Pd, Mn, and Fe) that are effective
catalysts for the oxidation of alkenes and alkanes.

11



2.2.2.3. Magnetic Properties of MOFs

Magnetic materials are becoming important with increasing number of usage of
magnets. Magnetic properties (ferromagnetism, anti-ferromagnetism, ferrimagnetism)
of MOFs result of exchange coupling between unpaired spins on transition metal
centers were investigated by many researchers. Copper (Abdelouhab et al. 2005),
Nickel (Carton et al. 2007) and Cobalt (Huang et al. 2000) based metal organic
frameworks was reported in the literature and cobalt received more attention than

others.

2.2.2.4. MOFs in Sensors

The potential usage of MOFs as sensing devices is based on their luminescence
properties which is coming luminescent metal ion or organic linker. These luminescent
materials can be used in small-molecule sensors (Lu et al. (2011), Sun et al. (2013)), pH
sensors (Harbuzaru et al. 2009), light concentrators for photovoltaic devices, and high
technology optics. There are two basic types of luminescence material. One is
fluorescence which is spinning allowed. Another is phosphorescence which is spinning
forbidden. The most common way to synthesize the luminescent MOF is use of
lanthanide ions (especially Eu-Europium and Tb-Terbium) as metal sources due to
strong visible luminescence of these ions. ZMOF type luminescent material was
synthesized by Liu et al. (2006) which can serve as sensor unit. Tb(BTC) terbium based
MOF reported by Chen et al. (2008) and showed that material was able to recognize and

sense anions.

2.2.2.5. MOFs in Drug Delivery

In developing MOFs for drug delivery, the scope is to design carriers that show
lower toxicity in human body. While some of metals that construct the MOF structure
exist in acceptable amounts in the human body, there are also highly toxic ones like
chromium. As a potential drug delivery, first MOFs that are group of MIL (Materials of
Institut Lavoisier) family were investigated by Ferey et al. (2005). In this study,
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synthesized MOFs are constructed by trivalent metal centers and carboxylic acid linkers
with large pores (25-34 A% and high surface area (3100-5900 m%/g). Another study was
conducted by the same group concerning controlled drug release of ibrufen using MIL-
53(Cr/Fe) which has loading of 0.220 g ibrufen/g MOF (Horcajada et al. 2008).
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CHAPTER 3

GAS SEPARATION VIA ADSORPTION

3.1. Adsorption

Adsorption can be simply defined as the concentration of a solute, which may be
molecules in a gas stream or a dissolved or suspended substance in a liquid stream, on
the surface of the solid material. It includes the capture of gaseous or liquid components
of mixtures from the external and/or internal surface of porous solids (Inglezakis and
Poulopoulos 2006). Gas vapor or liquid molecules may become bound to the surface if
they approach sufficiently close to interact. The solid material is called as adsorbent; the
gas or vapor molecule prior to being adsorbed is called as adsorptive and while bound to
the solid surface as the adsorbate. In an adsorption process, molecules or atoms or ions
in a gas or liquid diffuse to the surface of the solid, where they bond with solid surface

or are held there by weak inter molecular forces.

Adsorptive 1 : = o
./”"- \. ° ; E
4 — /' . .
. . * Ad/sorptjyp 2 y ]
e Adsorption <« & e f i
. . Desorption |
(exothermic) il
- y 5 ° & - (endothermic) |
I . e i s s . .
e 2 =~ "‘-4.,_..“.,'

" 'ull. 7 E '~,__\\
‘éf | Adsorbate

Figure 3.1. Basic concept of adsorption phenomena
(Source: Keller and Staudt 2005)
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Similar to surface tension, adsorption is a consequence of surface energy. In a
bulk material, all the bonding requirements of the constituent atoms of the material are
filled. However, atoms on the surface experience a bond deficiency, because they are
not wholly surrounded by other atoms. Thus, it is energetically favorable for them to
bond with whatever happens to be available. The exact nature of the bonding depends
on the details of the species involved, but the adsorption is generally classified as
physical and chemical adsorption.

Adsorption and absorption terms express two different phenomena which is
adherence of molecules to the free surfaces called adsorption and penetration of the
molecules to the surfaces called absorption. These terms should not consider as a same
case.

Classification (Fig. 3.1) of pores and geometries (Fig. 3.2) are important
parameters for the solid materials especially in adsorption. Adsorptive molecules are
adsorbed through the macropores to mesopores and finally enter the micropores. Thus,
total pore volume and pore size distribution determine the adsorption capacity of the
adsorbents. According to The International Union of Pure and Applied Chemistry
(IUPAC), porous materials are classified into the following groups: macropores (>50
nm), mesopores (2-50 nm), micropores (<2 nm), supermicroporous (0.7-2 nm), and

ultramicropores (<0.7 nm) in diameter (Everett 1972).

Cylinder Slit - shape

Cone - shape Ink Bottle

Figure 3.2. Pore geometries and schematic pores classification of zeolite; (a) closed
pores, (b, f) pores open only at one end, (c, d, g) open pores, (e) open at two
ends (Source: Zdravkov et al. 2007)
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3.1.1. Physical Adsorption

Physical adsorption is the result of a relatively weak solid-gas interaction and
takes place on all surfaces provided that temperature and pressure conditions are
favorable. In this interaction, exchange of electrons is not observed. It is therefore
physical attraction resulting from nonspecific, relatively weak Van der Waal’s forces.
The heat of adsorption is generally not exceeding 80 kJ/mole, with typical energies
being considerably less (Webb 2003). Physically adsorbed molecules can diffuse along
the surface of the adsorbent and typically are not bound to a specific location on the
surface. Being only weakly bound, physical adsorption is easily reversed.

3.1.2. Chemical Adsorption

Adsorption also can result in a surface complex, a union much stronger than a
physical bond with heat of adsorption up to about 600 kJ/mole for C-H bond and 800
kJ/mole for chemical bonds. These bonds involve sharing of electrons between the
adsorbate and the adsorbent. Generally, only a single molecular layer can be adsorbed.
Due to the strength of the bond, chemical adsorption is difficult to reverse.

Both physical and chemical adsorption may occur on the surface at the same
time; a layer of molecules can be physically adsorbed over chemically adsorbed one
(Table 3.1). Therefore, the same surface can display two different sorption temperatures
(Inglezakis and Poulopoulos 2006).

Table 3.1. Typical characteristics of adsorption processes
(Source: Inglezakis and Poulopoulos 2006)

Chemical Adsorption Physical Adsorption
Material Specificity (variation ) o )
) Substantial variation Slight dependence upon substrate
between substrates of different ) o
) o between materials composition
chemical composition)
Crystallographic Specificity
(variation between different Marked variation between Virtually independent of surface
surface planes of the same crystal planes atomic geometry
crystal)

(cont. on next page)
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Table 3.1. (cont.)

o Near or below the condensation point
Temperature Range Unlimited
of the adsorbate

Wide range (related to the )
Related to factors like molecular

Adsorption Enthalpy chemical bond strength) )
mass and polarity (5-40 kd/mole)
(40-800 kJ/mole)
Nature of Adsorption Often dissociative Non-dissociative
Saturation Uptake Monolayer Multilayer

3.2. Adsorption in Porous Solids

Porous solids are known by a long time and are very familiar in practice. In spite
of this, modeling adsorption on porous surfaces is a very difficult task because of
different possibilities which porosity can be showed. Surface of adsorbent or complex
topography can be imagined distribution of enormous of voids. These voids called as
pores which are defined in Fig. 3.2.

3.2.1. Adsorption in Micropores

The description of adsorption in micropores on adsorbents with pore size below
2 nm (Fig. 3.2) is expected to require both the volume available for adsorption and the

special nature of the adsorption potential inside the pore.

3.2.2. Adsorption in Mesopores

Multilayer type isotherms are usually exhibited by adsorbates below their
critical temperature. When the pore size is higher than 2 nm, the adsorption at high
relative pressure produces, therefore the formation of films which can, with a good deal
of approximation, be regarded as liquid.

Adsorption in mesopores is always associated with the existence of hysteresis
loop in adsorption-desorption cycles. This hysteresis can be explained in terms of

capillary condensation. For any assumed geometrical model of pores and for any
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mechanism supposedly responsible for the hysteresis, one can calculate the pore size
distribution from the isotherms describing the complete adsorption-desorption cycle.

3.3. Pore Size and Surface Area Calculations

The BET (Brunauer, Emmett, and Teller (1938)) theory assumes that there is no
limitation in the number of layers on the surface of the adsorbent. BET can be also
thought as generalized form of Langmuir theory which involves the multilayer
adsorption. Hence, the same assumptions which are energetically homogeneous surface
and no interaction among the adsorbed molecules were accepted as those used in the

Langmuir theory (Do 1998). BET is expressed by the equation given below,

1% C-P
— = 3.1
Vi (Po=P)[1+(c-1)(5.)] ¢
or in linear form (Eq. 3.2);
P 1 c-1,P
V(Po—P) Vi€ + Vin'C (P_o) (3.2

where V is the amount adsorbed, Vy, is the monolayer capacity, C is a constant and P/P,
is the relative pressure which is restricted in the relative pressure ( P/P,) range of 0.05 —

0.35 BET surface (m%/g) can easily calculated by using monolayer capacity as (Eq. 3.3);

Sper = Vin " Ng " apy (3.3)

where N, is the Avogadro’s number and ap, is the molecular projected area of adsorptive
(N2 (nitrogen)). Horvath-Kawazoe (H-K) is the method that is originating from model
of Everett and Powl to calculate the pore size distribution. This method is based on
thermodynamic behavior of adsorbent using average potential which is related to the
free energy change between filling pressure and pore width. It assumes that the pores
are either completely empty or completely full according to whether filling pressure is
low or not (Do 1998). The Horvath-Kawazoe (H-K) equation given as follows (Eq. 3.4):
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where, N, is the Avogadro’s number, Nj is the number of molecules per unit area of the
adsorbate, N, is the number of atoms per unit area of surface, A; and A, are the
Kirkwood-Muller dispersion constants, ¢ is the distance between the gas molecule and

the surface, 2d is the distance between the two nuclei of the two parallel layers.

3.4. Model Equations for Gas Adsorption

In this part of chapter, general model equations will be given and these
equations than fitted to experimental data to investigate the data-model fitting. Several
isotherms are presented in the literature which is generalizations of well-known
isotherms (Langmuir, BET, etc.) to multicomponent adsorbates on heterogeneous
surfaces.

The first and still the most used adsorption model was published by Langmuir
(1918). This model especially used for monolayer adsorption. Original derivation of the
Langmuir isotherm was kinetic in character, but right after statistico-mechanical
derivation was soon found. This derivation is based on following assumptions (Eq. 3.5)
(Do (1998), Ruthven (1984)):

» Surface is homogeneous, that is adsorption energy is constant over all sites

» Surface is localized, that is adsorbed molecules or atoms are adsorbed at
definite, localized sites

» Each site can accommodate only one molecule or atom

> Molecules or atoms does not interact with each other

_ _bp
0= (3.5)
a_ _bp
qs 1+bp (3.6)
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where 6=q/qs is the fractional coverage, the parameter b (ka/ky, affinity constant) is the
ratio of adsorption to desorption and p is the pressure.

Extending the classical Langmuir adsorption isotherm because of needed from
monolayer adsorption to multilayer is first proposed by Brunauer, Emmett, and Teller
(1938) (BET method, Eqg. 3.2). So from the original derivation of the Langmuir Eq. 3.7
was derived for multilayer adsorption isotherm. The BET theory (Cerofolini and
Rudzinski 1997) assumes that,

» The gas is perfect

» Adsorbed molecules are classical objects localized on their adsorption sites

» Adsorption takes place either on surface or on the top of molecules already
adsorbed

» Only first layer interact with the surface, the others have interparticle interaction

» Adsorbed molecules do not interact laterally

b2
- T (3.7)

dm (1‘%)'(1‘%%_
where ps is the saturation vapor pressure of adsorbate, gm is amount adsorbed
monolayer, b is affinity constant.

The Freundlich isotherm has both historical importance, because of the oldest
report data and a practical importance because of still largely using in real system. The
model has a limitation that is not working at high pressure. Equation does not also
account for Henry’s law behavior at low surface coverage and for the saturation of the

adsorbed phase (Eqg. 3.8).
q="ks c" (3.8)

where n and ks are the specific constants of model, g is amount adsorbed at equilibrium.
c also represents the adsorbate concentration.

The problem of Freundlich equation which is uncontrollable adsorbed amount
with increasing pressure (Do 1998) was achieved with Sips model equation (Eq. 3.9) by

Sips (1948). Equation also resembles the Langmuir equation. Therefore, this equation
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sometimes called the Langmuir-Freundlich equation because of combination of

Langmuir and Freundlich equations. .

_ . _(pn
R

(3.9
where, q is the adsorbed amount at a given pressure (p), b and n are constants. N is
usually called as heterogeneity factor. Sips equation is used as more appropriate for
high pressure studies than standard Langmuir or Freundlich equations. Presented model
equation is generally used in dynamic gas separation processes.

Toth model equation was originally proposed for monolayer adsorption which is
extension of Langmuir and Freundlich model when applied to Type | isotherms for
porous adsorbents by Toth (1971). This model is another empirical equation (Eq. 3.10)
level open to improve Langmuir isotherm fittings and wuseful in describing
heterogeneous adsorption systems, which satisfying both low and high end boundary
concentration (Tedds et al. 2011).

J— . —bp
q - Qm [1+(b'p)t]1/t

(3.10)
where t is the Toth parameter and b is the Langmuir constant. The parameter t takes a
value of 0.233 (well deviated from unity) indicates a strong degree of heterogeneity of
the system (Do 1998).

3.5. Cyclic Adsorptive Separation Processes

Main methods for adsorption, depending on regeneration methods, are pressure
swing adsorption (PSA), vacuum swing adsorption (VSA) and temperature swing
adsorption (TSA). In all three cases adsorption rates depend on partial pressure of

adsorbate, temperature, pore size or surface area and surface interaction.
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3.5.1. Pressure/Vacuum Swing Adsorption

Pressure swing adsorption is defined as the performing regeneration of the
adsorbent by reducing the pressure from high pressure in feed to low pressure in
regeneration. Like all adsorption separation processes, pressure swing adsorption

consists of two principal steps: adsorption and desorption.

ADSORPTION  DESORPIION

FEED, A+ DESORBATE {Exfract)
£ A+R
. ¥
RAFFINATE PURE 8 (F) PURGE , P tinert)

Figure 3.3. General design and demonstration of PSA and TSA process
(Source: Ruthven, Farooq, and Knaebel 1993)

Pioneer study on pressure swing adsorption to develop an adsorption separation
process was conducted by Daniel and De (1964). Skarstrom (1966) was also accepted as
the first researcher of present process. In this process, the steps are feed, pressurization,
blowdown, depressurization and, regeneration, respectively. General process is
schematically given in Figure 3.3. Isothermal conditions are commonly applying to this
process to save the isotherm both in feed and regeneration pressures. The feed step is
terminated before strongly adsorbed molecules break through the column, while

regeneration is terminated before all the molecules are desorbed from the column.
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The PSA system is well suited to rapid cycling and generally operates at
relatively low adsorbent loadings since selectivity is greatest in the Henry’s law region
(Ruthven 1984). One of the most important advantages of PSA process is that the
pressure can be easily controllable so this makes possible faster than conventional
processes such as close ended, ttemperature controllable etc. However, adsorbed
components should not be strongly adsorbed. When it occurs, expensive process is
needed such as vacuum swing adsorption.

Microporous Zinc based MOF (MOF-508b) was reported by Bastin et al. (2008).
Binary (CO,/N,, CO,/CH,) and ternary (CO,/CH4/N;) gas mixtures were studied in a
column by using PSA system and adsorption capacity (5.5 mmol/g) and selectivity of
material was calculated from equilibrium and dynamic adsorption results.

Silva, Schumann, and Rodrigues (2012) were studied adsorption kinetics of CO,
and CH, on 13X zeolite by using zero length column (ZLC) technique. Later than, same
group also studied H, purification and separation of CO, from steam methane reforming
by pressure swing adsorption using Cu based MOF (CuBTC). CuBTC showed high
adsorption. The experiments was carried out in a fixed bed column at 2 bars, 303 K
(Silva et al. 2013).

Finsy et al. (2009) synthesized the aluminum-based MOF (MIL 53(Al)) to
separate the CO,/CH,4 mixture in a packed adsorbent column loaded with pellet form of
MIL 53 (Al). Separation factor of the column was changed from 4 to 7 with change in
the feed pressure from 1 to 8 bars at 303 K for mixture compositions and maximum
CO,, adsorption was found 3.2 mmol/g at 8 bars.

Recently Ribeiro et al. (2013) used iron based MOF as an adsorbent to separate
nitrogen and propylene. Selectivity of propylene over nitrogen in fixed bed column,
packed with iron-based MOF was found 40 for 30 % propylene at 2.5 bars, 70 °C.

Adsorption of CO,, CH4, N2, and CO on chromium based MOF (MIL 101(Cr))
was investigated by Munusamy et al. (2012). It was observed that inlet column flow
rates and concentration of CO, was effective on dynamic adsorption capacity (1.68
mmol/g). Other group from Material from Institut Lavoisier (MIL) was reported the
different type of chromium based MOF (MIL 53(Cr)) for separation of CO2/CH,4
mixture. Study showed that the using of MIL 53(Cr) in PSA system is more suitable at
intermediate pressures (0.2-1 MPa) (Hamon et al. 2009).

Dasgupta et al. (2012) investigated the CO, recovery from mixtures with

nitrogen by vacuum swing adsorption (VSA). CuBTC and Zeolite X adsorbents were
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provided by commercially and selectivity of CO, was found 3.6 in CuBTC and 120.3 in

zeolite X.

3.5.2. Temperature Swing Adsorption

Temperature swing adsorption (TSA) is another type of adsorption separation
process (Fig. 3.3) which involves the release of adsorbed gases from the adsorption
column with heating while pressure swing adsorption (PSA) is taken advantage of
changing in pressure. TSA systems are commercially used after 1960’s for drying of
compressed air, natural gas, and purification applications. Temperature swing
adsorption employs a cyclic process where a number of connected column containing
adsorbent with the target gas by heating and cooling step.

TSA was generally used for sequestration of an adsorbate (liquid or gas) from a
mixture using various methods for temperature control of the adsorption column.

Meérel, Clausse, and Meunier (2006) investigated the CO, adsorption on zeolite
13X. Breakthrough experiment with a mixture of 10 % CO2-90 % N, showed that, the
adsorbent capacity unchanged and condition closed to isothermal adsorption. According
to other result of this study, in desorption step almost 100 % recovery of CO, was
achieved due to heating and no use of purge gas.

Kumar and Golden (1991) reported that trace impurities (chlorobenzene,
dichloroethane, vinyl chloride, toluene, xylene, etc) adsorption from the
multicomponent gas mixtures (Landfill gases (CO,, CHs, N,, O, and etc.)) by TSA
system which include changing different configurations on system. They revealed the 3

column has less regeneration gas than 2 column system.
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CHAPTER 4

EXPERIMENTAL STUDIES

4.1. Materials

In this study, commercial zeolite zeolite (13X) (4-8 mesh, Aldrich, CAS#:
63213-69-6) copper nitrate trihydrate  (Cu(NOs3)..3H,0), dimethylformamid
((CH3);NCOH) and, methanol (CH3OH) were used for synthesis. All chemicals are
trade mark (merck). The terephthalic acid provided by Petkim and purchased from
Aldrich was also used in synthesis of copper-based metal organic framework (copper
terephthalate, CUTPA).

4.2. Synthesis of CUTPA

In the synthesis of CUTPA, the procedures proposed by Carson et al. (2009) and
Carson et al. (2014) were studied. Effect of three main steps: crystallization,

purification, and activation was investigated (Fig. 4.1).

4.2.1. Crystallization

Equimolar quantities (4 and 10 mmol) of Cu(NO3),.3H,0 and terephthalic acid
(TPA) were dissolved in dimethylformamide (DMF) under stirring at room temperature
for 1 hour at 330 rpm and then taken into reactors: schott bottle (F), or autoclave (A) or
parr reactor (P-model 4593 Parr). There is no mixing in the reactor F and A however
stirring was only achieved in the reactor P (Fig. 4.2). Crystallization in the reactors was
conducted at room temperature (24-26 °C), 50°C or 110°C for 24, 36, 48 or 72 hours.
After the crystallization process, the reactors were taken out of oven (Binder ED 53 and
Memmert 100-800) to cool down for 3.5 hours or overnight and it was observed that

blue particles were precipitated. The precipitate, CuTPA was centrifuged (Hettich
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Rotofix 32) at 3000 rpm for 25 minutes. The CuTPAs obtained were dried in the
vacuum ovenfor overnight (P-Selecta Vaciotem-T) or overnight at room temperature.

METAL SOURCE

Copper Nitrate ORGANIC LINKER
(CuOs)2 3H20) Terephthalic acid
(TPA)
Mixing (1 hour, 25 °C) |«
SOLVENT
Y Dimethylformamide
Crystallization M
(50/110 °C) R
A 4
Cooling (25°C)
v
Separation
(3000 rpm, 25 minutes)
v
Drying
(RT/50°C Vacuum)

A 4
Purification
(Soxhlet Mixing) Methanol DMF

A 4

Separation
(3000 rpm, 25 minutes)

v

Drying
(RT/50°C Vacuum)

v

Activation
withfwithout ramp

(200/225°C, 24 h)

v
MOF
Copper
Terephthal ate
(CuTPA4)

Figure 4.1. Synthesis procedure of CUTPA
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Figure 4.2. Crystallization reactors: (a) Schott bottle (F), (b) Autoclave (A), (c) Parr (P)

4.2.2. Purification

Purification step (solvent exchange) is the one of the most important step due to
step of removal of unreacted terephthalic acid and solvent used in crystallization step by
DMF or methanol that has the same role to purify material except for advantage of
methanol which has a lower boiling point than DMF (Boiling point of methanol: 65 °C).
For washing of the samples, either soxhlet extraction (Fig. 4.3) with 150 mL of solvent
(5 cycles or 3 days) or mixing method was applied under agitation (150 mL for 24 h).

Figure 4.3.Soxhlet extraction method used in the purification step
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4.2.3. Activation

Cu-TPA samples were kept under vacuum or room temperature for overnight
prior to activation and activated at direct heating (heating up to 160°C under vacuun or
225 °C under air) or ramp heating (50 °C ramp and 32 min. soak up to 200 °C under
vacuum) for 24 hours. In this step, heating rate and temperature are very effective on the
crystal growth and framework structure. After the activation, it was expected that DMF,
terephthalic acid and other solvent (methanol if used) are removed from the pores

without any damage to the pore structure.

4.3. Characterization of Adsorbents

Morphologic structures of the synthesized CuTPA were investigated by
scanning electron microscope (SEM, FEI QUANTA 250 FEG) with different
magnifications under secondary electron (SE) and back scatter electron (BSE) detectors.
Thermal stability of CuTPAs were determined by thermogravimetric analysis
(Shimadzu TGA-51) with 10 °C/min heating rate under air flow at flow rate of 40
mL/min. Interaction between atoms and determination of bounded groups were found
out by Fourier Transform Infrared spectrophotometer (FTIR, Shimadzu 8201). 1.5 mg
of CuTPA was used with 148.5 mg of KBr for preparation of the pellet. Mineralogic
and crystallographic structure was elucidated by X-ray diffraction (XRD, Philips X Pert
Pro Diffractometer) under CuKo radiation. Textural properties of the CuTPAs were
measured by volumetric adsorption instrument (Micromeritics-ASAP2010M). Prior to
the adsorption, the adsorbents were degassed at 160 and 210 °C for CuTPA and 250 °C
for NaX zeolite with respect to their thermal stabilities.

4.4. Adsorption Studies

Adsorption studies were carried out in a home-made system (Fig. 4.4). The
system involves gas (hydrogen, helium, and carbon dioxide) preparation part,
containing three way valves (VTP1, VTP2, and VTP3, Ham-let), mass flow controllers
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(MFC1 and MFC2) and manifold (M1), adsorbent column and gas analyzer (GC-
Agilent 7890A).

In the binary gas adsorption, gases (CO,-H,) were regulated by high pressure
regulators and sent to MFCs to measure and set the flow rates. Adsorbate gases were
mixed in manifold (M1) after controllers then sent through the VTP1 to decide the
selection of gases direction (bypass or reactor). Bypass line was used to prevent gases
flow through reactor or adsorption column and stabilization of gases before starting to
adsorption. Adsorption was started when the way of adsorbate gases were through
column after gases were stabilized on bypass line. Finally, gases were analyzed by
chromatographic method (GC) at outlet of the column. Gas chromatography has two
thermal conductivity detectors: front and back (TCD) with two carrier gas (helium-
front: 40 mL/min, nitrogen-back: 40 mL/min). Prior to each adsorption, adsorbent was
regenerated under helium flow of 10, 20, and 30 mL/min (according to total flow rate of
adsorbate gases) at 160 °C for CuTPA and 250 °C for 13X.

Adsorption column (Table 4.1) (24.8 cm in height and 0.675 c¢cm in inner
diameter) packed with adsorbents (4.6 g of zeolite 13X (granule) or 4 g of CuTPA
(powder)) was placed before back pressure regulator (BPR, Bronkhorst) to be able to
work at 1, 5 and 10 bars. The quartz wool was used at the both end of the packed

adsorbent to prevent the sweep out of particles.

GAS
CHROMATOGRAPHY!

HEATER
(max. 300C)

y

VENT

Figure 4.4. Gas adsorption system; VTP1, VTP2, and VTP3: three way valves, MFC1
and MFC2: mass flow controllers, M1: manifold, F1: filter, BPR: back
pressure regulator
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Table 4.1. Column characteristics and properties of adsorbents

Zeolite 13X (granule) CuTPA (powder)
Column length (cm) 24.80
Column diameter (cm) 0.67
Void volume (Vped-Vsoiia, (€M?)) 54.83 40.46
Mass of adsorbent (g) 4.6 4.0
Adsorbent layer length (cm) 18.80 10.80
Surface area (Spang, M°/Q) 1359 (Vmic= 945) 776 (Vmic= 491)
*Micropore volume (cm?/g) 0.49 0.26
Median pore diameter (°A) 5.8 6.0

a I
BJH method was used for calculation

b .
Horvath-Kawazoe method was used for calculation

CO,/H; binary adsorption dynamics of 13X and CuTPA synthesized was studied
at different pressures (1, 5, and 10 bars) and flow rates (10, 20, and 30 mL/min).
Differential material balance around the adsorbent packed column is used (Eqg. 5.1).

an
dta =Fp—F (5.1)
to calculate amount adsorbed (mmol) , n,
t F,
dng = Fao [, (1 —-2)dt (5.2)
ao

where X, ( Fa/lF20=CIC,) is flow rate ratio. Integration of Eq. 5.2 from 0 to t gives the

mean residence time (min), t,
t C
T, = [,(1- C—O)dt (5.3)

Equation 5.4 was used to calculate amount adsorbed by adsorbent, g, (mmol/g)

(Vp—Vs)XPpxXgq
(FaO'Ta R.Tb

Qa = Mads G4
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where, Vy, is the bed volume (mL) and Vs is the solid volume (mL); C is the
concentration of CO, at time t, Cy is the CO, concentration at bed inlet; Py is the
pressure in the bed (bar); F, is the CO, flow rate at time t (mmol CO,/min); Fy is the
CO; flow rate in feed (mmol CO2/min); Ty is the column temperature (K); R is the ideal
gas constant (0.0831 ml.bar/mmol.K).

31



CHAPTER 5

RESULTS AND DISCUSSIONS

The copper based terephthalates (CuTPAS) were synthesized; its performance in
separation of CO,/H; binary mixture at 1, 5, and, 10 bars was studied. In the separation,
not only CuTPA, but also commercial NaX zeolite (13X) was used for separation of

CO,/H; in the adsorbent column as the packed material.

5.1. CuTPA Synthesis

The optimum conditions in each step (crystallization, purification and thermal
activation) of the CuTPA synthesis were studied to obtain the adsorbent with high
surface area, desired crystal structure and, high thermal stability. All surface area results

obtained syntheses and conditions were summarized in Table 5.1.

5.1.1. Crystallization Step

In crystallization step, the first step of the synthesis, reactor type, crystallization
time and temperature were investigated. Three different reactors (schott bottle: F,
autoclave: A, and Parr: P) were used for the crystallization. These reactors with
different void volume and heating rate (void %: 87 % (2.89 °C/min), 50 % (2.89
°C/min), and 50 % (5.5 °C/min), for F, A and P reactor, respectively) resulted in the
crystals with different morphology and size (Fig. 5.1). Crystals of the CuTPA produced
in the schott bottle are bigger (2-5u) than those produced in the Parr reactor’s (0.5-2p).
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Table 5.1. Textural properties and experimental conditions of CuTPAs synthesized

MOFs Crystallization Separation Purification Activation Textural Properties
Reactant | Reactor type | Decant | Centrifuse | Solvent Washing
CuTPA 2mount YPe_ | p225 | R160 | RS0 | Sur | Sy | See
mmol (F, A P) (D} () m,p) | Btor
Sx)
= F36-MSt-R225 436 F v M St v 66 95 25
= g F36-MSx-R225 436 F v M Sx v 86 123 7
= F36-Dsx-R225 4,36 F v D Sx v 32 45 5
F36-DSx-R50 4,36 F v D Sx v 80 118 70
F36-DSx-R225-C (WW) 436 F v D Sx v 31 45 6
F36-DSx-R225-D (WW) 4,36 F v D Sx v 27 39 21
F36-MSx-R50 (50=C) 436 F v D Sx v 217 318 158
g F36-MSx-R50 436 F v M Sx v 156 228 121
'E F48-MSx-R50 4,36 F v M Sx v 167 245 111
= F24-MSx(3d)-R160 10 F v M Sx v 529 776 491
& A24-MSx-R50 4,36 A v M Sx v 124 176 104
A48-MSx-R50 4,36 A v M Sx v 81 119 77
A72-MSx-R50 436 A v M Sx v 107 157 74
P24-MSx-R50 4,36 P v M Sx v 62 94 26
P48-MSx-R50 436 P v M Sx v 106 157 96
*Abbreviations Crystallization Separation Washing Activation
F :Scintillation Flask D: decant M:Meathanol (150 ml R30 : by starting 30°C to
methanol is usad for 5 ramp until 200°C undar
A- Autoclava Raactor C: centrifuge loop at the soxlat vacuum (30°C/h for 24 hour:
axtraction mathod) 3+21 h)
R160: increasing the
P Pue R b D | B e
vacuum. (for 24 hour)
St: Stirring K223 incraasing tha
tamperaturs from roomtamp.
Sx: Soxhlet Extraction | to 223°Cin 32 mins under
vacuum. (for 24 hour)




Figure 5.1. SEM images of the CuTPAs obtained from schott (a) F48-MSx-R50, Parr
(b) P48-MSx-R50 reactor
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Figure 5.2. FTIR spectra of the synthesized CuTPAs in different reactors

Characteristic peaks for CUTPAs were seen at around 1280 cm™, 1390 cm™,and
1570 cm™ which assigns the symmetric and asymmetric stretching of carboxylate

groups (COQ") even if reactors accordingly crystals are different (Fig. 5.2).
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Figure 5.3. TGA termographs for CUTPAS obtained from Schott bottle and Parr reactor

As seen from figure 5.2, crystal’s shapes and sizes are different. However, both
CuTPAs produced from Parr and Schott bottle have almost same thermal stability. As
can be seen Figure 5.3, up to 334 °C (schott bottle) and 341 °C (Parr) only 7 % weight
loss representing removal of DMF was observed. After that decomposition, in other
word structural collapse was seen. XRD pattern of these CuTPAs (Fig. 5.4) are not

identical as SEM images.
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Figure 5.5. Synthesized CuTPAs with a difference in crystallization time in Schott
bottle (F): (a) F36-MSx-R50, (b) F48-MSx-R50

Effect of time in crystallization of CuTPAs was studied in Schott bottle (F) for
36 and 48 h. There is no considerable difference in shape of crystals (Fig. 5.5);
however, layers in cubic structures are looking irregular in the synthesis for 48 h.
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Crystal sizes are also changed with crystallization time: range of crystal size: 2-10u

scales for 36 h; 1-5u for 48 h syntheses.
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Figure 5.6. FTIR spectra for synthesized under different conditions (36 h and 48 h)

As seen in given Figure 5.6, similar spectra assigning carboxylate (COO)
groups of CuTPA with 1390 and, 1573 cm™ bands were observed. Similar thermal
behavior with one step weight loss which is attributed to decomposition of CuTPA
structures at about 330 °C with 62 % weight loss for both CuTPA metal organic
frameworks was observed (Fig. 5.7). As seen from Figure 5.8, characteristic peaks, at

8.3° (intense) and 8.6° (less intense) have higher intensity (bigger crystal) for 36 h.
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Figure 5.8. XRD pattern of CuTPAs
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Figure 5.9. SEM images of the CuTPAs synthesized under different crystallization
temperature; (a) F36-MSx-R50 (110°C), (b) F36-MSx-R50 (50°C)

According to literature, temperature of crystallization is the most effective
parameter on the crystal growth (Carson et al. 2009). Therefore, the procedure followed
was modified and synthesis was carried out at 50 °C and 110 °C. As seen from SEM
images (Fig. 5.9) when temperature was decreased to 50 °C sheet like crystals with size
of 2-5u was obtained. From Figure 5.10, carboxylate peaks (1280 cm™, 1390 cm™, and
1570 cm™), phenyl vibration (around 1506 cm™), and C=0 stretching band of TPA
(1685 cm™) can be seen clearly. Thermogravimetric profiles (Fig. 5.11) of the
synthesized CuTPAs have one step weight loss. Both CuTPAs decomposed at around
345 °C with 63 % weight loss.
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Figure 5.10. Infrared spectra of CuTPAs produced at 50 °C (F36-MSx-R50 (50°C)) and

110 °C (F36-MSx-R50 (110°C))
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Figure 5.11. Change in thermal stability of the CuTPAs produced at 50 °C (F36-MSx-
R50 (50°C)) and 110 °C (F36-MSx-R50 (110°C))
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Figure 5.12. X-ray diffractometer pattern of synthesized CuTPAs under different
crystallization temperatures

Even they have similar thermal behavior and bond vibrations, the crystals have
different shape (sheet like) and size (2-5u) for 50 °C and 100 °C synthesis. The main
patterns (8.3° 8.6°, 12° and, 16°) for CuTPA were observed. Only the pattern at 8.6°
was observed for 50 °C (Fig. 5.12).

5.1.2. Purification Step

After crystallization, the purification step was applied to remove the unreacted
reagents. In purification step, solvent (Dimethylformamide (DMF) or methanol
(MeOH)) and purification method (stirring or soxhlet) were examined.

CUTPA obtained from crystallization for 36 h in schott bottle was washed with
DMF or MeOH (F36-DSx-R225 and F36-MSx-R225, respectively) by soxhlet
extraction to remove the unreacted TPA, copper nitrate and, solvent (DMF). Cubic
crystals in the range of 2-10u can be seen clearly from the scanning electron microscope
images of the CuTPAs (Fig. 5.13). More impurities were observed when CuTPA was
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washed with DMF; therefore, MeOH was thought to be more appropriate solvent for

removal of impurities (unreacted reagents).

Figure 5.13. SEM micrographs of CuTPAs washed with DMF (F36-DSx-R225) or
MeOH (F36-MSx-R225)
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Figure 5.14. FTIR spectra for the CuTPA samples washed with MeOH (F36-MSx-
R225) and DMF (F36-DSx-R225)
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Figure 5.14 compares the infrared spectrums of CuTPAs, DMF, and TPA to
determination of efficiency of solvent in purification step. Characteristic DMF peaks at
675 cm™ (OCN bending) and 1663 cm™ (CO stretching) were observed only in the
CuTPA washed with DMF (F36-DSx-R225) as accepted by the SEM images. Presence
of these peaks shows that DMF is still in the structure was not removed with thermal
activation. Besides, characteristic peaks for CUTPA were observed at around 1280 cm™,
1390 cm?, and 1570 cm™ which are assigned to the symmetric and asymmetric
stretching of carboxylate groups (COQ’). The peaks assigned to phenyl vibrations,
according to Wilson notations 11 and 19a, were also found at around 828 cm™ and 1506
cm™ (Carson et al. 2009).
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Figure 5.15. TGA curves for CuTPAs washed with different solvent

As shown in Figure 5.15, there are two weight loss steps for the CuTPAs. First
step observed in the range of 216-240 °C and 295-337 °C for CuTPA washed with
MeOH and DMF (2 % and 10 % weight loss, respectively). This weight loss results
from the removal of DMF from the structure. This high weight loss observed for the

DMF washed sample indicate that high amount of DMF molecules which is coming
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from both crystallization and purification steps. Second step observed in the range of
295 - 337 °C and 342 - 387 °C indicates the structural collapse of CuTPAs.
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Figure 5.16. XRD pattern of CuTPAs synthesized

Figure 5.16 shows the different X-ray patterns for CuUTPA washed with DMF
and MeOH as crystal images of SEM. Difference in crystal directions show that thermal
activation followed by purification was not effective to remove DMF completely from
the structure (Carson et al. 2009). Therefore this difference was elucidated with crystal
growth in the activation depending on solvent removal.

Besides to solvent, purification methods (soxhlet or stirring) were studied as
parameter. Purification with MeOH by stirring was not effective because layers were
splitted out (Fig. 5.17) and looking irregular when compared to soxhlet extraction (Fig.
5.18).
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Figure 5.17. SEM micrographs of CuTPAs washed with MeOH under stirring (F36-
MSt-R225) (a) after crystallization and (b) after washing

Figure 5.18. SEM micrographs of CuTPAS depending on the washing method: stirring
(@) F36-MSt-R225 and soxhlet (b) F36-MSx-R225
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Figure 5.19. FTIR spectra for CuTPA washed with MeOH under stirring (F36-MSt-
R225) and soxhlet extraction (F36-MSx-R225)
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Figure 5.20. TGA curves for CuTPAs washed with MeOH under stirring and soxhlet
extraction
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FTIR spectra of both sample, washed under stirring and soxhlet extraction, was
observed as expected. Characteristic carboxylate peaks of CuTPAs appeared at around
1280 cm™, 1390 cm™, and 1570 cm™ (Fig. 5.19).

As can be seen in Figure 5.20, there is no remarkable change between two
purification methods. First step observed up to 277 °C and 295 °C was attributed to loss
of DMF molecules whereas second step up to 330 °C and 335 °C collapses of the
structure for stirring and soxhlet extraction, respectively. Similar XRD patterns were
observed for these TPAs (Fig. 5.21).
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Figure 5.21. XRD pattern of synthesized CuTPAs obtained by string and soxhlet
methods

5.1.3. Activation Step

Activation was applied as the last step to the purified CuTPAs for removal of the
washing solvent and crystallization solvent (used as solvation medium) to obtain
microporous material. Thermal activation was used for this aim. One of the methods
was applied with 50 °C step size per hour up to 200 °C (R50) and another was directly
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heated from room temperature to 160 °C (R160) under vacuum for 24 h. As the
investigation of activation medium CuTPA was directly heated from room temperature

to 225 °C (R225) in an oven (7 °C/min) under air. In the literature, it was emphasized

that temperature affects the crystal growth in the activation (Carson et al. 2009).

Figure 5.22. SEM micrographs of CuTPAs synthesized by differently activated: (a)
F36-MSx-R50, (b) F36-MSx-R225

It can be clearly seen that crystal’s shape affected from the heating rate in the
activation. Crystals which have same size (2u-10u) and shape (cubic) are different
when compared to voids between layers (Fig. 5.22). R50 activated crystals are more
congested than R225. This is also seen from Figure 5.25 intensity of peaks in the

diffractogram.
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Figure 5.24. TGA curves for CuTPAs synthesized by different activation method
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Infrared spectrum of differently activated CuTPAs showed the same absorption
bands as expected (Fig. 5.23). In the range between 1250-1650 cm™, characteristic
carboxylate (COQ") and phenyl vibrational bands of Wilson notation were observed. As
it is seen both XRD and TGA curves, absence of DMF in the structure was confirmed.

TGA curves showed the different regime, R225 has two steps (first: removal of
DMF, second: structural collapse) weight losses while R50 has one step. This means
that activation with ramp (R50) removed the DMF in the structure coming from the

crystallization which is not removed with R225 (Fig. 5.24).
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Figure 5.25. XRD pattern of CUTPAS

8.3, 8.6, 12 and 16° peaks are characteristic peaks for CuTPA, difference
between methods were also observed in intensity of small peaks which is less intense
with R225. Extra peak (18°) were clarified and new crystal direction was observed (Fig.
5.25). This is why SEM micrographs of synthesized CuTPAs activated R50 are looking
more congested (Fig. 5.22).
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Figure 5.26. SEM images of activated CUuTPA at 160 °C (F24-MSx3d-R160)
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Figure 5.27. Infrared spectra of CuTPA produced at 110 °C for 24 h (F24-MSx3d-R160)

As seen from Figure 5.26, layers in the cubic structure were still appeared.

These layers were seen other synthesis which is produced in schott bottle (F) as

mentioned before. Bands at around 1280 cm™, 1390 cm™, and, 1570 cm™ attributed to

symmetric and asymmetric stretchings of carboxylate groups. Peak at 1508 cm™ assigns
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to phenyl vibration. C=0 stretching band of terephthalic acid (1685 cm™) also seen (Fig.
5.27). Thermogravimetric profile given in Fig. 5.28 of synthesized CuTPA has one step
weight loss. There is no important weight difference up to 336 °C after that structure
was collapsed after this temperature.
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Figure 5.28. Thermal stability of the CuTPA produced at 110 °C (F24-MSx-R50) and
activated at 160 °C (F24-MSx3d-R160)
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Figure 5.29. X-ray diffractometer pattern of synthesized CuTPA under different
activation temperatures

Peaks at 8.3, 8.6, 12 and, 16° are the characteristic peaks. These peaks were seen
more intense than other samples. As mentioned before activation time is the most
important parameter with purification step. Higher activation cause damage on the pore
structure. That is why surface area was found lower samples produced at activation
temperature of 200 °C (Fig. 5.29).

5.2. High Pressure Adsorption Studies

CO; and H;, mixture (50/50 %) breakthrough for 13X zeolite and CuTPA was
studied for 1, 5 and, 10 bars and 10, 20 and, 30 mL/min total flow rate at 303 K. It was
observed that both adsorbents did not adsorb H; until breakthrough times (Fig. 5.30 and
Fig. 5.40). Figure 5.31-5.33-5.34 -5.35 -5.36 -5.37 show effect of pressure and total
feed flow rate on the CO, breakthrough curves from equimolar CO,/H; binary mixture.
The amount to be adsorbed by the adsorbent in the column is increased with the
increasing pressure. Thus the breakthrough times increased with the increasing pressure

(Figures 5.35-5.37). As seen from the Fig.5.37, the breakthrough point is increased from
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30 min to 87 min by the decreasing total flow rate from 30 to 10 mL/min at 10 bars.

Desorption curves at 303 K for 10 mL/min total flow rate at 1, 5 and, 10 bars were

given in figure 5.32. The highest desorption times were observed for 13X.

% CO./H,

120
10 mL 5 bar

80
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40
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0 20 0 60 80 100 120 140 160
Time (t, min)

——CO2 —H2

Figure 5.30. Breakthrough curves of CO, and H; effluent over 13X
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038
0,6
0,4
0,2
0,0
0 20 40 60 80 100 120 140 160
Time (t, min)
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Figure 5.31. Effect of pressure on CO, adsorption breakthrough curves in 13X zeolite

(Total flow rate= 10 mL/min)
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Figure 5.32. CO, desorption curves with helium flow over 13X zeolite (Flow rate (He)=
20 mL/min)

Table 5.2. Breakthrough, adsorption and, desorption times for CO, over 13X

Breakthrough time | Adsorption | Desorption
(min) time (min) | time (min)
1 bar 36 83 211
£
£ | spar 57 101 366
S
o
- 10
87 130 357
bar

As can be seen from table 5.2, breakthrough times, adsorption times and,
desorption times increased with the increasing pressure for 10 mL/min total flow rate of

equimolar CO,/H, mixture. Highly microporous structure and narrow pores causes this.
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Figure 5.33. Effect of pressure on CO, adsorption breakthrough curves in 13X zeolite
(Total flow rate= 20 mL/min)
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Figure 5.34. Effect of pressure on CO, adsorption breakthrough curves in 13X zeolite
(Total flow rate= 30 mL/min)
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Figure 5.35. Effect of feed flow rate on CO, adsorption breakthrough curves in 13X
zeolite (P=1 bar)
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Figure 5.36. Effect of feed flow rate on CO, adsorption breakthrough curves in 13X
zeolite (P=5 bar)
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Figure 5.37. Effect of feed flow rate on CO, adsorption breakthrough curves in 13X
zeolite (P= 10 bar)
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Figure 5.38. Cumulative CO, flow in feed versus CO, fraction at out flow (P= 10 bar)

58



The breakthrough curves given in Fig. 5.38 were obtained by replacing time by
cumulative CO, flow in. The curves obtained for 20 and 30 ml/min are overlapped but
that of 10 ml/min don’t. This shows that for the adsorption mechanism, controlling
mechanism is different in 10 ml/min case. The amount adsorbed was increased (7.01
mmol/g) when flow rate was increased from 10 to 30 mL/min at 10 bars (Table 5.3 and
Fig. 5.37). For the flow rate of 20 mL/min, calculated amount adsorbed 4.11 (1 bar) and
5.92 mmol/g (5 bars) are almost same with the literature (Peter et al. 2013). Adsorption

isotherms of 13X for different flow rate at 10 bars was given in Figure 5.39.
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Figure 5.39. Adsorption isotherms of CO; in 13X zeolite at different flow rates at 303 K
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Table 5.3. CO, amount adsorbed by 13X

fowrate | P | Fa || O
(mL/min) (bar) | Ta (min) (mmol/min) a (mmol/g)

1 47.10 0.36 0.48 3.46

10 5 7111 0.36 0.48 4.43

10 90.88 0.36 0.48 4.84

1 24.36 0.82 0.49 4.11

20 5 39.70 0.82 0.49 5.92

10 49.25 0.82 0.49 6.46

1 15.70 1.28 0.49 4.14

30 5 26.60 1.28 0.49 6.24

10 33.52 1.28 0.49 7.01

As can be seen from figure 5.41, 5.43, 5.44, 5.45, 5.46 and, 5.47, effect of

pressure and total feed flow rate on the CO, breakthrough curves from equimolar

CO,/H; binary mixture was studied. The amount adsorbed by CuTPA is increased with

the increasing pressure. Thus the breakthrough times increased with the increasing

pressure (Figures 5.45-5.47). As seen from the Fig.5.47, the breakthrough point is

increased from 2 min to 9 min by the decreasing total flow rate from 30 to 10 mL/min at

10 bars. Desorption curves at 303 K for 10 mL/min total flow rate at 1, 5 and, 10 bars

were given in figure 5.42.
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Figure 5.40. Breakthrough curves of CO; and H, effluent over CUTPA
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Figure 5.41. Effect of pressure on CO, adsorption breakthrough curves in CuTPA (Total
flow rate= 10 mL/min)
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Figure 5.42. CO; desorption curves with helium flow over CuTPA (Flow rate (He)= 20
mL/min)

Table 5.4. Breakthrough, adsorption and, desorption times for CO, over CUTPA

Breakthrough time | Adsorption | Desorption
(min) time (min) | time (min)
1 bar 2 19 8
£
E | 5bar 10 38 39
3
S
o
- 10
25 57 60
bar
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Figure 5.43. Effect of pressure on CO, adsorption breakthrough curves in CuTPA (Total
flow rate= 20 mL/min)
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Figure 5.44. Effect of pressure on CO, adsorption breakthrough curves in CuTPA (Total
flow rate= 30 mL/min)
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Figure 5.45. Effect of feed flow rate on CO, adsorption breakthrough curves in CUTPA
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Figure 5.46. Effect of feed flow rate on CO, adsorption breakthrough curves in CUTPA
(P=5 bar)
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Figure 5.47. Effect of feed flow rate on CO, adsorption breakthrough curves in CUTPA
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As shown in Fig. 5.48, curves are overlapped while flow rate is increasing.
Hence, external resistance is not controlling the adsorption. So external resistance is less
effective at higher flow rates. Adsorption breakthrough times decreased as 25, 14 and, 9
minutes at increasing flow rate. As a reason of this, saturation of adsorbent required
more time due to lower CO, concentration in mixture of CO,/H,. Up to this
breakthrough points pure H, observed at the outlet of column. The amount adsorbed
was increased (1.64 mmol/g) when flow rate was increased from 10 to 20 mL/min at 10
bars (Table 5.5 and Fig. 5.48). Adsorption isotherm of CuTPA for different flow rate at

10 bars was given in Figure 5.49.
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Figure 5.49. Adsorption isotherms of CO, in CuTPA for different flow rates at 303 K

In the table 5.6, when compared to adsorption and desorption times of CUTPA
and 13X, there are big differences. These differences are resulting from pore sizes.
CuTPA synthesized is a biporous material while 13X microporous. That is why
adsorption and desorption on CuTPA is becoming faster than 13X.

CO, amount adsorbed on 13X also increased with increasing pressure although

higher pressure increased the contact time and concentration difference due to driving
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force external resistance eliminated. So gas molecules are easily reach to small pores

and amount adsorbed increased.

Table 5.5. CO, amount adsorbed by CuTPA

flc;rv(\?tfallte Pressure . Fao Qads
oobiminy | ®30 | T2 nmoliming | X2 | (mmolrg)
1 4.65 0.36 0.48 0.22

10 5 13.45 0.36 0.48 0.23
10 29.04 0.36 0.48 0.65

1 3.88 0.82 0.49 0.60

20 5 9.24 0.82 0.49 0.89
10 17.78 0.82 0.49 1.64

1 3.76 1.28 0.49 0.15

30 5 4.32 1.28 0.49 0.68
10 8.14 1.28 0.49 0.64

Table 5.6. Comparison of amount adsorbed and adsorption/desorption times of

adsorbents

TOt?;‘tE.O X Pr(isasg)re (rtﬁijrsw) (rtr?ie;) (mg"ags'/g) (rtﬁ?;) (rtr?ie;) (mc.]magsi’g)
(mL/min) CuTPA Zeolite 13X

1 19 8 0.22 83 211 3.46

10 5 38 39 0.23 101 366 4.43

10 57 60 0.65 130 357 4.84

1 6 5 0.60 45 112 4.11

1 *4.13

20 5 17 17 0.89 62 203 5.92
5 *5.26

10 29 30 1.64 82 225 6.46

1 11 19 0.15 30 74 4.14

30 5 11 21 0.68 35 116 6.24

10 20 30 0.64 47 120 7.01

*Measured amount adsorbed at same conditions (Peter, 2013)
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CHAPTER 6

CONCUSIONS

The aim of this study was to synthesize Copper based metal organic framework
(CuTPA) and investigate dynamic CO, behavior of the adsorbent packed bed column.
The mostly used adsorbent, zeolite 13X also used as adsorbent for reliability of data
obtained from the home-made adsorption system.

In the synthesis of CuTPA, Crystallization in schott bottle (F48) was found with
high specific Langmuir surface area of 245 m%g while 119 m?/g in autoclave (A48) and
157 m?g in parr (P48). When compared to crystallization time for 36 h and 48 h in
schott bottle, specific surface areas were found as 228 and 245 m?%/g, respectively.
Finally, crystallization temperature was investigated in schott bottle for 50 °C and 110
°C and Langmuir surface area of synthesized CuTPA under 50 °C was found as 319
m?/g. Crystallized CuTPAs were purified with different washing methods (soxhlet
extraction (Sx) or stirring (St)) by using solvents (dimethylformamide (D) or methanol
(M)). Effective washing was achieved with methanol by using under soxhlet extraction.
Specific surface area was found as 123 m?/g under MSx while MSt was 95, DSx was 46
m?/g. Purified CuTPAs then thermally activated as last step of synthesis with directly
heating up to 160 °C (R160) under vacuum or 225 °C (R225) in oven or 50 °C/h step
size heating (R50) up to 200 °C under vacuum oven for 24 hours. Vacuum activation
was found appropriate activation method with the highest specific Langmuir surface
areas of 776 m?/g heating up to 160 °C compared to R50 activation (228 m%/g).

Dynamic adsorption breakthrough curves was evaluated and maximum amount
adsorbed was achieved with 30 mL/min total flow rate in feed under 10 bars of bed
pressure for NaX zeolite (13X) adsorbent (7.01 mmol/g for CO, adsorption). Amount
adsorbed also increased with increasing flow rate and increasing pressure. Same manner
was seen for CUTPA, amount adsorbed of CO, was increased from 0.60 to 1.64 mmol/g
with increasing pressure (from 1 to 10 bars) under 20 mL/min total flow rate of

equimolar CO,/H, mixture.
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