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ABSTRACT

ADSORPTION OF METHANE REFORMER OFF-GAS COMPONENTS
IN A COLUMN PACKED WITH Cu, Al, Ti AND Zn BASED ORGANIC
FRAMEWORKS

Within the past decade, CO2 emissions from fossil fueled power plants has
accelerated rapidly as a result of the increase in energy consumption associated with
industrial development all over the world. Beyond the necessity of reduction in CO>
emissions, concerning on the crude oil reserves depletion induced the urgent need of
transition to more efficient, renewable, cleaner and cheaper fuel, hydrogen. In the world,
most of the hydrogen is produced by hydrogen-rich stream methane reformer (SMR) off
gas streams composed of 80-60% Ha, 15-25% CO», 3-6% CHs and 1-3% CO, thereby
separation of SMR components became more of an issue. In this study, adsorption based
separation of SMR components were investigated in a column packed with copper
(CUTPA, (Stang: 776 m2gL)), aluminum (AITPA, (Siang: 1330 m2g)), titanium (TiTPA,
(Siang: 1835 m?g)) and zinc (ZnTPA, (Siang: 1023 m?gt)) based organic frameworks
(MOFs). The pure gas adsorption studies on equimolar CO2/H2, CH4/H2 and CO/H:
systems and the equimolar mixture of CO2/CH4 system were carried out and the
experimental breakthrough curves were obtained at three different feed flow rates (10, 20
and 30 mL/min) at three column pressure (1, 5 and 10 bar) at 303 K. The highest
adsorption capacities of all MOFs were achieved at 30 mL/min of feed rate and 10 bar
operating pressure, at these conditions the non-adsorptive behavior of hydrogen on the
aforementioned MOFs was ensured. The amounts of CO2 adsorbed were calculated as
1.61, 5.54, 5.20 and 2.11 mmolCO./g, while adsorbed CH4 amounts were 1.50, 3.16, 3.25
and 1.90 mmol CH4/g and the adsorbed CO amounts were 1.47, 2.59, 1.91 and 1.83 mmol
CO/g on CuTPA, AITPA, TiTPA and ZnTPA, respectively. The highest selectivity for
CO- over CH4 was attained on TiTPA as 8.0 at 10 mL/min feed rate of CO2/CH4 mixture
at atmospheric column pressure and 303 K. The experimental adsorption isotherms of
SMR components were fitted well with Langmuir and virial models and the best fitted

model parameters were evaluated for each MOF.



OZET

METAN REFORMER CIKIS GAZI BILESENLERININ Cu, Al, Ti VE Zn
TEMELLI ORGANIK KAFES YAPILARI ILE DOLGULU KOLONDA
ADSORPSIYONU

Son on yil icinde, enerji santrallerinden saliman COz miktar1 endiistriyel
gelismelere bagli olarak artan enerji tiiketiminin sonucunda diinya capinda hizla
yiikkselmigtir. COz salinimin azaltilmas1 gerekliliginin yan1 sira, ham petrol
kaynaklarindaki diisiis daha verimli, temiz ve ucuz yenilenebilir yakit olan hidrojene
gecisi zorunlu bir hale getirmistir. Diinya ¢apinda, hidrojen genellikle hidrojence zengin,
80-60% Hz, 15-25% CO2, 3-6% CHa ve 1-3% CO oranlarindaki metan reformer (SMR)
cikis gaz1 akimlarindan iiretilmektedir, bundan dolayr SMR bilesenlerinin ayrilmasi 6nem
arz etmektedir. Bu calismada, adsorpsiyon yontemi ile SMR gazi bilesenlerinin
ayristiriimasi bakir (CuTPA, (Siang: 776 m?g1)), aliminyum (AITPA, (Siang: 1330 m?g”
), titanyum (TiTPA, (SLang: 1835 m?g™t)) ve ¢inko temelli organik kafes yapilart (MOFs)
ile doldurulmus kolonda incelenmistir. Saf bilesen adsorpsiyon calismalari es molar
CO2/H2, CH4/H2 ve CO/H; sistemleri tizerinde ve ikili gaz karisim ¢aligmalart CO2/CHa
sistemi lizerinde 1li¢ farkli besleme hizinda (10, 20 ve 30 mL/dk) ve ii¢ farkli kolon
basincinda (1, 5 ve 10 bar) ve 303 K’ de elde edilen salinim egrileri ile gergeklestirilmistir.
Biitiin MOF” larin en yliksek adsorplama kapasitesine 30 mL/dk besleme hizinda ve 10
bar kolon basincinda ulastigi, bu kosullarda hidrojenin sozii edilen MOEF’ lar iizerinde
adsorplanmadig1 kesinlestirilmistir. CuTPA, AITPA, TiTPA ve ZnTPA tarafindan
adsorplanan CO; miktarlar1 sirasiyla 1.61, 5.54, 5.20 ve 2.11 mmolCO./g olarak
hesaplanirken, CH4 miktarlar1 1.50, 3.16, 3.25 ve 1.90 mmol CH4/g ve CO miktarlar1 ise
1.47, 2.59, 1.91 ve 1.83 mmol CO/g olarak bulunmustur. CO’ in CH4 Uzerindeki en
yiksek se¢imli adsorpsiyonu TiTPA {iizerinde 8 olarak 10 mL/dk akis hizinda atmosfer
basincinda 303 K’ de ulagilmistir. SMR bilesenlerinin deneysel adsorpsiyon izotermleri
Langmuir ve virial modellerle uyusmus ve en uygun model parametreleri her bir MOF

icin degerlendirilmistir.
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CHAPTER 1

INTRODUCTION

In recent years, the large scale emission of CO> has accelerated rapidly due to
increasing population and energy consumption associated with industrial development all
over the world. Flue gases from fossil fueled power plants, industrial processes and
transportation are major sources of CO2 emissions to the atmosphere and are responsible
for accumulation of greenhouse gases consequently resulted in global climate change
(Davison 2007, Ipcc 2014, Dechamps and Pilavachi 2004). Especially, flue gas from
fossil fuel based power plants discharges around 40% of total CO; into the atmosphere
annually and plays important role in long-term global average temperature rise up to 2.4°
C by 2050 (IEA 2010).

Beyond the necessity of reduction in the CO2 emission, nowadays one of the
greatest challenge facing the mankind involves the critical acceleration in the crude oil
reserves depletion and difficulties in their extraction and processing, leading to a great
cost increase (Benes et al. 2015, Miller and Sorrell 2014). Consequently, the dynamics of
relationship between politics and economy could be greatly distressed and ascending
concerns on the “energy security” and “energy independence” concepts may become the
foremost issue throughout the world, potentially resulted in global energy crisis
(Littlefield 2013, Frankel 2013, Zou et al. 2016). To this respect, making transition to a
future of more efficient, renewable, cleaner and cheaper fuel is an urgent need. Such a
fuel is hydrogen that is considered as “fuel of future” (Edwards et al. 2008, Nowotny et
al. 2005, Jain 2009) due to ideal alternative energy carrier nature with high conversion
efficiency, lightweight, environmental and climatic cleanness and great abundance
(Winter 2009, Orinakova and Orinak 2011). A typical flue gas of steam methane reformer
(SMR), consists of 15-25% CO2, 3-6% CH4, 1-3% CO (Sircar and Golden 2000), is the
largest and generally the most economical way of hydrogen production (Armor 1999)
resulted in hydrogen rich (70-80 %) off-gas (Sircar and Golden 2000). The focus of
attention regarding both environmental and energy-related concerns, upgrading flue gas
is the key strategy for conversion of waste gas into high purity-useful components
(Agarwal, Biegler, and Zitney 2010), therefore the technologies for

separation/purification of off-gas streams has become more of an issue.



To date, the separation/purification of gas streams have been carried out through
absorption, cryogenic distillation, membrane separation and adsorption. Among these
technologies, adsorption based gas separation by porous solid adsorbents received great
attention due to its less energy intensive nature and hence of comparatively low operating
cost, high efficiency with ease of application (Wang et al. 2011, Wiersum et al. 2013,
Songolzadeh, Soleimani, and Takht Ravanchi 2015, Ferreira et al. 2015, Rada et al. 2015).
Porous solids including zeolites and activated carbons have been widely used for
adsorption based separation and purification of gas mixtures (Sircar, Golden, and Rao
1996, Esteves et al. 2008, Grande et al. 2013, Kacem, Pellerano, and Delebarre 2015,
Alvarez-Gutiérrez et al. 2016, Bacsik et al. 2016, Sigot et al. 2016). Within the past
decades, great deal of research effort has been focused on the development of a new class
of coordination polymers named Metal Organic Frameworks (MOFs) recognized as a
promising alternative to the conventional adsorbents. MOFs are highly ordered crystalline
materials composed of metal centers linked by organic ligands with extraordinary
versatility in different coordination numbers and geometries (Yaghi et al. 1998, Batten
1998, Kitagawa, Kitaura, and Noro 2004, Rowsell and Yaghi 2004, Hill et al. 2005,
Cheetham, Rao, and Feller 2006). Owing to their tunable structural properties, structural
regularity combined with functionality, high surface areas, high porosity and volume, and
open metal sites make these robust MOFs attractive for many potential applications in
adsorption based gas storage and separation (Ferey et al. 2003, Wiersum et al. 2013,
Anbia and Sheykhi 2012, Peter et al. 2013, Yang, Sitprasert, et al. 2015, Abid et al. 2016)
, catalysis (Ferey 2008, Czaja, Trukhan, and Muller 2009, Chughtai et al. 2015), drug
delivery (Huxford, Rocca, and Lin 2010, Keskin and Kizilel 2011, Ahmad et al. 2015),
water treatment (Dias and Petit 2015, Li et al. 2016, Luo et al. 2017), sensoring (Kumar,
Deep, and Kim 2015, Ren and Lu 2015, Liu and Yin 2016) and electrochemical energy
storage (Ke, Wu, and Deng 2015, Wang, Han, et al. 2016, Zhao et al. 2016).

Although great number of studies were conducted on different synthesis routes
and effect of synthesis parameters on the morphological and structural properties of
MOFs, but the works related to the adsorption of SMR components in pure forms and in
binary mixtures on MOF materials are very scarce. The objective of the study was to
investigate the adsorption of pure SMR components (CO2, CH4 and CO) in CO2/Ha,
CHa/H2 and CO/H; streams and the binary mixture of CO2/CHa on four different MOFs:
copper based MOF (CuTPA), aluminum based MOF (AITPA), titanium based MOF
(TiTPA) and zinc based MOF (ZnTPA) at room temperature up to 10 bar.



In this study following chapters comprise information on the MOFs (Chapter 2),
followed by adsorption based gas separation and purification processes (Chapter 3),
experimental studies conducted in this thesis (Chapter 4), results and discussions (Chapter
5), and followed by the conclusions (Chapter 6).



CHAPTER 2

METAL ORGANIC FRAMEWORKS (MOFs)

2.1. Structure and Properties of MOFs

The intense current interest has been directed toward the synthetic approaches to
the assembly of coordination complexes; inorganic metal clusters and organic ligand.
Metal organic frameworks (MOFs), also referred as “porous coordination polymers”
(Kitagawa, Kitaura, and Noro 2004, Ling et al. 2011, Safarifard and Morsali 2015), are
crystalline materials which constituted by a tridimensional array of metal ions or clusters
linked by rigid organic ligands (Figure 2.1) that are typically di-, tridentate ligands such
as BDC (TPA or BDC: 1,4-benzenedicarboxylic acid or terephthalate) and BTC (BTC:
1,3,5-benzenetricarboxylic acid). One of the most remarkable features of MOFs is that
frequently their structural character, chemical, and physical properties can be controlled
by the diversity of organic linkers and the coordination geometry of metal building blocks
(Loiseau et al. 2005, Dhakshinamoorthy and Garcia 2014, Cui et al. 2015, Andirova et al.
2016). Hence, MOFs can be engineered to a large extent and can be synthesized by
flexible rational design via controlling the architecture and functionalization of the pores

for many potential applications.
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organic metal ions or metal organic
linkers clusters frameworks

Figure 2.1. lllustration of the building blocks and structure of MOFs
(Source: adapted from Dhakshinamoorthy and Garcia (2014))

Most of metals used in the construction of the framework structures are d-block
transition metals (Cu, Al, Ti, Zn, Fe, Co, Ni, Cr, Mn, Ag etc.) by virtue of d-block

electrons demonstrating high functionality in complex forming capacity and acid-base



interactions (Sherif 1970, Kitagawa, Kitaura, and Noro 2004, Zhang, Yang, and Ma 2006,
Ahmed and Jhung 2014, Cui et al. 2015). These metal ions can act as Lewis acid sites by
binding with substrates or reagents resulted in improvement of the interactions between
adsorbent and adsorbate (by acid-base interaction of 7-complexation, and so on) (Ahmed
and Jhung 2014, Dhakshinamoorthy and Garcia 2014). Table 2.1 illustrates the effect of
metal selection on the MOF structures, composed of four different metal ions (Cu, Al, Ti
and Zn) and BDC (TPA) as the common organic ligand. Furthermore, the geometry of
the ligand and degree of flexibility is also important in construction of MOF structures.
Various MOFs with different porosities and pore sizes can be created by altering the
length of the organic linker (Seki and Mori 2002, Rosi et al. 2003, Cheetham, Rao, and
Feller 2006, Hendon et al. 2013). Increasing the chain length of bridging ligands and
adding functional groups can in principle lead to larger channels and pores, consequently
resulted in MOFs with enhanced performances for specific applications, especially in gas
separation and purification processes (Ma and Lin 2008, Rada et al. 2015, Abid et al.
2016).

Table 2.1. Effect of metal source on the MOF structures
MOFs Metal sources Organic linker Structures Ref.

Carson
et al.
(2009)

CuTPA  Cu(NO3),*3H,0

0 OH
AITPA  AI(NO3)3*9H,0 @
HO 0

BDC
(1,4-benzenedicarboxylic acid)

Li et al.
(2013)

Hendon
et al.
(2013)

TiTPA Ti(OiPr)s

Rosi et
al.
(2003)

ZnTPA  Zn(NOs)y+6H,0




2.2. Synthesis of MOFs

In the synthesis of MOFs two methods are adopted, namely conventional and
unconventional methods. Solvothermal synthesis is conventional one, whereas
electrochemical, mechanochemical, sonochemical and microwave-assisted syntheses are
alternative unconventional pathways (Aaron 2012, Stock and Biswas 2012, Lee, Kim,
and Ahn 2013). In literature, specific for each of synthesis routes, numbers of synthesis
parameters that directly influence MOF properties have been studied in detail, but here
only the general approaches to these synthesis methods were explained.

Conventional solvothermal methods are performed by electrical heating a mixture
of organic linker and metal salt in a solvent system that usually contains formamide
functionality (Tranchemontagne, Hunt, and Yaghi 2008). Additionally, hydrothermal
synthesis eliminates the solvent necessity but the low solubility of organic ligands in
water is the main challenge (Huang et al. 2003, Sanchez-Sanchez et al. 2015). Although
both solvo/hydrothermal synthesis give good quality MOF crystals with high yield, they
require thermally stable reactants and reaction times take from several hours to days (Lee,
Kim, and Ahn 2013, Khan and Jhung 2015, Crane, Anderson, and Conway 2015).

As one of the unconventional methods, electrochemical synthesis of MOFs was
first reported in 2005 by researchers at BASF (Mueller et al. 2006). An electrode is used
as the metal source and placed in ligand solution under appropriate voltage to dissolve
the metal salt and release metal ions. Immediate reaction of ions between linkers are
observed and the MOF is formed in very short reaction times under milder conditions
(Al-Kutubi et al. 2015, Yang, Du, et al. 2015). The solid-state approach to the synthesis
of MOFs is the mechanochemical synthesis; mechanical breakage of intramolecular
bonds by grinding or milling attain at room temperature under solvent-free conditions
(Lee, Kim, and Ahn 2013). However, resulted MOFs with non-uniform crystals with
different shapes attributing to crushing and grinding effects are still challenging (Singh,
Hardi, and Balema 2013). In sonochemical synthesis, powerful ultrasound radiation (20
kHz-10 MHz) is applied to molecules causing a reaction to occur at very high local
temperatures (~5000 K) and pressures (~1000 bar) (Lee, Kim, and Ahn 2013, Andirova
et al. 2016). Even tough, this route resulted in high reaction rate and MOFs having fine
small particle sizes, the sophisticated equipment is needed and generation of extremely
hot spots makes this technology problematic to scale up (da Silva et al. 2016, Armstrong

et al. 2017). Microwave-assisted approach is based on the interaction between applied



electric field and polar solvent causes rapid heating of liquid phase. Large heat generation
caused by microwave provides energy to speed up the crystallization reaction. Although
phase selectivity, narrow pore size distribution can be achieved by this method (Lee, Kim,
and Ahn 2013), working with microwaves raises some concerns with respect to safety
and reproducibility. The reproducibility greatly varies with the brand of the instrument
and the size and geometry of the microwave cage, also even a slight change in reaction
conditions can adversely affect the morphology and phase purity of MOFs (Klinowski et
al. 2011).

2.3. Applications of MOFs

The crucial role of heterogeneous catalysis in many chemical processes is a clear
fact in industry. However, the critical concern for catalytic processes is the shape and size
selectivity which is typically controlled by porous nature of the catalyst. The highly
ordered structure of MOFs provides uniform pores and porosity with unique structural
and chemical features. MOFs having high surface areas and porosities offer very high
density of fully exposed active sites per volume which resulted in enhanced activity and
effective catalytic system (Ferey 2008, Czaja, Trukhan, and Muller 2009). Also,
compared to zeolites MOFs can be constructed in much more chemical varieties with
multi-functionality and flexibility. Therefore, use of MOFs in catalysis is increasing
continuously. Chughtai et al. (2015) summarized the chemical reactions including aldol
condensation, oxidation reactions, epoxide formation, hydrogenation, Suzuki coupling,
ring-opening, alkylation of amines, cyclopropanation reactions, Friedel-Crafts reactions,
cyclization reactions, Friedlander reaction, acetalization, hydroformylation, and
polymerization where MOFs were used as catalyst.

Furthermore, MOFs displays many desired characteristics as drug carriers,
comprising high surface areas and large pore sizes for controlled drug release (Keskin
and Kizilel 2011) and drug encapsulation, and biodegradability as a result of relatively
labile metal-ligand bonds for grafting of drug molecules. Huxford, Rocca, and Lin (2010)
reviewed that the bulk MOF powders can absorb and release large amount of therapeutics
including ibuprofen, procainamide, and nitric oxide. Besides, MOFs have been also

investigated for biochemical and biomedical applications, including biomimetic catalysis,



biosensors, and in biomedicines, but issues related to the stability in a physiological
environment and synthesizing biocompatible MOFs still present (Ahmad et al. 2015).

Access to clean freshwater become a key challenge for the upcoming decades.
Water-stable MOFs are arising to be one of the most favorable adsorbents for water
purification due to large number of active sites accompanied with high surface areas (Dias
and Petit 2015, Li et al. 2016). Liquid- phase adsorption based performances of MOFs
were reported for pollutants; heavy metal ions such as Hg?*, Pb?*, As**, Cd?*, Ba** and
Cr®* (Luo et al. 2017, Li et al. 2016), aromatic compounds such as thiophene, pyrrole,
nitrobenzene and naphthalene (Bhadra et al. 2015), organic dyes such as methyl orange,
methylene blue and Rhodamine B (Dias and Petit 2015) and pharmaceuticals such as
nitrofurazone and nitrofurantoin antibiotics, furosemide and sulfasalazine (Cychosz and
Matzger 2010, Wang, Lv, et al. 2016).

Also, MOFs are considered an excellent candidate for sensor applications due to
capability of detecting changes in luminescence by interaction of the analytes with a metal
though chemical bonding and with ligands through host-guest chemistry (Kumar, Deep,
and Kim 2015). Luminescent MOF-based sensing approaches include anion sensing for
Hg?*, Cu®*, Ag®, Zn?>* and Fe?*/Fe3* ions, explosive molecule sensing for 2,4-
dinitrotoluene (DNT) and 2,4,6-trinitrotoluene (TNT), gas detection for H2S, O2 and NHs,
HCI vapors, and biosensors for detecting nucleic acid, protein, antibody and enzyme (Ren
and Lu 2015). Also, conductive MOFs can be used as electrochemical sensors in
photonics and microelectronics as a consequence their tunable conductive nature (Kumar,
Deep, and Kim 2015, Liu and Yin 2016).

In addition, MOFs have attracted increasing attention in clean energy applications;
fuel cells, batteries and supercapacitors. MOFs can be directly used as electrocatalyst in
fuel cells and as electrodes in lithium ion batteries (LIBs) and supercapacitors due to their
large internal surface area and porosity that can favor electrochemical reaction, interfacial
transport and provide short diffusion paths for ions. Metal ions in MOF structures act as
redox active sites during electrochemical processes (Ke, Wu, and Deng 2015, Wang, Lv,
et al. 2016), but the common issue is degree of electronic conductivity as a result of
existence of organic linkers (Zhao et al. 2016).

Among all the potential application areas as mentioned above, the most advanced
researches that have performed on MOFs used as adsorbents for adsorption based

selective gas separation and purification processes. The separation of CO2 from other



light gases such that from methane for natural gas purification and from flue gases has
been highlighted for economic and environmental point of views. Using MOFs as
adsorbents for adsorption of pure CO> component and mixtures involved with CO> (i.e.,
CO./CH4) has become one of the most important topic in literature. The adsorption
performance of MOFs; HKUST-1, MOF-2, MOF-505, MOF-74, IRMOF-11 and MOF-
177 (Millward and Yaghi 2005), ZnDABCO (Mishra et al. 2012), MIL-53(Cu) (Anbia
and Sheykhi 2013), Basolite A100 (Ferreira et al. 2015), MIL-53(Al) and MIL-96(Al)
(Abid et al. 2016), MIL-125(Ti) and CeBTC (Mounfield lii et al. 2016) were studied over
wide range of pressure and temperature for selective CO2 capture and storage. Moreover,
hydrogen is regarded as alternative energy resource and consisted as a major fuel of the
future for automotive sector instead of fossil fuels. However, the hydrogen-based energy
cycles still suffers from purification and effective storage conditions. MOFs (HKUST-1,
MOF-5, NOTT-112) presenting large pore volume and flexible structures is a promising
candidate for H, adsorption, as well as H storage at 77 K and elevated pressures (Sun et
al. 2006, Yan et al. 2009, Lin et al. 2012). Additionally, the ability to separate
hydrocarbons mixtures is an important technology in the petroleum and petrochemical
industry, for the removal of impurities for fuel purification and the isolation of compounds
for further reaction. In this respect, MOFs (UiO-66(Zr), HKUST-1, MIL-125(Ti), MIL-
53 (Al, Cr)) with different pore structures and various degree of pore openings have
studied many times for the selective separation of n-hexane and its branched isomers
which are the superior Research Octane Numbers (RONs) of the dibranched for gasoline
production. The selectivity towards n-hexane over branched isomers was found dominant
for MOFs having one-dimensional pore (Trung et al. 2008, Ling et al. 2011, Ramsahye
et al. 2014).



CHAPTER 3

ADSORPTION BASED GAS SEPARATION AND
PURIFICATION

In this chapter, widely used gas separation and processes such that distillation,
absorption and membrane based processes are compared to adsorption based processes.
Following with brief information on adsorption phenomena, adsorption isotherm models
which are vital for the understanding the adsorption process and quantitative knowledge
of the adsorbate/adsorbent system are presented. Then, adsorption based gas separation
processes carried out in adsorbent packed bed are mainly objected, dynamic behavior of
the packed bed is examined. Traditional adsorbents such as silica gel, activated alumina
and activated carbons are investigated in brief, followed by detailed literature review on
copper, aluminum, titanium and zinc based MOFs used as adsorbents in gas separation

and purification processes.

3.1. Gas Separation and Purification Processes

Because of its widespread applicability and scalability, distillation has assumed a
dominant role in separation technology for years. Although the costs of and adsorption
separation process and a distillation unit are comparable, much higher separation factors
are commonly attainable in an adsorption system (Ruthven 1984). A comparison between
distillation and adsorption in the chemical industries has been made by determination of
relative volatility. The ease of separation by distillation is basically measured by relative
volatility, for an ideal binary mixture is simply the ratio between the vapor pressures of

the two components. Relative volatility of light component i over heavy component j, «;;,

is given in Equation 3.1 (Yang 1997, Skogestad 2008).

_pl(m
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Here, p?(T) and p](-) (T) is the pure component’s saturated vapor pressures for

light and heavy component, respectively. The criteria for when to use adsorption process
become practical is the relative volatility at about 1.25 or less. In this case, the adsorption
process becomes much more economic option. For purification processes involving light
gases cryogenic distillation, which is liquefaction followed by distillation, is frequently
used. But the cost comparison between cryogenic distillation and adsorption is much more
favorable to adsorption even when the relative volatility is high (Ruthven 1984).

The principal necessity for an economic adsorption process relies on the adsorbent
with sufficiently high selectivity, high capacity and life. Processes depending on
equilibrium selectivity, the separation factor, «,z, is defined as in Equation 3.2 (Ruthven
1984, Ruthven, Farooq, and Knaebel 1994, Wiersum et al. 2013).

_ Xa/Xp
Ya/Yg

XAB (3.2)

where X, and Y, are, respectively the mole fractions of component A in adsorbed
and fluid phase at equilibrium. The separation factor is analogous to relative volatility,
however two given components the relative volatility is constant whereas the separation
factor varies depending on the adsorbent (Ruthven 1984, Yang 1997).

In addition to distillation, gas separation and capture technologies include
absorption and membrane based processes. Absorption with amines is a selective
technology especially for CO> separation from flue gas, CO> recovery rates of 98% and
product purity in excess of 99% can be achieved (CCP 2008). But, it has many problems
of corrosion and the cost of operation by virtue of large amounts of energy requirement
in solvent regeneration (Millward and Yaghi 2005, Cavenati, Grande, and Rodrigues
2006). Gas separation through membranes is simple and environmentally benign (Basu,
Cano-Odena, and Vankelecom 2011). Polymeric membranes are widely available but
possess a trade-off between selectivity and throughput and high degree of separation
usually cannot be achieved. Hence, multiple stages and recycle of streams is necessary,
caused to increased complexity, energy consumption and costs (Li, Kuppler, and Zhou
2009, Basu, Cano-Odena, and Vankelecom 2011, Songolzadeh, Soleimani, and Takht
Ravanchi 2015).
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3.2. Adsorption Based Gas Separation and Purification Processes

3.2.1. Adsorption

The process where molecules from the gas phase or from the solution bind on a
surface of certain porous solids is known as adsorption. The molecules that bind to the
surface are called the adsorbate while the substance that holds the adsorbate on its surface
is called adsorbent. If no structural/compositional defects are present, an ideal perfect
homogenous adsorbent surface is obtained. However, such an ideal surface is very rarely
encountered (Masel 1996). Real solid surfaces are made up of a combination of flat
regions, corners, edges and vacancies, resulted in a heterogeneous distribution of surface
active sites (Figure 3.1).

Owing to their valence unsaturation, namely as open/unsaturated metal sites,
species with such defects have surface highly reactive sites capable of taking up
molecules from the gas phase, providing enhanced adsorption capacities and selectivities
for specific compounds (Tranchemontagne, Hunt, and Yaghi 2008, Karra and Walton
2010, Chowdhury et al. 2012, Bolis 2013, Furukawa et al. 2013).
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Figure 3.1. Basic concept of adsorption phenomena
(Source: adopted from Masel (1996))

Adsaront

Fundamentals of adsorption can be distinguished (Table 3.1) between physical
adsorption, involving only relatively weak intermolecular forces, and chemisorption
which related to the formation of a strong chemical bond between adsorbate and adsorbent
surface. Almost all adsorptive separation processes depend on physical adsorption rather

than chemisorption and directed by van der Waals forces (dispersion-repulsion) and
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electrostatic interactions comprising polarization, dipole and quadrupole interactions. The
van der Waals contribution is always present while the electrostatic contributions are

significant only in the case of adsorbents having ionic structure (Ruthven 1984).

Table 3.1. General features which distinguish physical adsorption and chemisorption
(Source: adapted from Ruthven (1984))

Physical adsorption Chemisorption
Low heat of adsorption High heat of adsorption
(<2 or 3 times latent heat of evaporation) (>2 or 3 times latent heat of evaporation)
Only significant at relatively low temperatures Possible over a wide range of temperature
Rapid, non-activated and reversible Activated, may be slow and irreversible
No electron transfer although polarization of Electron transfer leading to bond formation
sorbate may occur between sorbate and surface
Non specific Highly specific
Monolayer or multilayer formation Monolayer formation only
No dissociation of adsorbed species May involve dissociation

3.2.2. Adsorption Isotherms

In the adsorption of gases, at low pressures relatively few molecules are adsorbed,
and only a fraction of the solid is covered. When all sites become occupied, the adsorbed
molecules are said to form monolayer. Further increase in pressure causes multilayer
adsorption. A common assumption that for adsorption on an energetically uniform surface
at sufficiently low concentrations such that all molecules are isolated from their
neighbors. In this low coverage regime, Henry’s law is applicable (Tykodi 1958, Barrer
and Rees 1961, Ruthven 1984).

Henry’s law corresponds to an equation of state (Equation 3.3) with applying ideal
gas law (Ruthven 1984),

ma=RT (3.3)

Then, defining  as spreading pressure and a is the molar surface area, A is the
specific surface area, n; is the amount adsorbed based on solid mass Equation 3.4 is

formed,

a=— (3.4)
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The differential form of Gibbs adsorption isotherm is stated in Equation 3.5 and
the detailed derivation can be found in Ruthven (1984),

a(Z—DT=% (3.5)

Combining Equation 3.4 and 3.5 results in Equation 3.6,
fry _RT_ =
(5){ ’ (3.6)

Integration of Equation 3.4 at constant temperature gives Equation 3.7 and the

integration constant depends only temperature,

n=constant (T)p (3.7)

Henry’s law constant, K, is obtained in Equation 3.8, by considering Equation 3.7

and 3.3 together,

_TA_
nj=——==Kp (3.8)

At low pressures (low coverage), adsorption isotherms become linearly dependent
of pressure as in Equation 3.8, since in this regime gas molecules interact with the surface,
interactions between adsorbed molecules are negligible. Hence, values of Henry’s law
constant directly indicate the average interaction energy of a single adsorbed molecule
with the solid surface, consequently adsorption affinity of the adsorbate (Bottani et al.
1994, Maurer, Mersmann, and Peukert 2001, Rowsell and Yaghi 2004).

At higher concentrations the linear relationship (Equation 3.8) becomes curved
and Brunauer et al. (1940) divided the isotherms for physical adsorption into five classes

as shown in Figure 3.2.
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Figure 3.2. The Brunauer classification of adsorption isotherms
(Source: adopted from Ruthven (1984))

Microporous adsorbents having pore sizes not very much greater than the
molecular diameter of the adsorbate molecules follow type I isotherm, because in case of
such adsorbents definite saturation limit corresponding to complete filling of micropores
is observed. Types | and Il are the most frequently encountered in separation processes.
Type Il and 111 are observed for adsorbents with wide range of pore sizes and there is a
continuous loading from monolayer to multilayer. Type Il behavior is shown where the
adsorbate-surface interaction is weaker than the adsorbate-adsorbate interactions. Type
IV indicates the formation of two layers on a pore wall very much wider than the
molecular diameter of the adsorbate. Type V is occasionally observed if intermolecular
attractions are dominant (Ruthven, Farooq, and Knaebel 1994, Yang 1997).

The performance of an adsorbent can be represented by adsorption isotherm
curves which are measured by a series of experiments in labs. To understand and predict
the adsorption performances and to express the adsorbent capacities and, consequently to
design effective design of adsorption process with minimum number of experiments as
much as possible, modelling the adsorption isotherms is essential. Many models have
been developed to interpret different types of isotherms, among them Langmuir and Virial
isotherm models were included in this chapter, the detailed testing procedure of these
models and results were given in the following chapters of this study.

The Langmuir isotherm is the simplest and still most useful model for monolayer
adsorption for microporous adsorbents. The model is developed based on four
assumptions i) molecules are adsorbed at a fixed number of well-defined localized sites,
ii) each site can hold one and only one molecule, causing monolayer of finite number of
adsorption sites, iii) all sites the surface are energetically uniform, iv) there is no
interaction between molecules adsorbed on neighboring sites. An equation of state for the

adsorbed phase at higher concentrations was proposed by Ruthven (1984) as,
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n(a-B)=RT (3.9)

Considering analogy of p(V-b)=NRT and Gibbs isotherm stated in Equation 3.5
give Equation 3.10 and 3.11, respectively.

(%)T:(:;) (3.10)

d_p:_ ada
v o) (3.11)
Assuming B « 2A for low concentrations and neglecting B2 term stated in
Equation 3.11,

_2BA _ 6
bp= 1-2B/A 16 (3.12)
or similarly,
_ asbp
= (3.13)

Defining 6 as the fractional coverage and taking 6=2p/A, Equation 3.12 is
obtained and it corresponds to the Langmuir isotherm model. The Langmuir model is
applicable for number of practical purposes because it fits type I and initial portion of
type Il isotherms in (Figure 3.2) which are mostly encountered. If p is small enough,
Equation 3.12 reduced to linear form 6=bP, also called Henry’s law form where b acts as
Henry’s law constant; if p is large, 6 approaches to 1.0 indicting monolayer coverage
(Ruthven 1984, Yang 1997). The commonly quoted form of Langmuir model is stated in
Equation 3.13, where g and g, are the adsorbed gas amount and fixed number of surface
site, respectively.

The virial isotherm model gives the best fit at low and medium range pressures
(up to 60 bar) and small discrepancies at high pressures (Zhang, Talu, and Hayhurst
1991). From the mathematical standpoint, the virial isotherm equation has a polynomial
form where the number of terms in this equation can be adjusted depending on the desired
level of accuracy (Taqgvi and LeVan 1997). The virial model regarded the nonideality of
the system emerged as a result of adsorbate-adsorbate interactions (Haydel and Kobayashi
1967).
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The adsorbed layer obeys the general EOS of virial form (Ruthven 1984) in
Equation 3.14,

;—i=1+%+§+%+... (3.14)

Derivation of Equation 3.14 gives Equation 3.15,

o\ _RT(L42B 3 0
(5)T =RT (a2+ e ) (3.15)

Considering Gibbs isotherm stated in Equation 3.5,

4D

2B 3C
|— | - + —_— + —— +
Inp=constant(T)-Ina —tatis

+... (3.16)

Combining Equation 3.16 with Equation 3.4 and Equation 3.14 gives the

exponential equation,

p=n;exp (K—lna+2%ni+§niz+;%ni3+...) (3.17)

Equation 3.17 reduces to final form of virial isotherm in Equation 3.18,

p=n; exp(K+Bn;+Cn;?+Dn;*+...) (3.18)

K is the Henry’s law constant whose value is directly related to the gas-solid
interactions only, however the virial coefficients B, C and D stand for the adsorbate-
adsorbate interactions.

The non-linear form of Langmuir (Equation 3.13) and virial (Equation 3.18)
models were used to fit the experimental isotherm data, rather than linear forms. Because
it was seen that modeling of isotherm by linear analysis might cause the inconsistency
between the predictions and experimental data. In the endeavor to reliable prediction of
adsorption parameters, many researchers have been advocated to investigate the
applicability of linear or non-linear isotherm models in describing a number of adsorption
systems, (Boulinguiez, Le Cloirec, and Wolbert 2008, Subramanyam and Das 2009,
Belhachemi and Addoun 2011, Chen 2013, Subramanyam and Das 2014, Chen 2015) and
it was found that the non-linear isotherm forms are more powerful and viable in modeling

the adsorption isotherm data.
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3.2.3. Gas Separation and Purification Processes in Adsorbent Packed
Beds

Adsorption gas separation and purification processes can be distinguished from
one another accordance to the purpose of the process (Ruthven 1984). For removal of
low-concentration (less than 10% by weight) impurities from fluid streams, purification
processes such as drying of air, natural gas, sweetening of natural gas and plant cycle
gases are applicable, whereas separation processes are driven in case of major bulk
mixtures separated into two or more streams such as production of O, and N> from air,
separation of n-paraffins from iso-paraffins and aromatics and Hz from industrial gases
(Yang 1997).

Large scale adsorptive processes may be divided into two broad groups, i) cyclic
batch system in which the adsorbent packed bed is saturated and regenerated in a cyclic
manner ii) continuous flow systems, involving continuous countercurrent contact

between feed an adsorbent by moving-bed adsorbers (Figure 3.3).

Feed A+B Desorbate (extract)

A+P

Cao Ca

Raffinate, pure B (+P) Purge, P (inert)

Saturated
Feed A+B adsorbent Desorbate

|| L~

Ca

(steady state)

S I Il B

Raffinate, pure B (+P) Regenerated Purge, P
adsorbent

(steady state)

ADSORBER
REGENERATOR

Figure 3.3. Two basic modes of operation i) fixed cyclic batch two-bed system, ii) moving
continuous countercurrent system with adsorbent recirculation. Concentration
profiles through the bed are indicated. A is the more strongly adsorbed species
(Source: adopted from Wilcox (2012))

18



Although countercurrent contact maximizes the driving force for mass transfer,
consequently provides more efficient usage of adsorbent, but suffer from sorbent attrition
and necessity of circulation of adsorbent makes process more complex and reduces
operational flexibility (Ruthven 1984, Wilcox 2012). On the other hand, fixed cyclic
adsorption processes which rely upon the adsorbent packed beds offers great flexibility
at both design and operational stages (Khajuria and Pistikopoulos 2013).

Fixed bed adsorption processes differ from each other based on regeneration
method of the adsorbent during desorption such that purge gas stripping, thermal swing
and pressure swing adsorption. The difference between the modes of adsorption
operations is stated in Figure 3.4. In purge gas stripping the packed bed is regenerated at
constant pressure and temperature by purging with a nonadsorbing inert gas. In thermal
swing adsorption (TSA), the adsorbent is regenerated by heating the bed at elevated
temperature, while during pressure swing adsorption (PSA) the bed is purged at low
pressure and constant pressure (Ramaswamy, Huang, and Ramarao 2013). The
comparison between purge gas stripping, TSA and PSA operation is tabulated in
Table 3.2.

des ads

Figure 3.4. Schematic isotherms showing pressure swing, thermal swing and combined
pressure-temperature swing operation for an adsorption process
(Source: adopted from Ruthven (1984))
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Table 3.2. Summary of factors governing choice of regeneration method for packed bed
adsorption (Source: adopted from Ruthven (1984) and Thomas and Crittenden

(1998))
Method Advantages Disadvantages Applications
Only for weakly adsorbed Used ina
Purge gas . . e .
strioin Essentially at constant T and P specles. combination with
PpIng Purge flow is high TSA and/or PSA
Terr;e\fzi;ztu re Good for s;;c;g?;g/ adsorbed Thermal ageing of sorbent Drying of gases
adsorption Desorbate recovered at high Heat Ioisnselfef?gzrt]((): thermal 23’\'/2%,{?
(TSA) concentrations y
Pressure swing Good for relatively weak Hydrogen
adsorption adsorbed species required in ~ Very low P may be required recovery
(PSA) high purity Air separation

3.2.4. Dynamic Behavior of Adsorbent Packed Beds

An understanding of the dynamic behavior of adsorption processes is crucial for
rational process design and optimization (Do 1998). To analyze packed bed dynamics, it
is convenient to classify adsorption equilibria as favorable, linear or unfavorable
depending on the shape of dimensionless diagram (Figure 3.5) where gq,_q, and cq_c}
stand for changes in adsorbed and fluid phase, respectively. The direction of mass transfer
direction is from fluid to adsorbed phase, the adsorbed phase concentration is always
greater than the fluid phase concentration in the favorable case (Ruthven, Farooq, and
Knaebel 1994).

1.0
~ Favorable
08
q —qo ¢
b &
o —qo | %
02r
Unfavorable
0 i J | 'l ;1 1 i 1
0O 02 04 08 08 10
c—cph
co — qp

Figure 3.5. Equilibrium diagram showing the favorable, unfavorable and linear systems
(9": equilibrium adsorbed amount) (Source: adopted from Ruthven (1984))
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Considering Figure 3.2, the Brunauer classification of adsorption isotherms types
I, Il and 1V describe favorable equilibrium (Figure 3.5) whereas type 11l and V represent
unfavorable ones. Among these, adsorbents that exhibit type | behavior are preferred for
adsorption based gas separation processes carried out in a packed bed (Ramaswamy,
Huang, and Ramarao 2013).

In fixed bed adsorbers, the adsorption process is represented by breakthrough
curves. A gas feed is passed through an adsorbent packed bed where its composition is
changed with time depend on the properties of the adsorbent, the composition of the feed,
and the operating conditions (feed flow rate, bed pressure etc.). Plot of change in the ratio
C/Co (outlet adsorbate concentration/ adsorbate feed concentration) with time is
denominated as breakthrough curve (Figure 3.6).

Most of the mass transfer takes place near the inlet of the bed, where the gas feed
first contacts the adsorbent. If the solid contains no adsorbate at first, the gas phase
concentration drops exponentially to zero before the end of the bed is reached. With time,
the adsorbent near the inlet is nearly saturated, and most of the mass transfer shifts further
from the bed inlet. In case of the real dynamic behavior of packed bed, the concentration
gradient is S shaped and the region where most of the change in concentration occurs is
called the mass transfer zone (MTZ). In ideal case, the axial or radial mass transfer
resistances are neglected and mass transfer resistances can be minimized. Then, MTZ
moves downwards through the bed until the breakthrough occurs. When this zone reaches
the bottom of the bed, the adsorbate cannot be adsorbed any longer and this moment is
called as breakpoint (tn, Cb). When the MTZ leaves the bed, the bed is completely
saturated at ts (time required to saturation of the adsorbent) and the effluent leaves the bed
at same concentration as feed (C/Co=1.0). Finally, the adsorptive gas flow is stopped and
the adsorbent is regenerated by flowing an inert gas through the bed (M. A. S. D. Barros
2013).
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Figure 3.6. Breakthrough curve in fixed beds C, is the concentration of the inlet solution,
Cy is the concentration of the breakthrough, ty is the breakpoint time and ts is
the saturation time (Source: adopted from M. A. S. D. Barros (2013))

M. A. S. D. Barros (2013) highlighted that operating the fixed bed with minimum
mass transfer resistances is quite advantageous, it maximizes the adsorption process as
more adsorption sites are available to the dynamic process. In this respect, several
operational parameters such as the length of unused bed, operational ratio, in the
breakthrough should be checked for describing the dynamic behavior of adsorbent packed
column, efficiently.

The time equivalent to usable capacity of the bed (ty) and the time equivalent to
total stoichiometric capacity of the packed-bed (t;) if the entire bed reaches equilibrium
are obtained by a mass balance around the bed (Geankoplis 1993) and they are calculated

by Equation 3.19 and 3.20, respectively.

t= [ (1C£0) (3.19)

t=f" (1C£0) (3.20)

If time t is assumed to be the time equivalent to the usable capacity of the bed (t,)
up to ty, the ratio of tu/t; gives the fraction of total bed capacity of length utilized up to
breakpoint.(Geankoplis 1993). Hence, the length of unused bed (Hung) is the unused
fraction times the total length (H) Equation 3.21 is obtained,

t

Hyng= (1-—) H, (3.21)

u
t
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Hung is the key design parameter when scaling up adsorbers. The total length is
split into the required length of an ideal bed process and a segment of unused bed that is
the length leftover at breakthrough. Also, as regards to scaling-up processes it is
frequently assumed to be constant (McCabe, Smith, and Harriott 1985). A constant Huns
can be obtained as a consequence of constant mass transfer zone for ideal adsorption
systems (M. A. S. D. Barros 2013).

One of the most important factor for investigating the cyclic adsorption processes
is the cycle time associated with the concept of the packed bed dynamics. In the scope of
packed bed dynamics not only the aforementioned parameters such as breakthrough time,
saturation time and length of unused bed, but also time required to pressurize the bed at a
desired value is a critical operation parameter for cyclic processes, especially for PSA
(Cen and Yang 1986, Lopes, Grande, and Rodrigues 2011, Ahn et al. 2012, Kim, Nam,
and Kang 2015, Khunpolgrang et al. 2015). The cycle time is the combination of the time
allotted for the pressurization of packed bed, time to breakpoint and the time for
desorption/depressurization (Silva, Da Silva, and Rodrigues 2000, Arvind, Farooq, and
Ruthven 2002, Dantas et al. 2011, Ferreira et al. 2015)(Silva 2000, Arvind 2002, Dantas
2011, You 2012, Ferreira 2015). Reducing the cycle time is the primary means of
achieving more production form a given quantity of material as reducing adsorbent
inventory and cost, since shorter cycles result in small beds, hence decrease in the process
plant size as the cycling becomes more rapid (Todd and Webley 2006, Chai, Kothare, and
Sircar 2011). However, working capacity of the adsorbent and the product recovery often
decreases as the cycle time is decreased (Yang et al. 1997, Grande and Rodrigues 2005,
Rezaei and Webley 2009, Rezaei and Webley 2010, Mohammadi et al. 2016).

3.3. Adsorbents

The search for a suitable adsorbent is the first step in the development of an
adsorption separation process. The recognition of the ability of porous solids to reversibly
adsorb large volumes dates back to eighteenth century however, large scale application
of adsorption as a means of separating mixtures into two or more streams by an adsorbent

packed bed column is relatively recent.
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3.3.1. Traditional Adsorbents

Traditional adsorbents such as silica gel, activated alumina and activated carbons,
the broad distribution of micropore size is present depending on the synthesis. Particularly
for activated carbons, variations in the pore size distribution, pore structure and active
surface area differ depending on wide variety of resources (e.g., bituminous coal, lignite,
petroleum, coke pitch) (Davini 2002). These classical adsorbents possess high open
porosity and high specific surface area with an advantage of the low cost, but they have
disordered structure. Besides, the broad pore size distribution makes many channels or
cavities are often unnecessary, leading to poor storage and separation capacity for a
specific guest (Kitagawa, Kitaura, and Noro 2004, Choi, Drese, and Jones 2009).

By contrast, zeolite framework consists of an assemblage of SiO4 and AlO4
tetrahedra joined together in regular crystalline arrangements. The feature distinguishes
the zeolites from the traditional adsorbents is that the micropore structure and size are
controlled by crystal nature without any virtual distribution of pore size (Ruthven 1984).
Zeolites offer high crystallinity with regular channels or cavities but a low porosity with
moderately high surface areas.

On the other hand, as mentioned in previous chapter, MOFs which recently
emerged as a new class of porous hybrid materials constructed from inorganic and organic
building blocks, and are preferred over traditional adsorbents such as activated carbon
and zeolites due to their unique characteristics. Table 3.3 compares characteristics of

zeolites, MOFs and activated carbons.

Table 3.3. Comparison between the structural, physical, and chemical properties of
zeolites, mesoporous silica and alumina, and MOFs (Source: adapted from
Ranocchiari and Bokhoven (2011))

Zeolites MOFs Activated carbon
Nature Crystalline Crystalline Amorphous
Homogenous active sites v v x
Pore sizes Very discrete Adjustable Varied
Surface area < 600 m%g? Up to 10 400 m?g™* 400-1200 m?g™*
Diffusivity Low Low to high High

Thermal stability High Low to medium Medium

Chemical versatility Low High Medium-low
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3.3.2. Metal Organic Frameworks in Adsorption Based Gas Separation
and Purification Processes

To date, many researches on the application of metal organic frameworks in
regard to adsorption based separation/purification have been published. The adsorptive
gas separation/purification studies on metal terephthalates; copper, aluminum, titanium
and zinc terephthalates were demonstrated in Table 3.4, 3.5, 3.6 and 3.7, respectively.

Copper based frameworks (CuMOFs) can be synthesized by various organic
ligands resulted in different structural and textural characteristics that enable the
application of CUMOFs in CHa, natural gas and H> storage, separation of binary mixtures
and sensoring as in Table 3.4. Copper terephthalate (MIL-53(Cu), CuTPA) synthesized
with metal source of Cu(NO3)223H20 and BDC ligand used for the first time as an
adsorbent for methane gas adsorption by (Anbia and Sheykhi 2012) with 8.52 mmolg™ of
CHs uptake capacity at 298 K and 35 bar. Incorporating MIL-53(Cu) to multi-walled
carbon nanotubes (MWCNTS) resulted in MWCNT@MIL-53-Cu structure with enhance
CHy adsorption capacity to 13.72 mmolg™ (Anbia and Sheykhi 2013). Also, for the first
time MIL-53(Cu) were investigated for natural gas storage purposes by Anbia et al.
(2014), the adsorbed amounts were found in the order of CH4s>>CO,>H; at whole
pressure range up to 30 bar at 298 K with high selectivity of CH4 over CO> (11.5).

Moreover, H> storage studies on copper based MOFs CuTATB, NOTT-112 and
HKUST-1 showed that gravimetric Ho uptake was directly related to the aromatic rings
on the organic linkers and pore sizes of the adsorbents, as smaller pore size increases the
hydrogen binding, allowing a single H> molecule to interact with multiple aromatic rings.
At 77 K and elevated pressures, the H, storage performance of copper MOFs was found
promising; the Hz uptakes of CUTATB, NOTT-112 and HKUST-1 were calculated as 1.9
wt%, 2.3 wt% and 1.95 wt%, respectively (Sun et al. 2006, Yan et al. 2009, Lin et al.
2012).

The separation of small gas molecules, especially achieving high-purity acetylene
from C2H2/CH4 and C;H2/CO. mixtures possesses great importance for petrochemical
industry. In that content, UTSA-15 and ZJU-26, as the members of CuMOF family,
consisted of different metal sources and organic linkers, were used as adsorbents in the
separation acetylene from binary mixtures. High selectivity of acetylene over methane
(55.6) was accomplished by UTSA-15 at 296 K and 1 bar, while ZJU-26 offered only
1.72 acetylene selectivity to CO2 (Chen et al. 2011, Duan et al. 2013).
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Great deal of efforts have been directed towards the application of MOFs in CO>
capture due to the concerns on global warming. In this point of view, adsorption of CO2,
CHa, N2 single components (Karra et al. 2013, Yang et al. 2012) and their binary mixtures
CO2/CHj4, CO2/N2 and CH4/N2 (Wu et al. 2014, Yang, Sitprasert, et al. 2015, Li et al.
2014) on various copper organic frameworks were investigated in detail. Cu based
organic framework HKUST-1 showed better performance than zinc based MOF-5 as a
result of unsaturated Cu metal sites found in HKUST-1 porous structure. Karra et al.
(2013) reported the H.O adsorption and the impact of exposure on the structural
degradation of MOF-14, it was shown that water exposure on MOF-14 caused 54% loss
in the surface area.

Even though, the general trend in application areas of copper based organic
frameworks has been towards to gas separation and purification processes, the binding
ability of functional groups make copper based MOFs convenient to use in sensoring
areas. Sahiner et al. (2014) synthesized MOFs based on TMA (TMA: trimesic acid) with
Cu(Il) from different salts to investigate their conductivity performances.
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Table 3.4. Adsorption based gas separation/purification studies on copper based and

related metal organic frameworks in literature

. . S V, L
Materials Metal Source Ligand* (m'z;) (cn:);;l) Applications Ref.
Anbia and
MIL-53(Cu) Cu(NOs)2¢3H20 BDC 1150 0.65 Sheykhi
c (2012)
MIL-53(Cu) | Cu(NO3)z-3Hz0 BDC 1283 | 048 Hastorage e and
MWCNT@MIL- Sheykhi
c3.Cu Cu(NOs)2+3H20 BDC 1123 | 0.39 (2013)
Natural gas Anbia and
MIL-53(Cu) Cu(NOs)2#3H20 BDC 1283 0.48 g Sheykhi
storage
(2014)
Sun et al.
CuTATB Cu(NOQsz)2+2.5H20 TATB 3800 - (2006)
NOTT-112 Cu(NO3)2+3H20 Hel. 3800 | 1.62 Ha storage YE"‘Z”OSB';‘"
Linetal.
HKUST-1 Cu(NO3)2¢2.5H20 BTC 1009 0.06 (2012)
BDC-OH/ Purification of | Chen etal.
UTSA-15 Cu(OAC)2+3H20 44 bpy 553 - acetylene (2011)
Purification of | Duan et al.
ZJU-26 Cu(NO3)2+2.5H20 H4ADDI 989 0.57 acetylene (2013)
Cu(hfipbb) Cu(NO3)223H20 Hzhfipbb 105 0.04 Wuetal.
(2014)
. Yang et al.
HKUST-1 Cu(NO3)2¢3H20 BTC 1978 0.81 (2015)
_ Lietal.
HKUST-1 Cu(NO3)2:3H20 BTC 452 0.28 (2014)
MOF-5 Zn(NOs)226H20 BDC 621 0.30
MOF-14 Cu(NO3)2+3H:0 BTB 1308 | os57 | COzcaptre | Karraetal.
(2013)
Cu(dhbc)a(bpy) | Cu(NOs)+3H.O | DHBC/BPY | 364 - Y?ggfé)a"
Cu(BFa)2(bpy)2 | Cu(BFs)2:6H20 BPY 622 -
. Liang et al.
HKUST-1 Cu(NO3)2¢2.5H20 BTC 1571 0.79 (2009)
Zeolite 13X - - 616 0.34
CuTMA CuSQO4+5H20 5.58 0.02
Cu(CHsCOz2)2¢H2 . Sahiner et
CuTMA o TMA 107 0.23 Sensoring al. (2014)
CuTMA Cu(NO3)223H20 850 0.039

*BDC, TPA: 1,4-benzenedicarboxylic acid; TATB: 4,4°,4°’-s-triazine-2,4,6-triyltribenzoate; HeL: 1,3,5
tris(3°,5”’-dicarboxy[1,1’-biphenyl]-4-yl)benzene; BTC: 1,3,5-benzenetricarboxylic acid; BDC-OH: 2-
hydroxyterephthalic acid; 4,4’-bpy: 4,4'-bipyridine; HsADDI = 5,5’-(anthracene-2,6-diyl) diisophthalic
acid; Hohfipbb = 4.,4’-(hexafluoro-isopropylidene) bisbenzoic acid; BTB: 4,4°,4>’-benzene-1,3,5-triyl-
tribenzoic acid; DHBC = 2,5-dihydroxybenzoic acid; BPY = 4,4’-bipyridine; TMA: trimesic acid.

Aluminum based organic frameworks (AIMOFs) synthesized by different metal
sources and organic linkers were stated in Table 3.5. The most common AIMOF is
aluminum terephthalate (MIL-53(Al), AITPA), commercially named as BASF Basolite
A100, synthesized with BDC organic linker and aqueous form of aluminum nitrate. It can

be found in different forms; tablet, powder, pellet and utilized for adsorption based CH4
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purification and separation of acidic gas mixtures. Tablet form Basolite A100 is known
by its water stability and provided moderately high selectivity between CH4 and CO>
about 4 and high purity methane at 99% and CO- at 95% achieved at 303 K and 4 bar
(Ferreira et al. 2015). Although, Basolite A100 pellets showed lower adsorption
capacities compared to powder form, pellet form was found better candidate for selective
CHy, separation of CHa4 from acidic gas mixtures of CH4/CO. and CH4/H2S (Heymans,
Vaesen, and De Weireld 2012).

Also, by using BDC-NH> ligand, amino functionalized aluminum terephthalates
(amino- MIL-53(Al)) were synthesized and studied for upgrading of biogas and CO:
capture. In comparison with zeolite 13 X, amino- MIL-53(Al) had lower CO; adsorption
capacity but it provided 20 time higher selectivity for CO2 over CHs4 at 1 bar and 303 K
(Peter et al. 2013). For CO; capture, in order to improve CO> uptake and selectivity of
aluminum based MOFs, different organic linkers (BDC, BTC and BDC/PVA) in different
forms (powders and pellets) were tested. Abid et al. (2016) found that although MIL-
96(Al) has lower BET surface area than MIL-53(Al), the CO, uptake capacity of MIL-
96(Al) was much higher as a result of three bridging hydroxyl group in BTC linker which
enables the strong interactions with CO2. Besides, combining PVA binder to aluminum
terephthalate pellets (MIL-53(Al)/PVA) resulted in a great loss in overall CO2 uptake
capacity, but enhanced the CO> selectivity over CHs up to 7 at 1 bar and 303 K (Finsy et
al. 2009) compared to MIL-53(Al) synthesized by Rallapalli et al. (2011) which exhibited
selectivity for CO- as 3.8 at the same conditions.

For separation of linear n-alkanes and H storage aluminum and chromium based
terephthalates that compose of BDC ligand in common were frequently examined. It was
reported that depending on the nature of metal (Al, Cr) the adsorption isotherms greatly
differs due to energetic considerations related to the interaction that occurs between the
n-alkane species and MOFs (Trung et al. 2008). Moreover, the MIL-53(Al) which had
comparable surface area to MIL-53(Cr) showed higher H uptake capacity at 77 K and 16
bar (Ferey et al. 2003).
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Table 3.5. Adsorption based gas separation/purification studies on aluminum based and
related metal organic frameworks in literature

. . SBET Vpore . .
*
Materials Metal Source Ligand (mg?) | (emig) Applications Ref.
BASF Basolite CHa purification | Ferreira et
'AL00 tablet AI(NO3)3*9H20 BDC 560 - al. (2015)
BASF Basolite
Al(NO3)3*9H.0 830 0.55
A100 powder (NOs)s=9H2 BDC Acidic gas Hee);rzlans
BASF Basolite . separation 2012‘
'AL00 pellet Al(NO3)3*9H20 601 0.40 (2012)
amlsng(-Al\l/)llL- AI(NO3)3*9H20 BDC-NH: - - Upgrading of Peter et al.
biogas 2013
Zeolite 13X SUAI =123 . - - 109 (2013)
amino- MIL-
AI(NO3)3*9H20 BDC-NH: 262 131
53(Al) (NG Abid et al.
MIL-53(Al) AI(NO3)3°9H20 BDC 1519 0.78 (2016)
CO: capture
MIL-96(Al) AI(NO3)3*9H20 BTC 687 0.34
MIL-53(Al)/ Finsy et al.
Al(NOz3)3*9H20 BDC/PVA - -
PVA pellet (NOs)s-9H (2009)
Rallapalli
MIL-53(Al) AI(NO3)3*9H20 BDC 1235 - COz2 capture etal.
(2011)
. Trung et
MIL-53(Al) AI(NO3)3°9H20 BDC - - .Separaﬂon of al. (2008)
linear n-alkanes
MIL-53(Cr)
Férey et al.
MIL-53(Al) AI(NO3)3°9H20 BDC 1020 - H2 storage (2003)
MIL-53(Cr) Cr(NO3)3*9H20 1026 -

*BDC, TPA: 1,4-benzenedicarboxylic acid; BDC-NH;=2-amino-1,4-benzenedicarboxylic acid; PVA:
polyvinyl alcohol; BTC: 1,3,5-benzenetricarboxylic acid.

Titanium based organic frameworks (TIMOFs) are generally synthesized using
titanium isopropoxide (Ti(OiPr)s4) as metal cluster and various organic ligands (Table
3.6). Titanium terephthalates (MIL-53(Ti), TiTPA) were studied for natural gas, syngas
and fuel purification, acidic gas separation and CO> capture and they were functionalized
with amino (amino-MIL-125(Ti)) and methyl (m-MIL-125(Ti)) groups to enhance their
adsorptive performances. Wiersum et al. (2013) examined the adsorbent performance
indicator (API) of three porous materials; titanium (MIL-125(Ti)), chromium (MIL-
101(Cr)) and copper (HKUST-1) based MOFs and it was stated that these MOFs could
be effectively used for the separation of CO2/CH4 mixtures with high CO: selectivities to
CHgj as 3.8, 23.6 and 7.1 for MIL-125(Ti), MIL-101(Cr) and HKUST-1, respectively. In
case of syngas purification, it was seen that CO,/H» separation achieved with 100%
hydrogen purity by using amino functionalized titanium terephthalate (amino-MIL-
125(Ti)) granules as adsorbent (Regufe et al. 2015).
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Furthermore, for the separation of alkane mixtures especially for n-hexane/2-
methypentane mixture, MIL-125(Ti) offered 6.8 selectivity towards to n-hexane, while
HKUST-1 gave only 0.79. This n-hexane selectivity difference between MIL-125(Ti) and
HKUST-1 was clarified by Ramsahye et al. (2014) as the effect of MOF pore shape on
adsorption mechanisms. The acid gas stability of MIL-125(Ti) and cerium based
framework (CeBTC) was investigated by Mounfield lii et al. (2016) and provided visual
insight into the degradation mechanisms after acid gas (CO2/SO>) exposure. After 15 min
of CO; and SO exposure the stability of MIL-125(Ti) was found better than CeBTC.
Titanium terephthalates and their functionalized forms were frequently studied for CO>
capture and it was shown that addition of amino group increases the surface area as well
as the CO2 and CH4 uptake capacities in CO2/CHg separation and improve the selectivity
towards CO; (Rada et al. 2015). On the other hand, Im et al. (2014) illustrated the CO>
uptake capacities of MIL-125(Ti) and methyl functionalized m-MIL-125(Ti) before and
after 2 h of water exposure. Without water exposure the CO, uptake capacities of MIL-
125(Ti) and m-MIL-125(Ti) were similar, but after 2 h of water exposure MIL-125(Ti)
experienced great loss in BET surface area, consequently sharp decrease in CO2 uptake

capacity, whereas the stability of m-MIL-125(Ti) was almost maintained.

Table 3.6. Adsorption based gas separation/purification studies on titanium based and
related metal organic frameworks in literature

V
Materials Metal Source Ligand* (:12;1) (cn;);g;e'l) Applications Ref.
MIL-125(Ti) Ti(OiPr)4 1820 0.67
BDC Natural gas | Wiersum et
MIL-101(Cr) Cr(NO2)3+9H20 3870 1.57 ourification | al. (2013)
HKUST-1 Cu(NOs3)223H20 BTC 1850 0.67
amino-MIL- : . Syngas Regufe et
125(Ti) granules TigOs(OH)4 BDC-NH, purification al. (2015)
MIL-125(Ti) Ti(OiPr)4 BDC 1550 0.65 Fuel Ramsahye
HKUST-1 Cu(NOs)2+3H20 BTC 692 0.33 purification | etal. (2014)
MIL-125(Ti) Ti(OiPr)4 BDC 1392 Acidic gas I\/Illolu:tflaelld
CeBTC Ce(NO3)3*6H20 BTC 752 separation (2016).
MIL-125(Ti) Ti(OiPr)4 BDC 714 R?ggf;)a"
amino-MIL- o
125(Ti) Ti(OiPr)s BDC-NH: 1660
MIL-125(Ti) Ti(OiPr)s BDC 1550 0.74 CO: capture
MIL-125(Ti)-2h Ti(OiPr)s 280 0.37 '(rgg;j)'
m- MIL-125(Ti) Ti(OiPr) BDC-Mes 830 0.40
m- M”-Z'ﬁZS(T')' Ti(OiPr)s 550 0.41

*BDC: 1,4-benzenedicarboxylic acid; BTC: 1,3,5-benzenetricarboxylic acid; BDC-NH,=2-amino-1,4-

benzenedicarboxylic acid; BDC-Mes: tetramethyl benzene-1,4-dicarboxylic acid.
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Zinc based organic frameworks (ZnMOFs), especially MOF-5 synthesized by
zinc nitrate hexahydrate (Zn(NO3)226H20) and BDC organic linker, have drawn great
attention as an adsorbent used in hydrogen storage (Table 3.7). Tetrahedral [ZnsO]°* units
linked via rigid arylcarboxylate ligands were found to adsorb large amount of H> at low
temperatures (77K) and high pressures. Eddaoudi, Li, and Yaghi (2000) reported the
porous and thermally stable MOF-5 framework and its H, uptake capacity was 4.5 wt%
at 77 K and 0.8 bar and 1 wt% at room temperature and 20 bar. Later, Rowsell and Yaghi
(2004) found the maximum H> uptake of MOF-5 as 1.32 wt% at 1 bar and 77 K. The
effect of air exposure on the structural properties of MOF-5 was studied by Panella and
Hirscher (2005) and it was observed that exposing the sample in air for six weeks
collapsed the whole structure. Also, 1.6 wt% of H» adsorption capacity of MOF-5 at 77
K and 10 bar decreased to less than 0.2 wt % at room temperature and 67 bar, highlighting
the critical importance of extremely low temperature as requirement for H storage.
Moreover, Panella et al. (2006) showed that the hydrogen physically adsorbed in MOFs
and the saturation value of MOF-5 as 5.1 wt% at 77 K over 80 bar. Later on, Lee et al.
(2007) studied the mixed ligand ZnMOF (Zn(BDC)(TED)o, (TED: triethylenediamine)
with the highest H. sorption capacity (2.1 wt%) at 77 K and 1 bar to date. Moreover, Kaye
et al. (2007), Li, Kuppler, and Zhou (2009), Saha, Wei, and Deng (2009) and Segakweng
et al. (2016) were synthesized ZnMOFs and conducted H> adsorption measurements,
however they came up with different Ho uptake capacities as a result of variations in
synthesis procedure, presence of solvent molecules and other impurities in MOF
structures.

Moreover, Zn,DHTP (DHTP: 2,5 dihydroxyterephthalic acid) was tested for CHs
storage, as it offers large densities of open metal sites that make possible to adsorb one
CH4 molecule per open metal, resulted in very large CH4 storage capacities as 160-174
cm®(STP)/cm® at 298 K up to 35 bar (Wu, Zhou, and Yildirim 2009). Ling et al. (2011)
examined the selective adsorption of Zn(BDC)(hmtrz), (hmtrz: 3,5-dimethyl-1H,1,2,4-
triazole) for linear and monobranced hexane isomers over a dibranched one and suggested
MOF-5 as a potential adsorbent to separate hexane isomers to boost RON of gasoline.
Also, Mishra et al. (2012), Zhang et al. (2010) and Karra and Walton (2010) were
investigated CO> capture performance of ZnMOFs synthesized from different routes
using various organic linkers and results implied that incorporating functional groups into

the structure enhance the selectivity towards CO..
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Table 3.7. Adsorption based gas separation/purification studies on zinc based and related

metal organic frameworks in literature

. . SBET Vpore . .
*
Materials Metal Source Ligand (mgl) | (emgd) Applications Ref.
Eddaoudi
MOF-5 Zn(NOs3)2:6H20 BDC 2900 1.04 etal.
(2000)
Rowsell et
MOF-5 Zn(NOs)2:6H20 BDC 3362 1.02 Hz storage al. (2004)
Panella
and
MOF-5 Zn(NO3z)2#6H20 BDC 572 - Hirscher
(2005)
Panella et
MOF-5 Zn(NO3)2¢6H20 BDC 2296 - al. (2006)
. i Kaye et
MOF-5 Zn(NOs)2¢6H20 BDC 3100 al. (2007)
Li et al.
MOF-5 Zn(NO3)2¢6H20 BDC 840 0.34 (2009)
MOF-5 Zn(NO3)2*6H20 BDC 2449 1.39 Hzstorage | Sahaetal.
(2009)
Segakw.
MOF-5 Zn(NOs)2:6H20 BDC 835 0.38 etal.
(2016)
Zn(BDC)ted Zn(NOs)2*6H20 BDClted 1794 0.65 L("‘;O%tg"
Zn:DHTP Zn(NOs)2*6H20 DHTP 885 0.41 CHia storage V\(I;O%tga;"
. ) Separation of Ling et al.
Zn(BDC)hmtrz Zn(OAC)2+2H20 BDC/hmtrz 552 RON** alkanes (2011)
Mishra et
ZnDABCO Zn(NO3)2:6H20 BDC/dabco 1863 0.67 al. (2012)
. Zhang et
ZnsBTAtda Zn(NO3)226H20 BTA/tda 414 0.24 CO2 capture al. (2010)
Karra and
Zn,BDCdabco Zn(NO3)2:6H20 BDC/dabco 1685 - Walton
(2010)

*BDC, TPA: 1,4-benzenedicarboxylic acid; TED: triethylenediamine; DHTP: 2,5 dihydroxyterephthalic
acid; hmtrz: 3,5-dimethyl-1H, 1, 2, 4-triazole; DABCO: 1,4-diazabicyclo (2, 2,2) octane, BTA:2,3-
benzenetriazole; TDA: thiophene-2,5-dicarboxylic acid; BTC: 1,3,5-benzenetricarboxylic acid, **RON:
Low research-octane number
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CHAPTER 4

EXPERIMENTAL STUDIES

4.1. Materials
All materials used in the synthesis of four different MOFs; copper terephthalate

(CuTPA), aluminum terephthalate (AITPA), titanium terephthalate (TiTPA) and zinc
terephthalate (ZnTPA) were listed in Table 4.1. No further purification was applied.

Table 4.1. Materials used in the MOF synthesis and their properties

Material Chemical Formula %Purity Vendor
Copper (l) nitrate trihydrate Cu(NO3)*3H20 >99.5 Merck
Aluminum nitrate nonahydrate AI(NO3)3*9H,0 >99.5 Sigma Aldrich
Titanium (1V) isopropoxide .
>
(TTIP) Ti[OCH(CH3)2]4 >98 Merck
Zinc acetate dihydrate
. >
(ZnAc) Zn(CH3COOH),+2H,0 >99.5 Merck
Benzene-1,4-dicarboxylic acid .
(Terephthalic acid, TPA or BDC) CoHa-1,4-(COOH): 2996 Petkim
N, N- dimethylformamide
>
(DMF) HCON(CHs3) >99.8 Merck
Methanol CHsOH >99.9 Merck

4.2. Synthesis of Copper, Aluminum, Titanium and Zinc Terephthalates

The solvothermal synthesis route for CuTPA, AITPA, TiTPA and ZnTPA
comprises three main steps which are crystallization, purification and activation,
respectively. The synthesis studies of CUTPA and AITPA were conducted in IYTE, while
the syntheses of TiITPA and ZnTPA were carried out in Ege University.

4.2.1. Synthesis of Copper Terephthalate (CuTPA)

The synthesis studies of CuTPA were conducted in IYTE (Cicek 2014). The
CuTPA was synthesized in accordance with a previously published solvothermal

procedures by Carson et. al. (2009) and Carson et. al. (2014) with several adjustments.
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The synthesis of CUTPA sample which was packed into fixed bed for further adsorption
studies started with the dissolution of copper nitrate trihydrate (Cu(NO3). - 3H20)) (2.42
g, 10 mmol) and benzene-1,4-dicarboxylic acid (TPA) (1.66 g, 10 mmol) in equimolar
quantities (Cu/TPA molar ratio:1.0) in N, N- dimethylformamide (DMF) under stirring at
room temperature for 1 hour at 330 rpm. The solution was taken into sealed heat-resistant
glass flask (500 ml), placed in oven (Binder ED 53 and Memmert 100-800) at a
crystallization temperature of 110 °C for 24 h. Then, solution was cooled down for 3.5 h
while small blue particles specific to copper based MOFs became clearly visible inside
the flask. The solution was centrifuged (Hettich Rotofix 32) at 3000 rpm for 25 min, the
resulted blue precipitate was dried in vacuum oven (P-Selecta Vaciotem-T) overnight. To
remove the unreacted terephthalic acid and/or DMF out of the pores, the solvent exchange
(purification) step was carried out via soxhlet extraction with methanol (200 ml) for 3
days. Following the purification step, wet CuTPA powder was kept under vacuum
overnight prior to activation. The sample was activated at 160 °C with heating ramp of
50 °C for 1 h, 100 °C for 1 h and 160 °C for 24 h (Cigek 2014).

4.2.2. Synthesis of Aluminum Terephthalate (AITPA)

The solvothermal synthesis studies of AITPA were directed in IYTE (Ang1 2016).
First, with the mixture molar composition of 1 AI(NO3)3:1.48 TPA:184.5 DMF,
aluminum nitrate nonahydrate (AI(NOs)s © 9H.0) (1.85 g) and TPA (1.21 g) were
dissolved in DMF (70ml) under stirring at 330 rpm at room temperature for 24 h. In
crystallization step, the solution was transferred to a Teflon-lined stainless steel autoclave
and heated directly up to 130 °C in oven (Binder ED 53 and Memmert 100-800) for 72 h.
After cooling the mixture, centrifugation (Hettich Rotofix 32) at 3000 rpm for 25 min was
completed and the resulted solid phase was dried at room temperature overnight in
vacuum (-1.0 bar). Purification step was directed via soxhlet extraction with hot (72 °C)
methanol (200 ml) for 20 h. After samples were dried overnight, AITPA was activated
under vacuum (-1.0 bar) 130 °C for 72 h.
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4.2.3. Synthesis of Titanium Terephthalate (TiTPA)

The synthesis studies of TiITPA were executed in Ege University (Caliskan 2016)
The solvothermal synthesis was began with dissolving TPA (16.61 g) into methanol (50
ml) and DMF (450ml) mixture (1 methanol: 9 DMF by volume). Then, Titanium (I1V)
isopropoxide (Ti[OCH(CHa)2]4) (14.69 g) as Ti*" source was added to the mixture at a
molar ratio of 1 TIf[OCH(CHz3)2]4:2 TPA and stirred at room temperature for 30 min. The
transparent solution was crystallized in glass-lined stirred reactor at 95 °C for 114 h.
Following the cooling the resulted mixture at room temperature, the solid phase was
separated by centrifuge (Nive NF 1200R) at 6000 rpm for 20 min. For purification of
TIiTPA precipitate, first stirring with hot DMF (60 °C) three times, followed by the
centrifugation of TITPA/DMF mixture, 5 cycles of soxhlet washing with methanol under
magnetic stirring (440 rpm) were conducted. After purification step, activation of TITPA
sample was completed in vacuum (-0.5 bar) oven (Nlve EV 018) at 150 °C with a heating
ramp of 50 °C for 1 h, 100 °C for 1 h and 150 °C for 28 h.

4.2.4. Synthesis of Zinc Terephthalate (ZnTPA)

The solvothermal synthesis studies of ZnTPA were conducted in Ege University
(Caliskan 2016). The crystallization step was started with dissolving of zinc acetate
dihydrate (Zn(CH3COOQOH). - 2H20) (3.398 g) and TPA (1.013 g) at a molar ratio of 1
Zn?*:1.5 in DMF (80 ml) under stirring at room temperature for 30 min. Crystallization
was taken place in glass-lined reactor under stirring at 95 °C for 72 h. After cooling the
resulted mixture at room temperature for 24 h, centrifugation (Ntve NF 1200R) at 6000
rpm for 20 min was performed to separate the white solid phase. Purification step was
started with washing the precipitate with hot (60 °C) DMF three times on magnetic stirrer
at 440 rpm for 24 h. Following DMF washing, precipitate was processed to soxhlet
extraction with methanol for 5 cycles. Activation of ZnTPA sample was completed in
vacuum oven (Niive EV 018) up to 150°C with a heating ramp of 50 °C for 1 h, 100 °C
for 1 h and 150 °C for 24 h.
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4.3. Characterization Methods of MOFs

Investigation of textural properties of the synthesized CuTPA, AITPA, TiTPA and
ZnTPA MOFs were carried out by using volumetric adsorption instrument (Micromeritics
ASAP 2010 M). Nitrogen adsorption and desorption isotherms of samples were measured
at 77.35 K at low pressure dose 10 cm®/g STP. Prior to each measurement, adsorbents
were degassed considering their thermal stabilities; CuTPA samples were degassed at 160
°C, AITPA at 130 °C, TiTPA and ZnTPA at 150 °C for 24 h. The surface areas were
calculated by Langmuir and Brunauer—Emmett-Teller (BET) method, the micropore
volumes and the average pore diameters were calculated using Barrett-Joyner-Halenda
(BJH) model and Horvath—Kawazoe method, respectively. The surface morphology and
particle size of the crystalline samples were evaluated by scanning electron microscope
(SEM, FEI QUANTA 250 FEG) with different magnifications under secondary electron
(SE) and back scatter electron (BSE) detectors without any deposition. Thermal stability
of MOF samples was determined by Thermogravimetric analysis (TGA, Shimadzu TGA-
51) with 10 °C/ min heating rate under air flow at a rate of 40 mL/min. Examination of
bounded groups and the interaction between atoms were accomplished by Fourier
Transform Infrared spectrophotometer (FTIR, Shimadzu 8201) via preparation the pellets
composed of MOF samples (1.5 mg) and KBr (148.5 mg). Crystallographic structure of
the MOF powders was demonstrated by X-ray diffraction (XRD, Philips X’ Pert Pro
Diffractometer) with a scan speed of 2°/min and a step size of 0.002° in 5-85° using CuKa
radiation (A = 1.5418 A).

4.4. Packed Bed Adsorption Studies

Adsorption and desorption studies on synthesized MOFs were carried out in a
home-made system (Figure 4.1). The system includes gas (hydrogen, helium, carbon
dioxide, methane, carbon monoxide) preparation part, three way valves (VTP1, VTP2
and VTP3), mass flow controllers (MFC1 and MFC2), manifold (M1), fixed bed
adsorption column associated with heater and back pressure regulator (BPR), and gas
chromatograph (GC-Agilent 7890A).

36



GAS
CHROMATOGRAPHY

HEATER

(max. 300C) {}
% VENT

Figure 4.1. Gas adsorption desorption system; three way valves: VTP1, VTP2, and VTP3,
mass flow controllers: MFC1 and MFC2, manifold: M1, back pressure
regulator: BPR

In pure gas adsorption studies, high-purity CO2, CH4 and CO were used combined
with hydrogen carrier flow (equimolar combination: 50% adsorptive gas-50% carrier gas)
at three different feed flows; 10, 20 and 30 mL/min total and at three bed operating
pressures; 1, 5 and 10 bar. First, the gases were sent to MFCs to measure and set the
specified flow rates. After mixing of gases in manifold, gases were directed through VTP1
depending on the selection of gas direction (bypass or fixed bed column). Bypass line was
used to check the stability of gases at a desired flow rate and mixing ratio (i.e., equimolar).
Adsorption was started once the stability of gases on bypass line was ensured, then the
way of gas flow was directed from bypass to packed bed column. The operating pressure
of the bed was maintained by back pressure regulator (BPR, Bronkhorst) and operating
temperature was set and read on digital temperature controller on the bed. The time
dependent concentration change of the gases was analyzed by chromatographic method
(GC). Gas chromatograph placed at the outlet of the column comprises two thermal
conductivity detectors (TCDs): front and back with two carrier gases (helium front: 40
mL/min, nitrogen-back: 40 mL/min). Thee quartz wool was used at the both end of the
packed bed to prevent sweeping of the MOF particles. Prior to each adsorption
experiment, desorption was carried out by sending helium purge flow throughout the bed
at a flow rate and at bed pressure same as the corresponding adsorption operating

conditions. Prior to each experiment, in other words after completing the adsorption and
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desorption cycle, overnight regeneration of adsorbent packed bed was conducted at
atmospheric pressure under 20 mL/min helium flow and at temperatures specific to each
MOF. The regeneration temperatures were determined based on the thermal characteristic
of the adsorbents and higher temperature than adsorbent activation temperature was
avoided. For example, the CuTPA packed bed was regenerated at 160 °C, AITPA at 130
°C, TiTPA and ZnTPA at 150 °C.

In binary gas adsorption experiments, same procedure with the pure gas
adsorption studies was followed using equimolar gas mixtures of CO2/CHs at three
different total flow rates (i.e., 10, 20 and 30 mL/min) and bed pressures (i.e., 1, 5 and 10
bar). The bed characteristics packed with CuTPA, AITPA, TiTPA and ZnTPA adsorbents

and the properties of these adsorbents were summarized in Table 4.2.

Table 4.2. Adsorbent packed bed characteristics and adsorbent properties

CuTPA AITPA TIiTPA ZnTPA
(powder) (powder) (powder) (powder)

Column length (cm) 24.8 24.5 17.7 24
Column diameter (cm) 0.67 0.60 0.80 0.65
Adsorbent layer length (cm) 10.8 155 13.0 14.6
Bed volume (cmd) 3.81 4.4 6.5 4.8

Void volume (Vbed-Vsolid, (CM?)) 2.78 4.46 4.61 3.91

Mass of adsorbent (g) 4 2.5 3 3
aMicropore volume (cm®/g) 0.26 0.68 0.53 0.31
Average pore diameter (A) 6.0 9.9 6.2 8.5
Surface area (Siang, (M?/g)) 776 1330 1835 1023
Surface area (Sger, (M?/g)) 530 1270 1237 778

2BJH method was used for calculation
bHorvath-Kawazoe method was used for calculation.

The differential material balance around the adsorbent packed bed,

dn,
E :FaO'Fa (4 l)

where n; was the amount adsorbed in mmol,
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t . F,
dn,=Fy f, (11 )dt (4.2)

Defining Xa as the mole fraction of component a in the gas phase, Xa =Fa/Fa oOr
Xa =C/Co and regarding experimental breakthrough curves, integration of Equation 4.2
from t=0 to time when equilibrium reached gave the mean residence time, ta (min), for
pure component gas systems (CO2/H., CH4/H2 and CO/H, or CO./He, CH4/He and
CO/He) in Equation 4.3.

1= fot(l-c%)dt (4.3)

Due to the roll-up area of CH4 in binary gas mixture of CO2/CHathe breakthrough

curves were obtained as in Figure 4.2.

Compound 1

Compound 2
ClCo Jeeraanadoins

time
Figure 4.2. Typical adsorption breakthrough curves of binary mixture of CO2/CH4
(Source: adapted from Silva et al. (2014))

where compound 1 and 2 were CH4 and CO», respectively. The tcha for binary gas

mixture were found by Equation 4.4 (Silva et al. 2014),

Tcpa=Area(A)-Area(OS) (4.4)

Then, the amount adsorbed of component a by per gram of specific adsorbent, qa

in mmol/g was calculated by Equation 4.5.

(Vp-Vs)Pp Xa
B <FaO'ta‘ RT,

q9,~

(4.5)

Mads
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where, Vy: bed volume (mL); Vs: solid volume (mL); C: concentration of CO; at
time t, Co: CO2 concentration at bed inlet; Py: bed operating pressure (bar); Fa: CO> flow
rate at time t (mmol CO2/min); Fao: the CO> flow rate in feed (mmol CO2/min); Tp: bed
temperature (K); R: ideal gas constant (0.0831 mLbar/mmol.K) and mags: mass of the
adsorbent (g). Consequently, experimental adsorption isotherms were obtained by the
calculation of adsorbed gas amounts at each defined pressure and feed flow rate over
MOFs.

For pure component adsorption studies, two adsorption isotherm models;
Langmuir (Equation 3.13) and virial (Equation 3.18) models in non-linear form were
fitted to the experimental adsorption isotherms. The purpose was to minimize the error
between experimentally measured adsorbed amounts and theoretical data calculated by
the models and model parameters were assessed by using solver add-in with Microsoft
Excel. In addition to minimum error, the highest correlation coefficient (R?) was also
intended. The minimization procedure considered the minimum value of the objective
function which was sum of squares of the errors (SSE or ERRSQ) (Allen et al. 2003,
Boulinguiez, Le Cloirec, and Wolbert 2008, McKay et al. 2014, Subramanyam and Das
2014, Tari et al. 2016a) defined in Equation 4.6.

2
ERRSQ: Z?zl (qexperimental_qmodel) i (46)

A confidence interval is an indicator of the measurement’s precision. Besides, it
shows how close the measurement will be to the original estimate in case of repeated
trials. The most commonly preferred confidence level is 95 percent was used and the
procedure below was followed in the calculations (Smithson 2003).

The sample mean, x,
g=2X 4.7

The number of repeated measurements was N and the standard deviation o

calculated as,

(4.8)
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The margin of error for small set of data (N<30) was calculated as;
Margin of error=t o \/iﬁ

Finally, the confidence interval was represented as,

Confidence interval= X+t 95 \/iﬁ

(4.9

(4.10)
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CHAPTER 5

RESULTS AND DISCUSSION

5.1. Characterization of MOFs

Within the scope of the TUBITAK (112M294) project successfully concluded in
IYTE and EGE University, numbers of CuTPA, AITPA, TiTPA and ZnTPA samples
were synthesized at different conditions and several parameters (i.e., crystallization time
and temperature, purification method, activation time and temperature) that directly
influence the MOF characteristics were investigated in detail (Cigek 2014, Angi 2016,
Caliskan 2016). In this section, the characterization results were demonstrated only in the
interest of the synthesized MOFs with the highest surface areas (i.e., CUTPA (Srang: 776
m?/g); AITPA (Stang: 1330 m?/g); TiTPA (Siang: 1834 m?/g) and ZnTPA (Siang: 1023
m?/g)) that packed into the fixed bed for further adsorption studies.

5.1.1. Thermogravimetric Behavior of MOFs

The thermogravimetric profiles of CuTPA, AITPA, TiTPA and ZnTPA were
demonstrated in Appendix, Figure A.1. The CuTPA showed one step weight loss without
significant weight difference up to 336 °C. After that, a sharp increase indicated that
CUuTPA structure was collapsed due to the removal of structural terephthalic acid linkers
from the framework. The two steps weight loss of AITPA corresponded to the release of
the guest molecules (100 °C for water and around 200 °C for DMF) and followed by
transformation into amorphous Al>Oz around 550 °C (Loiseau et al. 2004, Chen et al.
2012). Similarly, TiTPA and ZnTPA displayed two steps weight loss regions due to
evacuation of guest molecules, then degradation of frameworks and production of TiO>
(Moreira et al. 2012, McNamara et al. 2013) and ZnO (Segakweng et al. 2016),
respectively. The thermal stability =~ order  was found to be
AITPA>ZnTPA>TITPA>CUTPA. However, the effectiveness of the purification step to
remove guest molecules was highest for CUTPA indicated by the lowest weight loss in a
single step as a result of longer soxhlet extraction time.
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5.1.2. X-ray Powder Diffraction Pattern of MOFs

The XRD patterns of the CuTPA, AITPA, TiTPA and ZnTPA were shown in
Appendix, Figure A.2. The CuTPA demonstrated the intense characteristic peaks at 8.3,
8.6, 12 and, 16° (20) which were closely compatible with literature (Carson et al. 2009).
Characteristic signals of AITPA were found particularly around 10-20° and the main peak
towards 8.67°, indicating slightly different XRD pattern reported in literature due to the
to the presence of DMF molecules inside the pores (Loiseau et al. 2004, Rallapalli et al.
2011). The XRD analysis of TiTPA illustrated the characteristic peaks of TITPA MOF at
6.7, 9.8 and 12° (20) (McNamara et al. 2013), proving the well-formed TiTPA crystal
structure. The main peaks of ZnTPA at 7.1, 9.7, 13.9° (20) that were well-matched to
literature with some shifting in peak locations probably due to alterations of atomic
orientation in crystal planes by solvent molecules that fill the micropores of ZNTPA (Saha,
Wei, and Deng 2009).

5.1.3. Fourier Transform Infrared Spectroscopy Analysis of MOFs

The FTIR analysis of CuTPA and AITPA were given in Appendix, Figure A.3
and that of TiTPA and ZnTPA were in Figure A.4. For CuTPA, the absorption band in
the region between 1280 and 1650 cm™, characteristic carboxylate and phenyl vibrational
bands were observed. The absence of DMF peaks at 675 cm™ (OCN bending) and 1663
cm (CO stretching) confirmed the effective removal of solvent from MOF structure. The
strong bands at around 1280 cm, 1390 cm™, and 1570 cm attributed to symmetric and
asymmetric stretching of carboxylate groups coordinated to Cu'' center, thereby
approving the CuTPA product of the synthesis (Carson et al. 2009). The AITPA exhibited
absorption bands at 1414 and 1435 cm™ and bands at 1503 and 1604 cm for symmetric
and asymmetric —CO; stretchings, respectively. These values were consistent with the
presence of COO" groups that were coordinated to AI** center (Loiseau et al. 2004). For
TiTPA the band at 1673 cm™ was attributed to carboxyl group from free aromatic
carboxylic acid as the sign of unreacted TPA. The out-of plane vibrations in the region of
1300-700 cm™ confirmed the formation of TiTPA MOF structure (Rada et al. 2015).
ZnTPA exhibited the peaks occurring around 400-530 cm™ characteristic of ZnO
molecules (Arjmandi and Pakizeh 2014). Absorption bands located at around 1507 cm™
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were assigned to the vas(COQO) asymmetric stretching. These values were consistent with

the presence of COO™ groups that are coordinated to zinc (Hermes et al. 2006).

5.1.4. Scanning Electron Micrograph of MOFs

The SEM images of CuTPA, AITPA, TiTPA and ZnTPA were illustrated in
Appendix, Figure A.4. The external morphology of the CuTPA reflected a cubic layered
sheet-like particle with some degree of agglomeration as a result of impurities such as
DMF and unreacted TPA linkers in crystalline structure, the micrographs were
comparable to literature (Phan et al. 2013, Tari et al. 2015). The AITPA demonstrated
irregular shaped crystals in dispersed phases similar to results obtained by Chen et al.
(2012), Chen et al. (2013), and Abedini, Omidkhah, and Dorosti (2014). TiTPA showed
round plate and cubic shaped TiTPA crystals, while ZnTPA presented the regular cubic
shaped crystals consistent with the literature (Rada et al. 2015, Saha, Wei, and Deng
2009).

5.1.5. Textural Analysis of MOFs

The textural characteristics of MOF adsorbents used in the calculations were
stated in Table 4.2.

5.2. Packed Bed Adsorption Studies on MOFs

After the synthesis and characterization of the CuTPA, AITPA, TiTPA and
ZnTPA MOFs having the highest surface areas were packed into bed for detailed
adsorption studies. For each MOF the adsorption studies were categorized into two parts.
In the first part of the study, the experimental breakthrough curves of stream methane
reformer (SMR) components on aforementioned MOFs were obtained under different
flow rates and bed pressures, hence the dynamic behavior of the adsorption bed was
investigated in detail. The second part included the determination of the adsorption
capacities of each MOF for SMR components in cases for pure and binary gas systems
followed by fitting the Langmuir and virial adsorption isotherm models to pure

experimental data and investigation selective separation of SMR components on MOFs.

44



5.2.1. Adsorption Studies on CuTPA

The change in molar percentages for equimolar (50/50%) CO> and H> system at a
total flow rate of 30 mL/min and at 1 bed pressure and 303 K was stated in Figure 5.1.
Only CO2was adsorbed by CuTPA for 2 min and the mole percent of CO, was read as 0,
while the mole percent of H2 was 100%. The time (2 min) when the breakthrough curve
of CO2 rose up from O is called as the breakthrough time or breakpoint of CO». Between
2 and 6 min, the effluent CO, percentage increased while the H, decreased. After 6 min
the equilibrium reached and the CuTPA became saturated, the mole percentages of CO>
and H> were read constant at a value which was the same as the initial (feed) concentration
as 50 and 50%.
The breakthrough behaviors of CO2 and H> in case of higher pressures (5 bar and 10 bar)
were shown in Figure 5.2. The increase in bed operating pressure resulted in the longer
breakthrough times; at 5 bar the breakpoint of CO2 was found as 5 min while at 10 bar it
extended to 9 min. Up to these points the percent CO2 mole was noticed as 0 and Hz was
100%, indicating that CuTPA does only adsorb CO2, not Hz. Even though, considering
H> storage applications, hydrogen adsorption studies on copper based MOFs are present
in literature (Sun et al. 2006, Yan et al. 2009, Lin et al. 2012), but here it was not the case.
Because, literature review revealed that copper based MOFs could adsorb Hz only at very
low temperatures (77 K), not at room temperature (303 K). Besides, comparison between
Figure 5.1 and Figure 5.2 showed that the time when the mole percentage of CO; and H;
effluent read same as the initial feed concentration (50/50%) extended with increasing

bed pressure; from 6 min at 1 bar to 11 min at 5 bar and to 33 min at 10 bar.
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Figure 5.1. Molar percentages of CO; and H. effluent over CuTPA at 303 K (Total
CO2/H; flow rate: 30 mL/min; CO.: e and Hz: A ; Bed pressure: 1 bar)
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Figure 5.2. Molar percentages of CO2 and H: effluent over CuTPA at 303 K (Total
CO./Hz flow rate: 30 mL/min; CO2: @ and Hz: A ; Bed pressures: Sbar (====-)
and 10 bar -ee-eee ))

The effect of pressure on the CuTPA packed bed dynamics at three different total
CO2/H; feed flow was represented in Appendix, Figure A.6 (Ftota: 30 mL/min), Figure
A.7 (Fiotai: 20 mL/min) and Figure A.8 (Fiota: 10 mL/min). As only CO2 component was
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adsorbed by CuTPA in CO2/H; system, the breakthrough curves of CO, were investigated
instead of H>. At a constant feed flow rate, the increase in bed pressure extended the
breakthrough point of CO2 (toreak), consequently the time required for the saturation of
adsorbent (tsat) prolonged. For example, feeding the bed at a rate of 10 mL/min (Figure
A.8), at 1 bar CO, left the column immediately, so the breakthrough point of CO;
observed at time zero, while the breakpoint was reached in 10 min at 5 bar, and in 25 min
at 10 bar. Also, at constant pressure the decrease in feed flow from 30 mL/min (Figure
A.6) to 10 mL/min (Figure A.8) the breakpoint shifted from 5 min to 10 min at 5 bar and
from 9 min to 25 min at 10 bar. It was seen that the breakthrough lines at each specified
pressure diverged with decreasing the flow rate as the external mass transfer resistance
was experienced at the 10 mL/min of feed rate.

The effect of feed flow rate on the bed dynamics were examined at three different
bed pressure in Appendix, Figure A.9, A.10 and A.11. At atmospheric pressure (Figure
A.9) CO exits the bed instantly and the breakpoint of CO; originated from zero for all
feed flow rates, but the time required for saturation of CuTPA (when Cou/Cin: 1.0)
extended with the decrees in feed flow. At 1 bar, the equilibrium (tsat) reached in 6 min
for 30 mL/min, in 11 for 20 mL/min and in 19 min for 10 mL/min of flow rate. With the
increase in bed pressure to 5 bar (Figure A.10) the breakpoint of CO> shifted to 5 min for
30 mL/min, to 7 min for 20 mL/min and to 10 min for 10 mL/min feed rate, while the
saturation time of CuTPA extended to 11 min (30 mL/min), to 17 min (20mL/min) and
38 min (10 mL/min). At 10 bar (Figure A.11) the breakthrough lines at each feed flow
became much more distant to each other, indicating that the breakpoint and saturation
time prolonged and the effect of external mass transfer especially at low flow rates (10
mL/min) strongly experienced. The desorption curves of CO> under different helium flow
rates and bed pressures were given in Appendix, Figure A.12.

The dynamic parameters of CuTPA packed bed and the experimental adsorbed
amount of CO; calculated from the breakthrough curves were given in Table 5.1. The
time allotted for the pressurization of the bed (tpres) decreased with the increase in feed
flow rate. At a flow rate of 10 mL/min the time required to pressurize bed to 10 bar was
25 min while at 30 mL/min it was reduced to 9 min. Also, at constant flow rate of helium
purge gas the time for complete CO, removal (desorption time, tges) rises with increasing
pressure, while at constant bed pressure tqes reduced with the increase in helium flow

accompanied with the decrease in cycle time. At 10 bar, in case of 10 mL/min of helium
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flow the complete removal of CO> was achieved in 56 min and it reduced to 21 min with
increasing the helium flow up to 30 mL/min. Moreover, at constant CO2/H> feed flow (10
mL/min), the unused bed length (Hung) was found about six times lower at 10 bar
compared to 1 bar as a direct relationship between the time CO spent in the bed (the
mean residence time of COg, tco2) that was increased from 4 min (1 bar ) to 28 min (10
bar). The increase in mean residence time of CO> in the CuTPA bed directly resulted in
the increase in adsorbed CO2 amount (qco2). Eventually, the highest adsorbed amount of
CO:2 was calculated at highest operating feed flow and bed pressure (30 mL/min and 10
bar) as 1.61 mmolCO,/gCuTPA at 303 K, while the CO; adsorption capacity of CuUTPA
synthesized by Anbia et al. (2014) was only 0.7 mmolCO2/gCuTPA at 30 bar and 298 K.

To determine the confidence interval of the calculated adsorbed gas amount, at
constant total feed flow of 30 mL/min, at each bed pressure six trials were carried out and
small margin of errors were found. However, the higher pressures the higher margin of
errors were calculated (Table 5.1) as a result of increasing the data points of experimental

breakthrough curves accompanied by longer saturation time.

Table 5.1. The dynamic parameters of CuTPA packed bed and calculated adsorbed
amount of CO2 from experimental breakthrough curves at different bed
operating conditions

TOtf;t];IOW Pressure Tpres tbreak tsat Tdes Teycle Hune | Tcoz (coz
(mL/min) (bar) (min) | (min) | (min) [ (min) | (min) | (cm) | (min) | (MmMolCO2/gCuTPA)

1 0 0 19 8 27 10.2 4 0.17
10 5 10 10 38 34 82 3.1 14 0.55
10 25 25 57 56 138 1.6 28 112
0 0 11 5 16 9.9 3 0.25
20 5 7 7 17 17 41 2.7 9 0.85
10 14 14 37 30 81 1.7 16 1.49

1 0 0 6 8 | 14 | 99 | 2 0.37 % 0.009

30 5 5 | 5 | 11| 9 | 25 |30 7 101+ 0012

10 9 9 | 33 | 21 | 63 | 22 | 20 1.61 % 0.018
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The Langmuir and virial adsorption models fitted to experimental isotherm data
of CO2 on CuTPA was represented in Figure 5.3. With the increase in CO2/H; feed flow
and bed pressure, the adsorbed amount of CO> was sharply increased, even at the highest
bed operating pressure (10 bar) and highest feed rate (30 mL/min) the adsorbed amount
of CO2 was not reached at a constant value, implying that the CuTPA adsorbent was not
saturated yet and the CO> adsorption capacity of CuTPA could be much higher than 1.61
mmolCO,/CuTPA at higher pressures and feed flows. Besides, it was shown that both
models fitted well with the experimental data and the corresponding model parameters

were given Table 5.6.
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Figure 5.3. Adsorption isotherms of CO. on CuTPA at 303 K (Symbols: experimental
data at CO2/H; total flow rate of 10 mL/min (e), 20 mL/min (A) and 30
mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min; (=== ), 20 mL/min: ¢----) and 30

mL/min; &—3)

The molar percentages for equimolar (50/50%) CH4 and H2 system at a total flow
rate of 30 mL/min and three different bed pressures was stated in Figure 5.4. With the
increase in bed pressure the first time that CH4 leaves the bed and the time that molar
percent of CH4 at the exit of the bed reaches the inlet value (50%) were extended. Besides,
it was observed that similar to CO2/H. system adsorption studies (Figure 5.1 and Figure
5.2), for CHa/H2 system CuTPA only adsorbed CH4 component, not H; at 303 K.
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Figure 5.4. Molar percentages of CH4 and H; effluent over CuTPA at 303 K (Total
CHa/H: flow rate: 30 mL/min; CHas: @ and Hz: A ; Bed pressures: 1bar ——,
5bar €----), 10 bar (--eee- ))

The effect of pressure and CH4/H> feed flow on CH4 breakthrough curves was
established in Figure 5.5. In case of high feed flow (30 mL/min) the curves were strictly
parallel to each other at each bed pressure, indicating that at high flow rates the CH4
adsorption mechanism and dynamics was independent of pressure and external mass
transfer resistance was eliminated. At 20 mL/min feed rate the parallel tendency of
breakthrough curves almost maintained, but decreasing the rate down to 10 mL/min the
curves became distant especially for curve of 10 bar at which external mass transfer
resistance was experienced. At low pressure (1bar) curves belongs to 30 and 20 mL/min
feed rate overlapped, suggesting that similar CH4 adsorption mechanism takes place at
these conditions. However, at high pressures decrease in feed rate directly affected the
bed dynamics and the curve of 10 mL/min separated as a result of external mass transfer
resistance. With the increase in bed pressure the distance between the CH4 breakthrough
curves became more apparent even for high feed flow case with negligible external mass
transfer resistance, therefore the adsorption mechanism was possibly under the control of

the internal mass transfer at high pressures.
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Figure 5.5. CH4 adsorption breakthrough curves over CuTPA (Total CH4/H; feed flow
rate: 30 mL/min &———), 20 mL/min (-=--- ) and 10 mL/min ¢.-.......); Bed
pressures: 1bar (e), Sbar (m) and 10 bar (A))

The time based dynamic parameters of CuTPA bed and the calculated adsorbed
amount of CH4 calculated were given in Table 5.2. As corroborated by CH4 breakthrough
curves obtained at different bed operating conditions, at CH4/H. feed flow, the increase
in pressure extended time for bed pressurization, time for breakpoint and mean residence
time of CHj inside the bed, consequently rise in the adsorbed CH4 amount. The highest
amount of CH4 adsorbed by CuTPA was calculated as 1.50 mmolCH4/gCuTPA at 10 bar
and 30 mL/min feed flow, whereas the CH4 adsorption capacity of CuTPA synthesized
by Anbia et al. (2014) was 6.5 mmolCH.4/gCuTPA at 10 bar and 8.0 mmolCH4/gCuTPA
at 30 bar and 298 K. The Langmuir and virial model parameters calculated for CHs were
given in Table 5.6. The experimental CH4 adsorption isotherms and the fitted models
were perfectly overlapped as shown in Figure 5.6. The increase in pressure and feed flow
caused a steep increase in adsorbed CH4 amount. Even at the highest pressure and feed
rate operated in the study, the adsorbed amount of CH4 was not reach a constant value,

implying that the CuTPA was not saturated for CHg, yet.
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Table 5.2. The dynamic parameters of CuTPA packed bed and calculated adsorbed
amount of CHs4 from experimental breakthrough curves at different bed
operating conditions

Total flow p
rate r(;)ssure tpl:es tbrgak T&:it Huns TCH4 | (cH4
(mL/min) (bar) (min) | (min) | (min) | (cm) | (min) | (MmMOICH4/gCUTPA)
1 0 0 10 5.4 4 0.16
10 5 9 9 20 2.6 12 0.44
10 22 22 32 1.3 24 0.93
0 0 9 9.8 2 0.18
20 5 6 6 16 2.3 7 0.68
10 13 13 23 1.4 14 1.33
1 0 0 6 9.8 1 0.16 & 0.005
30 5 4 4 19 3.1 5 0.80 £ 0.007
10 9 9 15 17 10 1.50 £ 0.011
1.60
< 1.50
2 1.40
3 130
{fr 1.20
T 110
—g 1.00
£ 0.90
< 0.80
8 070
S 0.60
(2]
T 0.50
£ 0.40
3 0.30
£ o020
0.10
0.00

12

Pressure (bar)

Figure 5.6. Adsorption isotherms of CHs on CuTPA at 303 K (Symbols: experimental
data at CH4/H> total flow rate of 10 mL/min (e), 20 mL/min (A) and 30
mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min: {.-....., 20 mL/min: €----) and 30

mL/min; +——))

The change in molar percent for equimolar (50/50%) CO/H. system at a total flow
rate of 30 mL/min at different bed pressures was stated in Figure 5.7. As previously
investigated for CO2/H2 and CHa/H2 systems in detail, it was ensured that the CuTPA
adsorbed only CO component in CO/H> system at 303 K.
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Figure 5.7. Molar percentages of CO and H> effluent over CUTPA at 303 K (Total CO/H>
flow rate: 30 mL/min; CO: e and H2: A ; Bed pressures: 1bar ¢ ), Sbar

====) 10 bar feeeesese: )

The change in CuTPA packed bed dynamics with total feed flow rate of CO/H;
system and bed pressure given in Figure 5.8. At low bed pressure (1 bar), the change in
feed flow did not affect the bed dynamics, the breakpoint of CO originates from time zero
and the breakthrough lines overleaped for all three feed flows, hence the impact of mass
transfer resistance was eliminated at low pressure regardless of the feed rate. With the
increase in bed pressure the distance CO breakthrough lines specific to each feed flow
became more apparent, at highest bed pressure (10bar) and lowest feed rate (10 mL/min)
the bed dynamics changed noticeably, the breakpoint of CO and the saturation time of the
adsorbent extended greatly. The desorption curves of CO was in Appendix, Figure A.13.
The dynamic factors evaluated from CO breakthrough curves were exhibited in Table 5.3.
The highest adsorbed CO amount was calculated as 1.47 mmolCO/gCuTPA at 10 bar and
303 K under 30 mL/min CO/H; feed flow, whereas the CO adsorption capacity of CUTPA
synthesized by Anbia et al. (2014) was only 0.5 mmolCO/gCuTPA at 30 bar and 298 K.
The experimental CH4 adsorption isotherms with fitted Langmuir and virial models were

demonstrated in Figure 5.9 and the model parameters were given in Table 5.6.
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Figure 5.8. CO adsorption breakthrough curves over CuTPA (Total CO/H feed flow rate:
30 mL/min &9, 20 mL/min £====) and 10 mL/min (--e-... ); Bed pressures:
1bar (e), Sbar (m) and 10 bar (A))

Table 5.3. The dynamic parameters of CuTPA packed bed and calculated adsorbed
amount of CO from experimental breakthrough curves at different bed

operating conditions

Total
flow rate Pressure tpfes tbr§ak ts?lt td_es tcy_cle Huns ‘I'C_O qco
- (bar) (min) | (min) | (min) | (min) | (min) (cm) (min) | (mmolCO/gCuTPA)
(mL/min)
1 0 0 6 47 53 9.9 3 0.10
10 5 11 11 21 65 97 19 13 0.47
10 28 28 51 64 143 0.9 29 1.09
6 26 32 9.9 2 0.13
20 5 6 6 12 34 52 2.3 7 0.67
10 13 13 19 40 72 15 14 1.30
1 0 0 6 21 | 27 | 98 1 0.16 + 0.021
30 5 4 4 | 10 | 21 | 35 | 26 | 5 0.74 £ 0.028
10 9 9 15 | 26 | 50 | 1.6 | 10 1.47 £ 0.033
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Figure 5.9. Adsorption isotherms of CO on CuTPA at 303 K (Symbols: experimental data
at CO/H> total flow rate of 10 mL/min (e), 20 mL/min (A) and 30 mL/min
(m); black lines: Langmuir model, grey lines: virial model applied for total
feed flow rates of 10 mL/min: (-eeeee ), 20 mL/min: €----) and 30 mL/min:

)

The comparison of adsorption capacity of CuTPA adsorbent for steam methane
reformer off-gas components was given in Table 5.4. Under covered operating conditions,
at constant flow rate the adsorbed CO,, CH4 and CO amounts was increased with rise in
pressure; at constant pressure the rise in feed flow increases the adsorbed amounts, thus
the highest CO., CH4 and CO adsorption capacities of CUTPA was reached at 30 mL/min
feed flow at 10 bar.

At each pressure and feed flow, the order of adsorbed gas amounts (from more
adsorbed compound to the less) over CuTPA was found as CO>>CH4>CO. The order of
adsorbed gas amounts was compatible with literature (Yang et al. 2012, Karra et al. 2013,
Silva et al. 2013, Wu et al. 2014, Yang, Sitprasert, et al. 2015, Tari et al. 2016a, b) on
copper based MOFs synthesized from different organic ligands and different synthesis
routes. The reason of more favorable adsorption of CO, among CH4 and CO relies on the
molecular properties of the gases (Table 5.5). The kinetic diameter of CO- is the smallest
which enables faster and easier penetration of CO2 molecules inside the micropores of
CuTPA. Besides, high quadrupole property of CO. leads to respectively stronger
interaction between CO2 molecule and the CuTPA surface that comprise of positive and

negative charges of Cu?* and COO". Although, CH4 larger kinematic diameter than CO,

55



due to higher polarizability of CH4 the interactions between CH4 molecule and CuTPA

surface are enhanced resulted in more favorable adsorption of CH4 than CO molecule.

Table 5.4. Adsorbed amounts of CO2, CH4 and CO obtained from pure component
breakthrough curves on CuTPA at 303 K

TOtf;tfeIOW Pressure qco2 qcH4 gco
. (bar) (mmolCO2/gCuTPA) (mmolCH4/gCuTPA) (mmolCO/gCuTPA)
(mL/min)
1 0.17 0.16 0.10
10 5 0.55 0.44 0.47
10 1.12 0.93 1.09
0.25 0.18 0.13
20 5 0.85 0.68 0.67
10 1.49 1.33 1.30
0.37 0.16 0.16
30 5 1.01 0.80 0.74
10 1.61 1.50 1.47
Table 5.5. Molecular properties of studied gases
(Source: adapted from (Agueda et al. 2015))
Gas Polarizability Dipole moment Quadrupole moment Kinetic diameter
(A3 (Debye) (Debye-A) A)
CO; 2.51 0 4.28 3.3
CH4 2.45 0 0 3.8
Co 1.95 0.11 2.84 3.6

The Langmuir and virial model parameters fitted to experimentally obtained CO2,
CHs and CO adsorption isotherms were obtained at a total feed flow of 30 mL/min, at 10
bar and stated in Table 5.6. As seen from the adsorption isotherms (Figure 5.3, Figure 5.6
and Figure 5.9) amount adsorbed did not reach a constant value and the saturation of
CuTPA was not achieved, that is why formation monolayer coverage could not be ensured
on CuTPA adsorbent.

The Langmuir constant, « is directly related to binding energy or affinity of the
adsorption system, while the Henry’s constant calculated by virial model dictates the
average interaction energy of single gas molecule with the adsorbent surface. As
examined readily in detail, CO, was adsorbed more favorably by CuTPA due to its
molecular properties (Table 5.5), therefore the highest affinity constant and Henry’s

constant was calculated for CO., followed by CH4 and CO which in the same order of
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adsorption capacity of CuTPA for these molecules. The higher correlation coefficients
(R?) and lower sum of squares of the errors (ERRSQ) with narrower margin of errors was

found for virial isotherm model (Table 5.6).

Table 5.6. Langmuir and virial model parameters of pure CO2, CH4 and CO components

on CuTPA at 303 K (Total feed flow: 30mL/min, bed pressure: 10 bar)

Langmuir Model Parameters
CO2 CH4 CcoO
gm (mmolg?) 2.677 X 0.041 11.48 £ 0.022 67.97 £ 0.082
« (bar?) 0.137% 0.001 0.015 = 0.001 0.002 £ 0.008
R? 0.9996 0.9998 0.9998
ERRSQ 0.0122 0.0001 0.0012
Virial Model Parameters
CO2 CH4 (e{0)
H (mmolgtbar) 0.338 £ 0.013 0.175 £ 0.011 0.148 £ 0.013
b 0.467 £ 0.007 0.102 & 0.004 0.002 * 0.009
c 0 0 0.0035
R? 0.9997 0.9999 0.9999
ERRSQ 0.0093 0.00007 0.0001

The CO2/CHg binary adsorption studies was carried out three different total feed
flows (10, 20 and 30 mL/min) and three different bed pressures (1, 5 and 10 bar) and the
breakthrough curves for equimolar CO2/CH4 system on CuTPA at 303 K were given in
Figure 5.10, 5.11 and 5.12. For CO2/CHg4 binary system, CH4 was the lighter component
having relatively weak molecular interaction with the adsorbent while it was displaced by
preferentially adsorbed component or namely, heavy component CO». Therefore, CHs
breakthrough curve exhibited roll-up area, where the flow rate at the column exit
exceeded the feed flow rate for some period of time. This phenomenon could be explained
by the partial desorption of CH4 due to the adsorption of CO2, which causes CH4 flow
rate to rise above the feed flow rate. At constant CO»/CHjs feed flow the increase in bed
pressure increases the roll-up of CHa, also at constant bed pressure the rise in feed flow

decreases the roll-up of CHa.
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Figure 5.10. Effect of pressure on CO, and CHgs adsorption breakthrough curves over
CuTPA (Total CO2/CHg4 flow rate: 30 mL/min; CO: e and CHas: A, Bed
......... )
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Figure 5.11. Effect of pressure on CO2 and CHs adsorption breakthrough curves over
CuTPA (Total CO2/CHgs flow rate: 20 mL/min; CO2: e and CHa4: A, Bed
......... )

pressures: 1bar ——), Sbar ¢----) and 10bar ¢
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Figure 5.12. Effect of pressure on CO, and CHs adsorption breakthrough curves over
CuTPA (Total CO2/CHgs flow rate: 10 mL/min; CO2: e and CHa4: A, Bed

pressures: 1bar ——, Sbar £----) and 10bar (--------))

The comparison of adsorbed CO, and CH4 amounts between pure component
systems (CO2/H; and CH4/H>) and binary system (CO2/CH.) was given in Table 5.7. In
CO2/CHa binary system competitive adsorption was observed and both CO2 and CHas
components were adsorbed by CuTPA, while in pure systems carrier gas H> did not
adsorbed by CuTPA as an indication of noncompetitive adsorption. The ideal and real
selectivities of CuTPA for CO2 over CH4 was given in Appendix, Table A.1. In the
pressure and feed rate range covered in the study, it was seen that the selectivity of CUTPA
was around 1 implying that CUTPA was not a suitable adsorbent to separate equimolar
CO2/CHa binary mixture, but the highest selectivity of binary system was reached as 3.11

at 10 mL/min and 1 bar at 303 K.
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Table 5.7. Adsorbed amounts of CO2 and CHa in pure (CO2/H. and CH4/H>) and binary
(CO2/CHa) systems on CuTPA at 303 K

Total Pressure Adsorbed Amount in Pure System Adsorbed Amount in Binary System
flow rate (bar) gco2 OcHa (co2 QcH4
(mL/min) (mmolCO2/g) (mmolCHa/g) (mmolCO2/g) (mmolCHa/g)

0.17 0.16 0.15 0.05

10 5 0.55 0.44 0.52 0.23
10 1.12 0.93 1.10 0.65

1 0.25 0.18 0.22 0.13

20 5 0.85 0.68 0.68 0.62
10 1.49 1.33 1.26 1.15

0.37 0.16 0.16 0.13

30 5 1.01 0.80 0.87 0.77
10 1.61 1.50 1.52 1.48

The influence of type of carrier gas used in the pure component adsorption studies
was also examined on CuTPA. Despite the fact that the non-adsorptive behavior of H>
carrier gas was previously asserted by the breakthrough curves of CO2/H,, CH4/H2 and
CO/H> systems on CuTPA, gas systems that carried by inert helium flow were also
checked. The breakthrough curves of equimolar CO./He, CHs/He and CO/He systems
were obtained at a constant total feed flow of 20 mL/min at bed pressures of 1, 3, 5, 8 and
10 bar. The mole percent of CO2/He effluent over CuTPA were demonstrated in Figure
5.13 and those for CH4/He and CO/He were given in Appendix, Figure A.14 and A.15,
respectively. The mole percent graphs indicated the non-adsorptive behavior of He was

ensured as for Ho.
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Figure 5.13. Molar percentages of CO and He effluent over CuTPA at 303 K (Total
COg2/He flow rate: 20 mL/min; CO2: e and H.: A; Bed pressures: lbar

), 3bar €----), 5bar (---.---}, 8bar (~ - =) and 10bar (— —))

The breakthrough curves obtained in case of He and Hz carrier gases were given
in Figure 5.14 for COy, in Figure 5.15 for CH4 and in Figure 5.16 for CO gas systems. It
was observed that the type of carrier gas slightly influenced the bed dynamics; the
breakpoint of CO,, CH4 and CO and the time required to reach equilibrium were not
changed, but the mean residence time of gases inside the bed (area above the curve until
Cout/Cin: 1.0) was marginally changed with the type of carrier gas. Regardless of the type
of carrier gas, the parameter that strongly influenced the breakthrough characteristics was

the bed operating pressure.
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Figure 5.14. Effect of pressure on CO. adsorption breakthrough curves obtained for
CO2/He and CO2/H> gas systems over CUuTPA (Total feed flow rate: 20

mL/min; Bed pressures: 1bar (e), 3bar (m), Sbar (#), 8bar (A ) and 10 bar
(%); CO2/He system (——) and CO2/H2 system (--ssesee ))
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Figure 5.15. Effect of pressure on CH4 adsorption breakthrough curves obtained for
CHa/He and CH4/H2 gas systems over CuTPA (Total feed flow rate: 20
mL/min; Bed pressures: 1bar (e), 3bar (m), Sbar (#), 8bar (A ) and 10 bar
(%); CHa/He system &——) and CHa/H2 system (:-:---:2))
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Figure 5.16. Effect of pressure on CO adsorption breakthrough curves obtained for
CO/He and CO/H2 gas systems over CuTPA (Total feed flow rate: 20
mL/min; Bed pressures: 1bar (e), 3bar (m), Sbar (#), 8bar (A ) and 10 bar

(x); CO/He system (———) and CO/Hz system (.-.e----))

The influence of type of the carrier gas on the adsorbed gas amounts was given in

Table 5.8. At each bed, operating pressure the adsorbed amount of CO,, CH4 and CO

amounts were slightly higher when helium carrier was used. In contrast to inert gas He,

hydrogen has molecular polarizability and quadrupole moment which could be involved

molecular interaction between adsorbent surface resulted in reduction of adsorption

capacity of CuTPA for CO2, CH4 and CO components.

Table 5.8. Comparison of adsorbed gas amounts in case of different type of carrier gas
over CUTPA (Total feed flow: 20 mL/min)

(gco2 (cHa4 qco
(mmol/CO2/gCuPTA) (mmol/CH4/gCuPTA) (mmol/CO/gCuPTA)
Pressure (bar) COz2/He CO2/H2 CHa/He CH4/H2 CO/He CO/H:

1 0.20 0.25 0.15 0.18 0.14 0.13
3 0.50 - 0.45 - 0.40 -
5 0.80 0.85 0.71 0.68 0.70 0.67
8 1.20 - 1.12 - 1.10 -
10 1.44 1.49 1.34 1.33 1.34 1.30
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5.2.2. Adsorption Studies on AITPA

The change in molar percentage of CO2, CH4 and CO effluents with bed pressure
at a constant feed flow of 30 mL/min of CO2/H2, CH4/H2 and CO/H: systems at 303 K
were given in Figure 5.17, 5.18 and 5.19, respectively. Up to breakpoint of CO2, CH4 and
CO, the molar percentages of compounds were read as zero, while H, was 100%

indicating that H2 was not adsorbed by AITPA similar to the case for CUTPA.
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Figure 5.17. Molar percentages of CO, and H: effluent over AITPA at 303 K (Total
CO2/H2 flow rate: 30 mL/min; CO2: e and H2: A; Bed pressures: lbar

—, 5bar £=---), 10 bar (- ))
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Figure 5.18. Molar percentages of CH4 and H: effluent over AITPA at 303 K (Total
CHa/H; flow rate: 30 mL/min; CHs: e and H: A; Bed pressures: lbar

), Sbar ¢----), 10 bar - ))
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Figure 5.19. Molar percentages of CO and Hz effluent over AITPA at 303 K (Total CO/H:
flow rate: 30 mL/min; CO: e and Hz: A; Bed pressures: lbar ——),
Sbar €=---), 10 bar ¢-------+))

65



The dynamic behavior of AITPA packed bed under CO2/H2, CH4/H, and CO/H>
flows was demonstrated in Figure 5.20, 5.21 and 5.22 respectively. At constant pressure,
decrease in the feed flow elongates the breakpoint of adsorptive components as well as
the saturation time of the AITPA. The effect of pressure on the bed dynamics became
dominant especially for low feed rates; the rise in pressure at a feed rate of 10 mL/min
extremely prolonged the residence time of CO2, CHs and CO inside the bed. The
desorption curves of CO: (Figure 5.23) was obtained by feeding helium purge gas. At
constant He flow, the time required for complete removal of CO, from AITPA sharply
rises with rise in bed pressure, especially at low He flow (10 mL/min). The same tendency
in desorption curves was observed for CHs and CO components (Appendix, Figure A.16
and Figure A.17).
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Figure 5.20. CO- adsorption breakthrough curves over AITPA (Total CO2/H> feed flow
rate: 30 mL/min &, 20 mL/min ¢====) and 10 mL/min g« ); Bed
pressures: 1bar (e), Sbar (m) and 10 bar (A))
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Figure 5.21. CH4 adsorption breakthrough curves over AITPA (Total CH4/H: feed flow
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Figure 5.22. CO adsorption breakthrough curves over AITPA (Total CO/H; feed flow

rate: 30 mL/min &), 20 mL/min ¢----) and 10 mL/min §-------- ); Bed
pressures: 1bar (e), Sbar (m) and 10 bar (A))
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Figure 5.23. CO2 desorption curves over AITPA (He purge flow rate: 30 mL/min ——,
20 mL/min (===-- ) and 10 mL/min ¢eeeeeeees ); Bed pressures: 1bar (e), Sbar
(m) and 10 bar (A))

The dynamic parameters for AITPA packed bed were given in Appendix, in Table
A.2 for CO2/H2, in Table A.3 for CH4/Hz and in Table A.4 for CO/H. system. The
Langmuir and virial model parameters of pure CO2, CHsand CO components on AITPA
were given in Table A.5. The graphs of fitted adsorption isotherm models to experimental
CO., CHs and CO isotherms were illustrated in Appendix, Figure A.18, A.19 and A.20,
respectively.

The adsorbed amount of SMR components on AITPA was compared in Table 5.9.
The same order of adsorption capacity determined for CUTPA was maintained for AITPA;
the highest adsorption capacity of AITPA was for CO, followed by CH4 and then CO.
Therefore, as evaluated in detail for CUTPA, the adsorption mechanisms of CO,, CH4 and
CO were greatly dictated by the molecular properties of adsorptive gases (Table 5.5) that
enable the interaction between adsorptive and adsorbent surface. Moreover, the adsorbed
gas amounts were increased with pressure and flow rate, and the highest adsorption
capacity of AITPA for CO2 (5.54 mmolCO2/gAITPA), CH4 (3.16 mmolCH4/gAITPA)
and CO (2.59 mmolCO/gAITPA) was reached at 30 mL/min and 10 bar. The Basolite
A100 powder used by Heymans, Vaesen, and De Weireld (2012) for acidic gas separation
adsorbed 4.9 mmolCO./gAITPA of COz and 3.8 mmolCH4/gAITPA of CH4 at 10 bar and
303 K. The adsorption capacity of commercial AITPA (Basolite A100) pellets used by
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Ferreira et al. (2015) for biogas upgrading was 2.3 mmolCO2/gAITPA for CO2 and 0.5
mmol/gCH4 for CH4 at 1 bar and 303 K.

Table 5.9. Adsorbed amounts of CO2, CH4 and CO obtained from pure component
breakthrough curves on AITPA at 303 K

TOtf ;tfelow Pressure (co2 QcH4 gco
(mL/min) (bar) (MmMOICO/gAITPA) | (MmOICH4/gAITPA) (mmolCO/gAITPA)

1 0.80 0.22 0.14

10 5 2.56 1.15 0.75

10 4.19 2.14 1.46

1.14 0.41 0.22

20 5 3.36 1.62 1.13

10 5.47 2.99 221

1.19 0.45 0.31

30 5 3.41 1.73 1.26

10 5.54 3.16 2.59

The CO2/CHa4 binary breakthrough curves at different bed operating conditions on
AITPA were established in Appendix, Figure A.21, A.22 and A.23. Based on the
calculated amount CO; and CH4 adsorbed in pure and binary systems (Table 5.10), the
selectivity of CO2 over CH4 was determined at each operating conditions and calculated
selectivities were given in Appendix, Table A.6. The ideal selectivity was determined for
noncompetitive adsorption for pure systems that carried by hydrogen (CO2/H. and
CHa/Hz2), while the real selectivity was calculated in case of competitive binary system
(CO2/CHa4). At constant feed rate, the rise in bed pressure decreased both ideal and real
selectivity, while at constant bed pressure increase in feed rate resulted in rise of the
selectivities (Figure 5.24). Moreover, the real selectivity was higher than ideal selectivity
for all pressures and feed rates as a result of the competitive adsorption in CO2/CHa
system that reduces the amount of CH4 more than CO> adsorbed. The highest ideal (3.6)
and real (7.5) selectivities of AITPA for CO2 over CH4 were found at a feed rate of 10
mL/min and 10 bar at 303 K. The noticeably high selectivities of AITPA achieved in this
study showed that AITPA was a potential candidate for the selective separation of SMR
components. The binary equimolar CO2/CH4 adsorption experiments conducted by Finsy
et al. (2009) resulted in selectivity of 7.9 at 2.2 bar and 4.0 at 8 bar, while examined by
Ferreira et al. (2015) gave real selectivity of 4 at 4 bar at 303 K.
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Table 5.10. Adsorbed amounts of CO, and CH4 in pure (CO2/H2 and CH4/H>) and binary
(CO2/CH34) systems on AITPA at 303 K

Total Pressure Adsorbed Amount in Pure System Adsorbed Amount in Binary System
flow ra_te (bar) gcoz OcHa qcoz qcHa
(mL/min) (mmolCO2/g) (mmolCHa/g) (mmolCO2/g) (mmolCHa/g)

0.80 0.22 0.78 0.10

10 5 2.56 1.15 2.53 0.49

10 4.19 2.14 4.08 1.25

1 1.14 0.41 0.73 0.12

20 5 3.36 1.62 3.27 0.92

10 5.47 2.99 5.05 2.02

1.19 0.45 0.36 0.09

30 5 3.41 1.73 3.13 1.17

10 5.54 3.16 4.36 2.22
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Figure 5.24. Effect of bed pressure and feed flow rate on ideal and real selectivities of
AITPA for CO: over CHs at 303 K (ldeal selectivity ),
Real selectivity (------); Total feed flow rate: 10 mL/min (e), 20 mL/min
(A) and 30 mL/min (m))

5.2.3. Adsorption Studies on TiTPA

The molar percentages of CO2/H,, CH4/H, and CO/H> systems over ZnTPA were
demonstrated in Appendix, Figure A.24, A.25 and A.26, respectively. It was confirmed
that TITPA adsorbed only SMR components, not H» at 303 K, hence the noncompetitive
pure component adsorption on TiTPA was subjected, as in CuTPA and AITPA. The
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experimental breakthrough curves of CO,, CHs and CO obtained from TiTPA packed bed
were established in Figure 5.25, 5.26 and 5.27, respectively. The breakthrough curves of
CO:2 were widespread and the dynamic parameters of breakpoint time, saturation time,
consequently the mean residence time were longer than curves for CHs and CO as an
indication of preferable adsorption of CO.. Breakthrough profiles for CH4 and CO at each
flow rate were orderly parallel to each other suggesting that similar adsorption dynamics
were followed and the effect of feed rate on the adsorption mechanism could be neglected
and except for the low feed rate (10 mL/min) where the external mass transfer resistance
was intensely experienced. The desorption curves were given in Appendix, Figure A.27,
A.28 and A.29 for CO2, CH4 and CO, respectively. The time based dynamic parameters
of TiTPA packed bed obtained by experimental breakthrough curves of CO2/H>, CH4/H>
and CO/H2 systems were in Appendix, Table A.7, A.8 and A.9, respectively.
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Figure 5.25. CO; adsorption breakthrough curves over TiTPA (Total CO2/H> feed flow
rate: 30 mL/min &, 20 mL/min ¢====) and 10 mL/min {-------- ); Bed
pressures: 1bar (e), Sbar (m) and 10 bar (A))
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Figure 5.26. CHa adsorption breakthrough curves over TiTPA (Total CH4/H; feed flow

rate: 30 mL/min (), 20 mL/min ¢=-==} and 10 mL/min ¢ ); Bed
pressures: 1bar (@), Sbar (m) and 10 bar (A))
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Figure 5.27. CO adsorption breakthrough curves over TiTPA (Total CO/H; feed flow
rate: 30 mL/min &, 20 mL/min ¢----) and 10 mL/min (=== ); Bed
pressures: 1bar (e), Sbar (m) and 10 bar (A))

The adsorbed amount of SMR components on TiTPA was stated in Table 5.11.
As breakthrough curves revealed that, CO, was most favorably adsorbed, followed by

CH4 and CO as a result of molecular properties of components as examined previously
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(Table 5.5). The highest adsorption capacities of TITPA were 5.20 mmolCO2/gTiTPA for
COo, 3.25 mmolCH4/gTiTPA for CHs and 1.91 mmolCO/gTiTPA for CO at 30 mL/min,
10 bar at 303 K. For comparison, the TiTPA synthesized by Rada et al. (2015) adsorbed
2.1 mmolCO2/gTiTPA of CO; at 5 bar and 2.9 mmolCO2/gTiTPA at 10 bar, and the
adsorbed CH4 amounts were 0.5 mmolCH4/gTiTPA at 5 bar and 1.3 mmolCH4/gTiTPA
at 10 bar 298 K. TiTPA studied by Wiersum et al. (2013) adsorbed 9 mmolCO2/gTiTPA
of COz at 10 bar and 10.1 mmolCO2/gTiTPA at 50 bar and 4.2 mmolCH4/TiTPA of CH4
at 10 bar and 7.1 mmolCH4/gTiTPA at 50 bar 303 K. The Langmuir and virial model
parameters of SMR components over TiTPA were given in Appendix, Table A.10 and
the model isotherms fitted to experimental data (Appendix, Figure A.30, A.31 and A.32)
revealed that TiTPA was not saturated yet by SMR components in the pressure and flow
rate range operated in this study.

Table 5.11. Adsorbed amounts of CO., CH4 and CO obtained from pure component
breakthrough curves on TiTPA at 303 K

Total flow

rate Pressure qco2 QcH4 gco
(mL/min) (bar) (mmolCO2/gTiTPA) (mmoICH4/gTiTPA) (mmolCO/gTiTPA)

1 0.80 0.26 017

10 5 2.47 0.89 0.56
10 4,71 2.08 1.40

118 051 0.49

20 5 2.88 1.04 0.90
10 5.17 27 1.80

1.25 0.82 0.80

30 5 3.01 1.34 1.15
10 5.20 3.25 191

The effect of bed pressure (Figure A.33, A.34 and A.35) and the feed rate (Figure
A.36, A.37 and A.38) on CO2/CHa binary breakthrough curves on TiTPA at 303 K were
given in Appendix. According to CO2 and CH4 adsorbed amounts (Table 5.12), the ideal
and real selectivities (Appendix, Table A.11) were calculated for pure and binary systems,
respectively. In this study, the highest ideal selectivity for CO, over CH4 (3.1) and the
real selectivity (8.0) was achieved at 10 mL/min of feed rate and 10 bar at 303 K. The
ideal selectivities reached by Abid et al. (2016) was 6.0 at 1 bar and 4.2 at 5 bar at 298 K,
while the ideal selectivity found by Wiersum et al. (2013) was 2.1 at 10 bar and 1.42 at
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50 bar and the highest real selectivity was 4.3 at 4 bar at 303 K. The ideal selectivity of

TiTPA was slightly changed with pressure, whereas the real selectivity was greatly

influenced with the rise in bed pressure and feed rate (Figure 5.28).

Table 5.12. Adsorbed amounts of CO, and CHa in pure (CO2/H2 and CH4/H) and binary

(CO2/CHj4) systems on TiTPA at 303 K.

Total Pressure Adsorbed Amount in Pure System Adsorbed Amount in Binary System
flow ra}te (bar) gco2 OcHa4 (co2 OcH4
(mL/min) (mmolCO) (mmolCHa/g) (mmolCOa/g) (mmolCHa/g)

1 0.80 0.26 0.73 0.09
10 5 2.47 0.89 2.42 0.44
10 4.71 2.08 4.67 1.25
1.18 0.51 1.03 0.15
20 2.88 151 2.83 0.73
10 5.17 29 490 1.90
1 1.25 0.62 1.06 0.20
30 5 3.01 1.78 2.94 1.05
10 5.20 3.25 4.36 2.12
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Figure 5.28. Effect of bed pressure and feed flow rate on ideal and real selectivities of

TiITPA for CO, over CHs at 303 K (ldeal selectivity ¢

),

Real selectivity (-=---- ); Total feed flow rate: 10 mL/min (e), 20 mL/min
(A) and 30 mL/min (m))
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5.2.4. Adsorption Studies on ZnTPA

The non-adsorbed behavior of carrier gas H> in CO2/H,, CH4/H> and CO/H>
systems on ZnTPA were checked by the effluent molar percentages of CO2, CH4 and CO
in presented at Appendix, Figure A.39, A.40 and A.41. The experimental breakthrough
curves of SMR components over ZnTPA at different bed operating conditions were stated
in Figure 5.29, 5.30 and 5.31 for CO2, CH4 and CO, respectively. At atmospheric pressure
the SMR components left the bed immediately and the curves belongs to high flow rates
(30 mL/min and 20 mL/min) were overlapped. The impact of external mass transfer
resistance were negligible at higher flow rates (30 mL/min) as the curves were strictly
parallel to each other at each bed pressure. The distance between breakthrough curves
extended at lower flow rates, especially at 10 mL/min feed rate and 10 bar, the effect of
external mass transfer intensively experienced. The desorption curves of SMR
components were given in Appendix, Figure A.42 and A.43. The dynamic parameters
evaluated over ZnTPA bed were demonstrated in Table A.12, A.13 and A.14 for COg,
CHs4 and CO, respectively. Since the increase in bed pressure at constant feed rate,
prolonged the time spent (1) of SMR components inside the bed and the bed was used
more efficiently, so the Hung decreased. On the other hand, at constant bed pressure, rise

in feed rate caused to decrease in t, consequently increase in Hung.
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Figure 5.29. CO; adsorption breakthrough curves over ZnTPA (Total CO2/H; feed flow
rate: 30 mL/min (&=, 20 mL/min £---=) and 10 mL/min {:--s=-- ); Bed
pressures: 1bar (e), Sbar (m) and 10 bar (A))
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Figure 5.30. CHg4 adsorption breakthrough curves over ZnTPA (Total CH4/H> feed flow
rate: 30 mL/min &, 20 mL/min €---=) and 10 mL/min {---eee- ); Bed
pressures: 1bar (@), Sbar (m) and 10 bar (A))
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Figure 5.31. CO adsorption breakthrough curves over ZnTPA (Total CO/H; feed flow
rate: 30 mL/min &), 20 mL/min ¢----) and 10 mL/min (=== ); Bed
pressures: 1bar (e), Sbar (m) and 10 bar (A))

The adsorbed amounts of SMR components on ZnTPA at 303 K were listed in
Table 5.13. The adsorption capacity of ZnTPA was higher for CO, among SMR
components due to higher polarizability and quadrupole moment of CO> that enables the

stronger interaction with ZnTPA surface. The highest adsorbed amounts over ZnTPA
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were calculated as 2.11 mmolCO2/gZnTPA for CO,, 1.90 mmolCH4/gZnTPA for CHa
and 1.83 mmolCO/gZnTPA for CO at 30 mL/min and 10 bar. The commercial ZnTPA
investigated by Karra and Walton (2010) adsorbed 3.8 mmolCO2/gZnTPA of CO> and
2.1 mmolCO/gZnTPA of CO at 1 bar 298 K, while the ZnTPA synthesized by Mishra et
al. (2012) adsorbed 1.1 mmolCO./gZnTPA of CO; at 10 bar and 2.6 mmolCO2/gZnTPA
at 50 bar and the adsorbed CH4 amount was 0.24 mmolCH4/gZnTPA at 10 bar and 0.7
mmolCH4/gZnTPA at 50 bar 303 K.

The calculated ideal selectivities of ZnTPA for CO over CH4 (Appendix, Table
A.15) at different bed pressures and feed rates were close to 1 presenting that the ZnTPA
was not effective for selective separation of CO2/CH4 mixture. Therefore, the binary

adsorption studies were not conducted on ZnTPA adsorbent.

Table 5.13. Adsorbed amounts of CO,, CH4 and CO obtained from pure component
breakthrough curves on ZnTPA at 303 K

TOtf elltl;low Pressure Qco2 QcHa gco
(mL/min) (bar) (MmolICO2/gZnTPA) | (mmoICH4/gZnTPA) (mmolCO/gZnTPA)

1 0.18 0.16 0.08

10 5 0.64 0.59 0.42

10 0.90 0.88 0.73

0.19 0.17 0.13

20 5 1.34 0.85 0.79

10 1.81 1.56 1.46

0.20 0.19 0.18

30 5 1.84 1.82 1.77

10 2.11 1.90 1.83

The calculated Langmuir and virial model parameters of SMR components on
ZnTPA was stated in Appendix, Table A.16. The fitted model isotherms to experimental
isotherm data (Appendix, Figure A.44, A.45 and A.46) revealed that with the rise in bed
pressure the adsorbed CO2, CH4 and CO amount sharply increased for total feed rates of
10 and 20 mL/min. However, with the increase in feed rate to 30 mL/min a plateau was
formed in adsorbed amounts at high pressures, as an indication of saturation of ZnTPA
with SMR components at high feed rates and bed pressures.

Among the four MOFs packed in the adsorption bed, TiTPA has the highest

surface area, whereas AITPA has the highest micropore volume and average pore
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diameter (Table 4.2). The higher surface area and micropore volume of adsorbent the
higher adsorbed amount and the higher average pore diameter easier penetration of gas
molecules into the micropores were expected. Considering the Table 5.4, Table 5.9, Table
5.11 and table 5.13 in the covered feed rate and bed pressure range especially at 30
mL/min and 10 bar where the highest amount of adsorbed values achieved on all four
MOFs were compared. Even though TiTPA with the highest surface area was expected
to be adsorbed more amount of SMR components, but AITPA adsorbed higher amount of
CO2 and CO components than TiTPA. Also, CH4 with the highest kinematic diameter was
expected to penetrate more easily to AITPA having highest average pore diameter, but
CHs was adsorbed more by TiTPA. The higher adsorption affinity, consequently the
higher adsorbed amounts on AITPA towards the adsorbates having quadrupole moment
(CO2 and CO) and could be caused by the strong interactions between these molecules
and hydroxyl groups of AITPA. On the other hand, ZnTPA and CuTPA have relatively
comparable surface areas but lower than both TiTPA and AITPA resulted in lower
adsorption capacities of SMR components than both TiTPA and AITPA. But the higher
surface area, micropore volume and average pore diameter of ZnTPA than CuTPA
provided relatively higher adsorption capacities for SMR components.

Considering Table A.1, Table A.6, Table A.11 and Table A.15, at 10 mL/min feed
rate and 1 bar, the highest ideal and real selectivities for CO2 over CH4 were attained and
over AITPA (3.6, 7.5) and TiTPA (3.1, 8.0). In addition, it was noteworthy that the
selectivity values for AITPA and TiTPA were superior to those values of many reported
MOFs under the same conditions. Therefore, the results demonstrated that AITPA and
TiTPA can be served as an excellent candidate for the selective sorption of CO, from
SMR off-gas streams. However, at 10 mL/min and 1 bar the amount adsorbed of SMR
components was very low on MOFs, thereby the compromise between adsorption
capacity and selectivity should be made based on the purpose of the process (e.g., gas
storage or selective gas separation). The selectivity of CuTPA and ZnTPA for CO> over
CHawere found close to 1 at each feed rate and bed pressure, but the adsorption capacities
for SMR components was higher than many stated MOFs in literature, thereby application
of CuTPA and ZnTPA could be more suitable in gas storage rather than selective gas

separation.
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CHAPTER 6

CONCLUSION

Within the scope of the TUBITAK (112M294) project successfully concluded in
I'YTE and EGE University, CUTPA (SLang: 776 m?gt), AITPA (SLang: 1330 m?2gt), TITPA
(SLang: 1834 m? g) and ZnTPA (Stang: 1023 m? g't) MOFs were synthesized and packed
into the fixed bed for further adsorption studies on SMR components. The conducted
adsorption studies were involved the investigation of dynamic behavior of CuTPA,
AITPA, TiTPA and ZnTPA packed beds via experimental breakthrough curves of CO,,
CHs and CO, followed by the calculation of the adsorbed SMR component amounts and
determination of selectivity of CO. over CH4 over each aforementioned MOF.

The pure component (noncompetitive) adsorption studies of CO2/H,, CH4/H2 and
CO/H: gas systems and binary (competitive) adsorption studies on CO2/ CHs system were
carried out at 10mL/min, 20 mL/min and 30 mL/min total feed flow at 1, 5 and 10 bar
bed pressures at 303 K. The dynamic behavior analysis showed the bed operating pressure
drastically effected the breakthrough curves of SMR components, at constant feed flow
increase in pressure directly prolonged the toreak, tsat, tdes and tcoz, resulted in much longer
cycle times. At high feed flow rates, even though the external mass transfer resistance
was overcome at atmospheric pressure, but rising the bed pressure up to 10 bar the
breakthrough characteristics greatly experienced the mass transfer resistance.

The great potential of CuTPA, AITPA, TiTPA and ZnTPA for hydrogen
purification from SMR off-gas streams was confirmed by the experimental breakthrough
analysis showing that hydrogen was not adsorbed on these aforementioned adsorbents
under covered operating conditions in this study. The highest adsorbed CO2, CHs and CO
amounts were attained at 30mL/min of feed rate and 10 bar on each MOF. All MOFs
adsorbed CO- in higher amounts than CH4 and CO due to higher quadrupole moment and
polarizability of CO; that enable the stronger interactions between CO2 molecule and the
adsorbent surface and the smaller kinetic diameter leading the faster and easier
penetration of CO. molecules inside the micropores. From the pure component adsorption
data, the highest adsorbed CO,, CHs and CO amounts were calculated as 1.61
mmolCO2/g, 1.50 mmolCH4/g and 1.47 mmolCO/g on CuTPA, respectively and 2.11
mmolCO2/g, 1.90 mmolCH4/g and 1.83 mmolCO/g on ZnTPA, and 5.20 mmolCO./g,
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3.25 mmolCHo./g and 1.91 mmolCO/g on TiTPA, and 5.54 mmolCO2/g, 3.16 mmolCHa4/g
and 2.59 mmolCO/g on AITPA. The difference between adsorption capacities of MOFs
caused by their textural properties; specific surface area, micropore volume and the
average pore diameter. The highest ideal and real selectivities for CO, over CH4 was
attained over AITPA (3.6, 7.5) and TiTPA (3.1, 8.0) at 10 mL/min of feed rate at 10 bar
and due to their high selectivities AITPA and TiTPA can be served as an excellent
candidate for the selective sorption of CO, from SMR off-gas streams. However, at 10
mL/min and 1 bar the amount adsorbed of SMR components was very low on MOFs,
indicating the compromise between adsorption capacity and selectivity should be made
based on the purpose of the process (e.g., gas storage or selective gas separation). The
selectivity of CuTPA and ZnTPA for CO. over CH4 were found close to 1, thereby
application of CuTPA and ZnTPA could be more suitable in gas storage rather than
selective gas separation. The experimental adsorption isotherms of SMR compounds were
fitted to Langmuir and virial models. Best fitted model was determined as virial model

with lower ERRSQ, higher R? and narrower margin of error.
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APPENDIX A

DETAILS ABOUT EXPERIMENTAL ADSORPTION
STUDIES
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Figure A.1. Thermogravimetric profiles of the CUTPA, AITPA, TiTPA and ZnTPA.
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Figure A.2. X-ray diffractometer patterns of CUTPA, AITPA, TiTPA and ZnTPA
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Figure A.3. Infrared spectra of CUTPA and AITPA.
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Figure A.6. Effect of pressure on CO- adsorption breakthrough curves over CuTPA (Total
CO2/H; flow rate: 30 mL/min; Bed pressures: 1bar (®), Sbar (m) and 10 bar

(A))
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Figure A.7. Effect of pressure on CO. adsorption breakthrough curves over CuTPA (Total
CO2/H: flow rate: 20 mL/min; Bed pressures: 1bar (e), Sbar (m) and 10 bar

(A))
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Figure A.8. Effect of pressure on CO- adsorption breakthrough curves over CuTPA (Total
COg2/H; flow rate: 10 mL/min; Bed pressures: 1bar (®), Sbar (m) and 10 bar

(A))
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Figure A.9. Effect of feed flow rate on CO> adsorption breakthrough curves over CUTPA
(Bed pressure: 1 bar; Total CO2/H flow rate: 30 mL/min &), 20 mL/min
E====) and 10 mL/min g-eeeeee ))
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Figure A.10. Effect of feed flow rate on CO2 adsorption breakthrough curves over CUTPA
(Bed pressure: 5 bar; Total CO2/H flow rate: 30 mL/min ~——), 20 mL/min
E€----) and 10 mL/min (eeeeeees)
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Figure A.11. Effect of feed flow rate on CO2 adsorption breakthrough curves over CUTPA
(Bed pressure: 10 bar; Total CO2/H> flow rate: 30 mL/min ——), 20
mL/min £---=) and 10 mL/min (-------))

104



60

50 5 o] XYY Gy Treet
AR
'. \ ...
40 * A
»
.‘-\ .
~ W
S 30 B
9 3 A
I‘- .'.‘
20 3
n
\ A
10 E 1
.‘. A
0 PN _.‘ ________ WAk
0 10 20 30 0 ? v

time (min)
Figure A.12. CO- desorption curves over CuTPA (He purge flow rate: 30 mL/min ),
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Figure A.13. CO desorption curves over CuTPA (He purge flow rate: 30 mL/min &,
20 mL/min €----) and 10 mL/min {-------); Bed pressures: 1bar (@), Sbar (m)
and 10 bar (A))
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Table A.1. Ideal and real selectivities of CUTPA for CO, over CH4 at 303 K.

TOtf;tEOW Pressure Ideal Selectivity Real Selectivity
(mL/min) (bar) (Scoaich) (Scozicha)
1 11 3.1
10 5 1.3 2.2
10 1.2 1.7
14 1.7
20 5 1.3 11
10 11 11
2.3 1.2
30 5 13 11
10 11 11
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Figure A.14. Molar percentages of CH4 and He effluent over CuTPA at 303 K (Total
CHa/He flow rate: 20 mL/min, CH4: e and H.:A; Bed pressures:
1bar (——), 3bar ¢----), Sbar (---:---+), 8bar (~ - —) and 10bar (— —))
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Figure A.15. Molar percentages of CO and He effluent over CuTPA at 303 K (Total

CO/He flow rate: 20 mL/min, CO: e and Ha: A, Bed pressures: 1bar ——,
3bar €----7), 5bar .........), 8bar ( - —) and 10bar (= —))
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Figure A.16. CH4 desorption curves over AITPA (He purge flow rate: 30 mL/min (——,

20 mL/min (=-=--- ) and 10 mL/min (:----------); Bed pressures: 1bar (®), Sbar
(m) and 10 bar (A))
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Figure A.17. CO desorption curves over AITPA (He purge flow rate: 30 mL/min ——),
20 mL/min ¢=--=) and 10 mL/min (---------); Bed pressures: 1bar (@), Sbar
(w) and 10 bar (A))

Table A.2. The dynamic parameters of AITPA packed bed and calculated adsorbed
amount of CO> from experimental breakthrough curves at different bed
operating conditions

Total

flow rate Pressure tpl:es tbrgak ts?t td'es tcy'cle Hune TCO2 qco2
(mL/min) (bar) (min) | (min) | (min) | (min) (min) (cm) (min) | (mmolCO2/g)

1 0 11 28 38 66 6.7 14 0.80

10 5 17 36 66 136 219 4.8 44 2.56

10 37 60 116 245 398 5.2 73 4.19

0 6 23 21 44 8.0 8 1.14

20 5 12 14 44 78 134 5.8 25 3.36

10 20 32 88 98 206 6.5 41 5.47

2 19 13 32 9.3 5 1.19

30 5 6 12 34 51 91 7.1 16 341

10 14 21 42 84 140 55 27 5.54
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Table A.3. The dynamic parameters of AITPA packed bed and calculated adsorbed
amount of CH4 from experimental breakthrough curves at different bed

operating conditions

TOtf;tfeIOW Pressure | tpres Tbreak Lsat tdes teycle | Hune | Tcha OcH4
(mL/min) (bar) (min) | (min) | (min) | (Min) | (min) | (cm) | (min) (mmolCH4/gAITPA)

1 0 0 6 17 23 | 106 | 6 0.22
10 5 14 14 37 64 | 115 | 69 | 18 1.15
10 30 30 70 95 | 195 | 64 | 38 2.14
6 22 28 | 106 | 2 0.41
20 32 25 66 | 7.8 | 14 1.62
10 18 18 37 39 94 | 57 | 23 2.99
6 15 | 106 0.45
30 6 6 12 27 | 55 1.73
10 12 12 27 26 65 | 54 | 16 3.16

Table A.4. The dynamic parameters of AITPA packed bed and calculated adsorbed

amount of CO from experimental breakthrough curves at different bed

operating conditions
TOtf;tgow Pressure | tpres Tbreak tsat Tdes teycle | Huns TCo qco
(mL/min) (bar) (min) | (min) [ (Min) | (min) | (min) | (cm) | (min) (mmolICO/gAITPA)

1 0 0 6 21 27 | 104 | 3 0.14
10 5 12 12 23 47 82 | 54 | 15 0.75
10 25 25 53 74 | 152 | 53 | 28 1.46
6 13 19 | 106 0.22
20 18 30 55 | 6.7 1.13
10 15 15 30 39 84 | 56 | 18 2.21
6 17 23 | 10.6 0.31
30 12 17 34 | 6.4 1.26
10 11 11 26 21 58 | 6.4 | 13 2.59

Table A.5. Langmuir and virial model parameters of pure CO., CH4 and CO components
on AITPA at 303 K (Total feed flow: 30mL/min, bed pressure: 10 bar)

Langmuir Model Parameters

CO2 CHg4 CcO
gm (mmol/g) 13.475 30.08 117.8
o (bar?) 0.069 0.012 0.002
R? 0.998 0.997 0.998
ERRSQ 0.017 0.022 0.0047

Virial Model Parameters

CO2 CHa CO
H (mmol/gbar) 0.754 0.347 0.267
b 0.142 0.009 0.0016
c 0 0 0.0044
R? 0.999 0.998 0.999
ERRSQ 0.012 0.019 0.006
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Figure A.18. Adsorption isotherms of CO2 on AITPA at 303 K (Symbols: experimental
data at CO2/H; total flow rate of 10 mL/min (e), 20 mL/min (A) and 30
mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min: e ), 20 mL/min: £----) and 30

mL/min: (——))
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Figure A.19. Adsorption isotherms of CH4 on AITPA at 303 K (Symbols: experimental
data at CH4/H: total flow rate of 10 mL/min (e), 20 mL/min (A) and 30
mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min; (- ), 20 mL/min: ¢---=) and 30

mL/min: (—))
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Figure A.20. Adsorption isotherms of CO on AITPA at 303 K (Symbols: experimental
data at CO/H> total flow rate of 10 mL/min (e), 20 mL/min (A) and 30
mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min (..--...3}, 20 mL/min: §¢---=) and 30

mL/min: (——))
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Figure A.21. Effect of pressure on CO2 and CH4 adsorption breakthrough curves over

AITPA (Total CO2/CH4 flow rate: 30 mL/min; CO>: e and CHa: A ; Bed
pressures: 1bar &), Sbar ¢£----) and 10bar (------:--))
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Figure A.22. Effect of pressure on CO; and CH4 adsorption breakthrough curves over
AITPA (Total CO2/CHa flow rate: 20 mL/min; CO>: ® and CHa: A ; Bed
pressures: 1bar (<——, S5bar ¢----) and 10bar {.........J)
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Figure A.23. Effect of pressure on CO2 and CH4 adsorption breakthrough curves over
AITPA (Total CO2/CHg4 flow rate: 10 mL/min; CO: e and CH4: A; Bed
pressures: 1bar (), Sbar ¢----}and 10bar ¢-.--... ))
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Table A.6. Ideal and real selectivities of AITPA for CO, over CH4 at 303 K.

Total flow | pocsure | 1deal Selectivity Real Selectivity
rate (bar) (s ) (S )
(mL/min) CO2/CH4, CO2/CH4
1 3.6 7.5
10 5 2.2 5.2
10 2.0 33
28 5.9
20 2.1 3.6
10 1.8 2.5
1 26 3.9
30 5 2.0 2.7
10 1.8 2.0
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Figure A.24. Molar percentages of CO, and H> effluent over TiTPA at 303 K (Total
CO2/H: flow rate: 30 mL/min; CO.: e and H>: A; Bed pressures: lbar

(——), 5bar ¢====), 10 bar (- ))
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Figure A.25. Molar percentages of CH4 and H> effluent over TiTPA at 303 K (Total
CHa/H; flow rate: 30 mL/min; CHs: e and H: A; Bed pressures: lbar

—), 5bar (----), 10 bar {e-s--eer )

120
100
80

60

%CO, %H,

40

20

40 60 80 100 120 140

time (min)

Figure A.26. Molar percentages of CO and H; effluent over TiTPA at 303 K (Total CO/H:
flow rate: 30 mL/min; CO: @ and H»: A ; Bed pressures: 1bar ¢<———, Sbar
E====), 10 bar (eeeeess))
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Figure A.27. CO2 desorption curves over TiTPA (He purge flow rate: 30 mL/min (———,

20 mL/min (===--- ) and 10 mL/min (eeeeeeees ); Bed pressures: 1bar (@), Sbar
(m) and 10 bar (A))
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Figure A.28. CH4 desorption curves over TiTPA (He purge flow rate: 30 mL/min (——,

20 mL/min E==-=-) and 10 mL/min €------- ); Bed pressures: 1bar (e), Sbar
(m) and 10 bar (A))
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Figure A.29. CO desorption curves over TiTPA (He purge flow rate: 30 mL/min ——,
20 mL/min ¢====) and 10 mL/min ¢.........); Bed pressures: 1bar (@), Sbar
(w) and 10 bar (A))

Table A.7. The dynamic parameters of TiTPA packed bed and calculated adsorbed
amount of CO> from experimental breakthrough curves at different bed
operating conditions

TotfellthOW Pressure tpres toreak tsat Tdes teycle Hune TCco2 Qco2
(mL/min) (bar) (min) | (min) | (min) | (min) | (min) | (cm) | (min) (mmolCO2/g)

1 0 11 23 34 |57 5.8 14 0.80

10 5 16 35 70 | 116 | 202 |54 43 2.47

10 46 65 | 104 | 207 | 357 | 4.0 84 4.71

6 23 21 | 44 8.0 9 1.18

20 5 9 15 37 56 | 102 | 5.7 22 2.88

10 23 34 64 | 100 | 187 |5.2 40 5.17

0 0 15 17 | 32 10.2 6 1.25

30 5 6 12 34 34 |74 7.1 15 3.01

10 14 16 50 69 | 133 | 6.6 26 5.20

116



Table A.8.

The dynamic parameters of TiTPA packed bed and calculated adsorbed
amount of CH4 from experimental breakthrough curves at different bed

operating conditions

TOtf;tfeIOW Pressure tpres toreak tsat tdes teycle Huns TCH4 qcH4
(mL/min) (bar) (min) | (min) | (min) | (Min) | (min) | (cm) (min) (mmoICH4/gTiTPA)
1 0 2 15 34 50 10.7 5 0.26
10 5 14 14 24 51 93 47 18 0.89
10 34 34 66 99 | 159 | 4.6 40 2.08
0 10 13 32 10.8 4 0.51
20 17 26 48 6.5 9 1.51
10 17 17 36 30 73 5.9 22 2.9
6 9 23 | 10.9 0.62
30 12 17 37 6.6 1.78
10 12 12 35 26 59 6.2 15 3.25
Table A.9. The dynamic parameters of TiTPA packed bed and calculated adsorbed

amount of CO from experimental breakthrough curves at different bed

operating conditions

Total flow

rate Pressure tpl:es tbr?ak ts?t td_es tcy_c|e Huns Tco Qco
(mL/min) (bar) (min) | (min) [ (Min) | (min) | (min) | (cm) | (min) (mmolCO/gTiTPA)

1 0 2 15 34 |49 9.3 4 0.17
10 S 14 14 24 51 | 89 6.0 13 0.56
10 34 34 66 99 | 199 |6.6 30 1.40
0 10 13 | 23 10.7 4 0.49
20 17 26 | 50 7.1 8 0.90
10 17 17 36 30 |83 6.8 16 1.80
6 9 15 10.7 4 0.80
30 12 17 | 34 7.2 6 1.15
10 12 12 35 26 | 73 8.1 11 1.91
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Table A.10. Langmuir and virial model parameters of pure CO2, CH4 and CO components
on TiTPA at 303 K (Total feed flow: 30mL/min, bed pressure: 10 bar)

Langmuir Model Parameters

CO2 CHg4 CcO
gm (mmol/g) 11.872 11.640 6.404
o (bar?) 0.076 0.038 0.034
R? 0.993 0.997 0.910
ERRSQ 0.239 0.208 0.151
Virial Model Parameters

CO2 CHs CO
H (mmol/gbar) 0.878 0.374 0.219
b 0.103 0.008 0.011

c 0 0.011 0
R? 0.999 0.998 0.930
ERRSQ 0.02 0.003 0.273

Amount adsorbed (mmolCO,/gTiTPA)
OO0, RFEREENNNNNWWWWWARRR AN
ONDOONDORONESNOONDSAOANONDAOONEO
OO0 OO0OCOO0OCOOOOO0OCOOOOOOOOOCOOO0O0O
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Pressure (bar)

10

12

Figure A.30. Adsorption isotherms of CO2 on TiTPA at 303 K (Symbols: experimental
data at CO2/H; total flow rate of 10 mL/min (e), 20 mL/min (A) and 30
mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min: ¢--..ee.. ), 20 mL/min: ¢€----) and 30

mL/min: &—)
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Figure A.31. Adsorption isotherms of CH4 on TiTPA at 303 K (Symbols: experimental
data at CH4/H> total flow rate of 10 mL/min (e), 20 mL/min (A) and 30
mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min: (........}, 20 mL/min: ¢----) and 30

mL/min: &—3)
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Figure A.32. Adsorption isotherms of CO on TiTPA at 303 K (Symbols: experimental
data at CO/H: total flow rate of 10 mL/min (e), 20 mL/min (A) and 30
mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min (e---s---- }, 20 mL/min: ¢----) and 30

mL/min; &——)
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Figure A.33. Effect of pressure on CO; and CH4 adsorption breakthrough curves over
TIiTPA (Total CO2/CHs flow rate: 30 mL/min; CO2: e and CHa: A ; Bed
pressures: 1bar (——), 5bar £----) and 10bar (.........)
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Figure A.34. Effect of pressure on CO2 and CH4 adsorption breakthrough curves over

TiTPA (Total CO2/CH4 flow rate: 20 mL/min; CO,: @ and CH4: A ; Bed
pressures: 1bar (———), 5bar ¢----) and 10bar (........))
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Figure A.35. Effect of pressure on CO; and CH4 adsorption breakthrough curves over
TiTPA (Total CO2/CH4 flow rate: 10 mL/min; CO2: e and CHas: A, Bed
pressures: 1bar (——, Sbar £----) and 10bar {........ ))
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Figure A.36. Effect of flow rate on CO, and CH4 adsorption breakthrough curves over

TIiTPA (Bed pressure: 1 bar; Total CO2/CHa flow rate: 30 mL/min ———),
20 mL/min €-====) and 10 mL/min (-+----:3))
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Figure A.37. Effect of flow rate on CO, and CH4 adsorption breakthrough curves over
TiTPA (Bed pressure: 5 bar; Total CO2/CHj4 flow rate: 30 mL/min ——,
20 mL/min £----) and 10 mL/min ¢--....... )
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Figure A.38. Effect of flow rate on CO, and CH4 adsorption breakthrough curves over

TIiTPA (Bed pressure: 10 bar; Total CO2/CHs flow rate: 30 mL/min &,
20 mL/min £--==) and 10 mL/min €---e-e... ))
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Table A.11. Ideal and real selectivities of TiTPA for CO2 over CH4 at 303 K

Total flow | pocsure | 1deal Selectivity Real Selectivity
rate (bar) (S ) (ScozicHa)
(mL/min) CO2/CH4 CO2/CH4
1 3.1 8.0
2.3 6.9
20 1.9 3.9
10 1.8 2.6
30 5 1.7 2.8
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Figure A.39. Molar percentages of CO2 and H> effluent over ZnTPA at 303 K (Total
CO2/H: flow rate: 30 mL/min; CO.: e and H>: A; Bed pressures: lbar

(——, 5bar ¢----), 10 bar ¢........))
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Figure A.40. Molar percentages of CH4 and H> effluent over ZnTPA at 303 K (Total
CHa/H; flow rate: 30 mL/min; CHs: e and H: A; Bed pressures: lbar

), 5bar £====), 10 bar (e ))
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Figure A.41. Molar percentages of CO and H effluent over ZnTPA at 303 K (Total
CO/H; flow rate: 30 mL/min; CO: @ and H>: A ; Bed pressures: 1bar (——,
Sbar E----), 10 bar (........ ))
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Figure A.42. CO- desorption curves over ZnTPA (He purge flow rate: 30 mL/min
), 20 mL/min ¢=-=-) and 10 mL/min (---se-e-- ); Bed pressures: 1bar
(@), Sbar (m) and 10 bar (A))
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Figure A.43. CO desorption curves over ZnTPA (He purge flow rate: 30 mL/min
), 20 mL/min E====) and 10 mL/min («--seee ); Bed pressures: 1bar
(@), Sbar (m) and 10 bar (A))
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Table A.12. The dynamic parameters of ZnTPA packed bed and calculated adsorbed
amount of CO2 from experimental breakthrough curves at different bed
operating conditions

Total flow

rate Pressure tpl:es tbr?ak tsiat td.es tcy_c|e Huns TCO2 Qco2
(mL/min) (bar) (min) | (min) | (min) | (min) | (min) | (cm) | (min) (mmolCO2/g)

1 0 0 11 13 24 10.4 3 0.18

10 5 11 11 26 38 75 6.4 13 0.64
10 22 22 41 60 123 5.3 19 0.90

0 6 4 10 10.6 2 0.19

20 5 19 17 45 5.9 11 1.34
10 14 14 25 30 69 5.0 15 1.81

0 6 4 10 10.6 1 0.20

30 5 14 13 31 7.8 5 1.84
10 10 10 21 22 53 5.9 11 211

Table A.13. The dynamic parameters of ZnTPA packed bed and calculated adsorbed
amount of CH4 from experimental breakthrough curves at different bed
operating conditions

TOtfe:tgow Pressure | tpres | toreak tsat Hune | TcHs OcHa4
(mL/min) (bar) (min) | (min) | (min) | (cm) | (min) (mmolICH4/gZNnTPA)

1 0 0 6 7.3 4 0.16

10 5 10 10 20 5.6 12 0.59

10 22 22 28 2.7 24 0.85

1 0 6 10.6 1 0.15

20 5 17 7.1 7 0.85

10 12 12 22 51 13 1.56

1 0 0 10.8 1 0.19

30 5 4 4 3.8 5 1.82

10 9 9 16 5.0 10 1.90
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Table A.14. The dynamic parameters of ZnTPA packed bed and calculated adsorbed
amount of CO from experimental breakthrough curves at different bed
operating conditions

TOtf;tfeIOW Pressure | tpres tbreak Tsat Tdes teyle | Hune | TcO qco
(mL/min) (bar) (min) | (min) | (min) | (Min) | (min) | (cm) | (min) (mmolCO/gZnTPA)

1 0 0 6 39 45 10.6 2 0.08

10 5 8 8 19 52 79 6.4 10 0.42

10 27 27 37 69 133 3.3 32 0.73

0 0 6 22 28 10.7 1 0.13

20 5 5 5 11 30 46 6.6 7 0.79

10 13 13 19 34 66 3.7 14 1.46

0 0 2 13 15 10.8 1 0.18

30 5 4 0 6 17 27 6.8 5 1.77

10 9 9 15 21 45 4.6 10 1.83

Table A.15. Ideal selectivity of ZnTPA for CO2 over CH4 at 303 K

Total flow Pressure Ideal Selectivity
rate
(mL/min) (bar) (Scozrcha)
1 1.20
10 5 1.08
10 1.38
1.27
20 5 1.37
10 1.16
1.05
30 5 1.00
10 1.11

Table A.16. Langmuir and virial model parameters of pure CO2, CH4 and CO components
on ZnTPA at 303 K (Total feed flow: 30mL/min, bed pressure: 10 bar)

Langmuir Model Parameters

CO2 CHg4 CcO
gm (mmol/g) 3.664 3.112 3.004
o (bar?) 0.154 0.190 0.192
R? 0.980 0.967 0.967
ERRSQ 0.157 0.220 0.224

Virial Model Parameters

CO2 CHg4 CcO
H (mmol/gbar) 0.680 0.403 0.189
b 0.125 0.017 0.005
c 0.138 0.340 0.007
R? 0.996 0.995 0.994
ERRSQ 0.050 0.055 0.060
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Figure A.44. Adsorption isotherms of CO2 on ZnTPA at 303 K (Symbols: experimental
data at CO2/H> total flow rate of 10 mL/min (e), 20 mL/min (A) and 30
mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min; €.--..... }, 20 mL/min: £----) and 30

mL/min: (——))
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Figure A.45. Adsorption isotherms of CH4 on ZnTPA at 303 K (Symbols: experimental
data at CH4/H: total flow rate of 10 mL/min (e), 20 mL/min (A) and 30
mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min; €« ), 20 mL/min: ¢---=) and 30

mL/min; (—))
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Figure A.46. Adsorption isotherms of CO on TiTPA at 303 K (Symbols: experimental
data at CO/H> total flow rate of 10 mL/min (e), 20 mL/min (A) and 30

mL/min (m); black lines: Langmuir model, grey lines: virial model applied
for total feed flow rates of 10 mL/min {-...c.... ), 20 mL/min; £---=) and 30

mL/min: (——)
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