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ABSTRACT

DESIGN OF Ni-METAL ORGANIC FRAMEWORK (Ni-MOF(74)) FOR
EFFICIENT CO2 ADSORPTION

The urgency the address high CO2 concentrations in the Earth’s atmosphere
increases each day prompting collaborative efforts between industry and the science
community to develop various solutions. Among these, carbon capture utilization and
storage (CCUS) technologies are proven to be integral. Rooted in CO2 adsorption, carbon
capture forms the cornerstone of CCUS technologies. Consequently, developing effective
CO2 capture materials and designing systems capable of integrating these materials into
real-world practical applications play a crucial role. In this study, one of the most
promising materials for future CO2 capture technologies, Ni-MOF-74, is synthesized,
characterized, and tested for CO2 adsorption capacity. Following the synthesis process
Ni-MOF-74 is immobilized on acrylonitrile fabric in order to achieve a flexible and
versatile structure with high CO2 capacity that can be integrated in various applications.
The highest surface area and CO2 adsorption capacity achieved by the synthesized Ni-
MOF-74 powder are 180 m?/g and 1.98 mmol/g, respectively. Synthesized Ni-MOF-74
powder was successfully immobilized on an acrylic fabric substrate through the drip
casting method. The resulting composite showed a decrease in CO2 adsorption capacity
only by 8% which is promising for practical applications and a fair compromise
considering that the flexible structure offers an opportunity to be utilized in a wide range

of scenarios.



OZET

VERIMLI CO, ADSORPSIYONU ICIN Ni-METAL ORGANIK
CERCEVESININ (Ni-MOF(74)) TASARIMI

Diinya atmosferindeki yuksek CO2 orani ve sebep oldugu kiiresel etkilere karsi
atilmasi1 gereken adimlarin aciliyeti her gecen gin artmakta ve bilim ile endustri
arasindaki is birligi cabalarini gerekli kilmaktadir. Bu yolda gelistirilmekte olan en
onemli teknolojilerden biri de karbon yakalama, kullanim ve depolama (CCUS)
teknolojileridir. Temelinde CO2 adsorpsiyonu yatan CCUS teknolojilerinin etkili bir
sekilde kullanim1 CO2 yakalama kapasitesi yliksek materyallerin gelistirilmesi ve pratik
uygulamalara uygun hale getirilmesini gerektirmektedir. Bu calismada, gelecekteki CO2
yakalama teknolojileri icin en umut verici malzemelerden biri olan Ni-MOF-74
sentezlenmis, karakterize edilmis ve CO2 adsorpsiyon kapasitesi test edilmistir. Sentez
surecini  takiben, Ni-MOF-74 akrilik kumas izerine ¢esitli uygulamalarda
kullanilabilecek esnek bir yapi1 elde etmek amaci ile yiiklenmistir. Bu c¢alismada
sentezlenmis olan Ni-MOF-74 ile elde edilen en yiiksek yiizey alan1 ve CO2 adsorpsiyon
kapasitesi sirast ile 180 m?/g ve 1.98 mmol/g’dir. Sentezlenen Ni-MOF-74 akrilik kumas
Uzerine damlatma dokiim yontemi kullanilarak basari ile yiiklenmistir. Elde edilen bu
esnek yapi, CO2 adsorpsiyon kapasitesinde yalnizca %8’lik bir azalma gdstermistir. Bu
oran, pratik uygulamalar i¢in umut vadederken malzemenin esnek yapisi, genis bir

uygulama alaninda kullanilma olanagi sunmaktadir.



TABLE OF CONTENTS

LIST OF FIGURES ..ottt sttt ettt sne e enes viii
LIST OF TABLES ..o oottt sttt reens X
CHAPTER 1 INTRODUCTION......ccitiiiiieie it se ettt 1
CHAPTER 2 METAL ORGANIC FRAMEWORKS (MOFS).....c.ccccceiiriiineie e, 3
2.1. Structure and Properties 0f MOFS .........cccccoieviiiie i 3

2.2. SYNthESIS OF MOFS ... 4

2.3. MOFS iN CO2 CAPUIE ..oovveieiecie ettt 5

2.3.1. Interaction of CO2With MOFS .......ccoovviiiiiiiiiceeeee e 5

2.3.2. Potential MOFs for CO2 Capture..........ccoovveveeieenenenc e 7

2.4. Immobilization of NI-MOF-74.........cccooiiiiiieiieiere e 9

CHAPTER 3 CO2 ADSORPTION......oiiiiiiieie sttt eieieie et ans 11
3.1. AdSOrption ISOThEIMS .......ccooviiiiiiiiiiiee e 12

CHAPTER 4 EXPERIMENTAL STUDIES........ccooiiiiiees s 16
A1 MALEHIALS ... s 16

4.2. Synthesis Of NiI-MOF-74 .......c.coooiiiie e 16

4.3. Immobilization of Ni-MOF-74 on Acrylic Fabrics..........cccccoevvveenen. 19

4.4. Characterization TECANIQUES .........cceiiririnirininiseee e 21

4.5. Adsorption MeasUremMENtS .........ccveiverueeieieerieeiesee e ee e 22

CHAPTER 5 RESULTS AND DISCUSSION .....ccoiiiiieiiiesesesicseeeeie e 23
5.1. Structural and Morphological Characterization of Ni-MOF-74......... 23

5.1.1. XRD Analysis of Synthesized Ni-MOF-74 Powders.............. 24

5.1.2. FTIR Analysis of Synthesized Ni-MOF-74 Powders.............. 25

5.1.3.  SEM 0f Ni-MOF-74 POWUEIS .......ccceririirinieieieie e 27

5.1.4. TGA of Synthesized Ni-MOF-74 POWUErS........ccccerverurrnenne 30

Vi



5.2. CO2 AdSOrption CapaCItieS.........ccuevveeiveiiieeiie i eseesireesee s see e 31
5.2.1. CO2 Adsorption and Desorption Isotherms of Ni-MOF-74 .... 31

5.3. Application on Acrylic Fabric ........ccccceiviiieieiiciecc e 38

5.3.1. SEM of Ni-MOF-74 Coated Acrylic Fabric...........c.cccccoovnunne. 40

5.3.2. TGA of Ni-MOF-74 Coated Acrylic FabricC...........c..ccceuvnen. 43

5.3.3. CO2 Adsorption Capacity of Ni-MOF-74 Coated Acrylic...... 44

5.3.4. CO2 Adsorption Capacity of In-situ Dip Coating Sample ...... 50

CHAPTER 6 CONCLUSION ..ottt e 58
REFERENCES ..ottt bbbttt 60

vii



LIST OF FIGURES

Figure Page
FIgure 1. AdSOIPLION PrOCESS ....cvueiveeiieeeitee ittt eiteesteesteeseeesbeesae e tessraeesreeabeesbeesnseesseeanes 11
Figure 2. Classification of adsorption iSOtNErms ...........cccoeeiereniniiniieieie e 13
Figure 3. Synthesis procedure for MOF-74(1:1) ...ccccvviiiiiieiiecee e 18
Figure 4. Synthesis procedure for MOF-74(2:1) .....cccooiiiniiineniieseeee e 19
Figure 5. Procedure for in-situ Dip Coating Method...........ccccoeiveiiiiciecci e 20
Figure 6. Procedure for the Drip Casting Method ..o 21
Figure 7. As synthesized Ni-MOF-74 powder (MOF-74(1:1)) c.ccccooveveiieeiece e 23
Figure 8. XRD of Ni-MOF-74 powders MOF-74(1:1)...cccccociririniinieieienene s 24
Figure 9. XRD of Ni-MOF-74 powders MOF-74(2:1).....ccccccoveiieiiiieieeie e 25
Figure 10. FTIR patterns for MOF-74(1:1) .....ccoviiiiiiiieiese e 26
Figure 11. FTIR patterns for MOF-74(2:1) .....ccccooveieiieieee e 26
Figure 12. SEM images for MOF-74(1:1) at a scale of (a) 1 um with 100,000 x, (b) 2 pm

with 50,000 x, and (c) 10 pm with 10,000 X ......ccceeerriiieireiecee e 28
Figure 13. SEM images for MOF-74(2:1) at a scale of (a) 1 um with 100,000 x (b) 2 um

with 50,000 x, and (c) 10 pum with 10,000 X ......ccceoverreiiieirerirsieseese e 29
Figure 14. TGA analysis results for (a) MOF-74(1:1) and (b) MOF-74(2:1) ................ 30
Figure 15. Adsorption and desorption isotherms for MOF-74(1:1) ...c.cocevvvvvevvecieennnnn. 32
Figure 16. Adsorption and desorption isotherms for MOF-74(2:1) ......c.ccocevvvvvivevnnnnne. 33
Figure 17. Langmuir adsorption isotherm of MOF-74(1:1) .....ccocvvvviiininieieeienesieiens 34
Figure 18. Freundlich adsorption isotherm of MOF-74(1:1).....cccccoiviiviiiiieiieciie s, 35
Figure 19. Langmuir adsorption isotherm of MOF-74(2:1) .....cccccooviieiniiiinineneneiens 36
Figure 20. Freundlich adsorption isotherm of MOF-74(2:1)......cccccovoveiveieiieieecee, 37
Figure 21. Decomposed fabric structure after in-situ dip coating process ............c........ 39

Figure 22. (a) drip casting method and (b) acrylic fabric coated with Ni-MOF-74 ....... 39
Figure 23. SEM images of Ni-MOF-74 immobilized acrylic fabric at a scale of (a) 100

pum at 1,000 x and (b) 50 pum at 2,500 X (ATHI) c.ccveviiieiieeeeceece e 41
Figure 24. SEM images of Ni-MOF-74 immobilized acrylic fabric at a scale of (a) 50 um
at 2,500 x and (b) 100 pm at 1,000 X (AK700).......cccccverveiieiieresee e 42

Figure 25. TGA analysis results Ni-MOF-74 immobilized acrylic fabric (ATII)......... 43

viii



Figure Page
Figure 26. TGA analysis results Ni-MOF-74 immobilized acrylic fabric (AK700) ...... 44

Figure 27. Adsorption and desorption isotherms for Ni-MOF-74(1:1) immobilized acrylic
FADFIC (AT oo 45
Figure 28. Freundlich adsorption isotherm of Ni-MOF-74(1:1) immobilized acrylic fabric
N1 1) OO 46
Figure 29. Adsorption and desorption isotherms for Ni-MOF-74(1:1) immobilized acrylic
FADFIC (AKT00) .. 48
Figure 30. Freundlich adsorption isotherm of Ni-MOF-74(1:1) immobilized acrylic fabric
XS0 10) TN 49
Figure 31. Adsorption and desorption isotherms for MOF-Acrylic fabric decomposed
MIXTUIE (AKT00) ..ottt ettt enee e 51
Figure 32. Langmuir adsorption isotherm of MOF-Acrylic fabric decomposed mixture
(AKTO0) .ottt a b e n et rs 52
Figure 33. Freundlich adsorption isotherm of MOF-Acrylic fabric decomposed mixture
(AKTO0) ettt e et n et 53
Figure 34. Adsorption and desorption isotherms for MOF-Acrylic fabric decomposed
MIXTUFE (AT oo 54
Figure 35. Langmuir adsorption isotherm of MOF-Acrylic fabric decomposed mixture
AL L) USRS SPTSPSPRN 55
Figure 36. Freundlich adsorption isotherm of MOF-Acrylic fabric decomposed mixture
(AT ettt b et se et st eenearenes 56



LIST OF TABLES

Table Page
Table 1. CO2 adsorption capacities of commonly studied MOFS...........ccccoociiiiniiieninnn 8
Table 2. CO2 adsorption potential of Ni-MOF-74........ccccooiiiiiiiiiirieeeee e 9
Table 3. Materials used for experimental StUdIES ........c.cccvvvviieiieiiieiie e 16
Table 4. Langmuir Surface Areas of MOF-74(1:1) and MOF-74(2:1) ....cccocvvvviiennnne 31
Table 5. CO2 Adsorption Parameters for MOF-74(1:1) c.ccoovieiiiiiinieeeieece e 35
Table 6. CO2 Adsorption Parameters for MOF-74(2:1).....cccoovviiiiieninieeiecee e 37
Table 7. COzadsorption isotherm parameters for Ni-MOF-74 immobilized Acrylic Fabric

CATI ettt ee e e en e seenees 47
Table 8. CO2 adsorption isotherm parameters for Ni-MOF-74 immobilized Acrylic Fabric

NS4 OO 49
Table 9. CO2 adsorption isotherm parameters for MOF-Acrylic fabric decomposed

MIXEUIE (AKT00) .. ittt et neesne e 53

Table 10. CO2 adsorption isotherm parameters for MOF-Acrylic fabric decomposed
MIXEUTE (ATHI) oo 56



CHAPTER 1

INTRODUCTION

According to the United Nations Environment Programme’s Emissions Gap
Report released in 2023, Global emissions of greenhouse gases (GHG) have surged to an
unprecedented level of 57.4 gigatons of CO:2 equivalent (GtCOz¢e) (UNEP 2023).
According to this report, the energy sector is responsible for the largest part of these
emissions with 36%, and is followed by the industry as the second largest contributor
with 25% which are both heavily reliant on fossil fuels. Thus, it is clear that reducing
emissions from these sectors is pivotal in the fight against global warming. Reducing this
reliability on fossil fuels by fuel switching and incorporating renewable energy options
into the infrastructure are the main actions that need to be taken to reduce emissions from
these sectors. However, it is evident that the use of fossil fuels cannot be entirely cut off
(Keskin, van Heest, and Sholl 2010a). This is why novel technologies must be developed
to limit environmental destruction caused by the utilization of fossil fuels. As part of this
effort, carbon capture utilization and storage (CCUS) technologies are viewed as an
alternative strategy. CCUS is an innovative approach to the CO2 problem involving the
capture and separation of CO2 from a point source or directly from the atmosphere
followed by a utilization process or sequestration in geological structures (Greig and
Uden 2021). The latest reports providing insights into climate mitigation state that CCUS
technologies are an integral part of climate mitigation, especially in the power sector
(Energy Agency, n.d.). IPCC ARG states that global pathways modeled to limit warming
below 2°C involve the application of energy generation technologies with CCUS (Calvin
etal. 2023). Any CCUS technology starts with CO2 capture through different approaches.

Currently, there are 5 different approaches to CO2 capture technologies including
post-combustion, pre-combustion, oxy-combustion, chemical looping combustion
(CLC), and direct air capture (DAC) (Akpasi and Isa 2022; Olabi et al. 2022; X. Wang
and Song 2020; Leung, Caramanna, and Maroto-Valer 2014; Sreenivasulu et al. 2015).



CO2 separation methods hold a crucial role in these approaches, especially in pre-
combustion, post-combustion, and direct air capture approaches.

For CO2 separation, 4 major techniques are utilized including absorption,

adsorption, membrane separation, and cryogenic separation (Akpasi and Isa 2022; Olabi
et al. 2022; X. Wang and Song 2020). Among these techniques, adsorption has attracted
attention due to high processing capacity at ambient conditions, less energy-intensive
regeneration process, high CO2 capture potential, and improved selectivity (Yangyang
Liu, Zhiyong U. Wang, and Hong-Cai Zhou 2012; Wilberforce et al. 2021). The
adsorption process involves the use of solid materials for CO2 capture. Physical or
chemical interactions formed on the surface of these solid adsorbers are the driving force
behind the absorption process (Sifat and Haseli 2019). Examples of adsorbents
considered for CO:2 separation technologies include zeolites, metal-organic frameworks
(MOFs), and calcium oxides. (Nakao Shin-ichiand Yogo 2019).
Among these adsorbents, MOFs have recently attracted great attention due to their
promising properties. These solid-state materials are formed by controlled coordination
of metal cations and organic ligands. This coordination leads to a porous crystalline
structure with unique properties such as highly adjustable physical properties, high
surface area and adsorption capacities, renderability, and affinity towards CO2 (Hu et al.
2019; Ghanbari, Abnisa, and Wan Daud 2020; Liang et al. 2019; Fajrina et al. 2022;
Pettinari and Tombesi 2020; Lin et al. 2023). Even though powder-form MOFs exhibit
impressive qualities in laboratory environments, the practical application of MOFs
requires the development of composite structures on supporting substrates (Ma et al.
2020; Teo etal. 2021; Choi et al. 2020). For this purpose, fibers and fabrics are considered
suitable options due to their accessibility and low cost (Ma et al. 2020).

Even though there are a number of studies focusing on the synthesis and
immobilization of MOFs onto fabric structures, there still exists a great need for further
investigation into the assessment of CO2 capture capacities of different MOFs, the
immobilization process onto fabric structures, and the effect of immobilization on the
CO2 capture capacity. The objective of this study was to synthesize Ni-MOF-74, a highly
promising MOF for CO2 capture, immobilize the MOF structure onto acrylic fabrics and
fibers, and assess the CO2 capture capacity of both powder-form and MOF/fiber complex

structures.



CHAPTER 2

METAL ORGANIC FRAMEWORKS (MOFS)

As the interest in improved applications for gas separation, gas storage, heterogenous
catalysis, drug delivery, and storage increased, the value of porous materials has been
acknowledged more and more. Within this arena, different organic materials such as
activated carbon and inorganic structures such as zeolites have initially been explored.
Considering the attractive properties of these organic and inorganic structures such as
stability, high surface areas, and high adsorption capacities, it was intriguing to combine
organic and inorganic materials (Kuppler et al. 2009). The resulting hybrid structure is
widely known as metal organic frameworks (MOFs); however, it can also be cited as
porous coordination networks, porous coordination polymers, or hybrid organic-
inorganic materials (Kuppler et al. 2009; Kitagawa and Matsuda 2007; Yu et al. 2023).

2.1. Structure and Properties of MOFs

MOFs are well-defined crystalline structures comprised of metal ions and organic
ligands. Metals in the structure act as connectors while organic ligands act as linkers to
create a stable structure called secondary building units (SBUs). For the formation of
these stable structures utilization of charged organic linkers and metal nodes are essential.
This combination leads to the formation of a multinuclear structure with strong
directional bonds (Kalmutzki, Hanikel, and Yaghi 2018). The frameworks of MOFs are
formed by the connection of these SBUs (Kalmutzki, Hanikel, and Yaghi 2018; Rowsell
and Yaghi 2004). Thanks to the predictable geometry and connectivity of these building
units, the overall framework structure of the synthesized MOFs can be controlled which

gives a unique distinction over other solid materials. It is possible to achieve various



geometrical structures and even combine SBUs with different geometries to tailor the
framework of MOFs.

The pore size of MOFs can be modified by changing the length of the organic linker
without affecting the overall geometry of the network or through different combinations
of various SBU geometries. This unique property allows remarkable control over the
targeted applications (Kalmutzki, Hanikel, and Yaghi 2018). Thanks to the porous
structure, MOFs show high surface areas providing a wide range of advantages.

The functionality of MOFs can also be controlled by manipulating the organic linker
molecules (Rowsell and Yaghi 2004) or utilizing different metal node configurations. The
inclusion of chiral or active compounds within the MOF structure can functionalize the
overall material (Safaei et al. 2019). These tailorable qualities rightly so attract great
attention to MOFs.

Thanks to these desirable qualities, MOFs show great potential in gas storage,
separation, adsorption, catalysis, and ion exchange (Hu et al. 2019; Fajrina et al. 2022;
Pettinari and Tombesi 2020).

2.2. Synthesis of MOFs

Various synthesis options developed within the materials chemistry have been put to
the test for MOF synthesis as well. These synthesis methods include solvothermal,
microwave-assisted synthesis, mechanochemical, sonochemical, and electrochemical
synthesis. Among these options, the solvothermal method is one of the most well-known
synthesis options and is the most utilized method for MOF synthesis (Ghanbari, Abnisa,
and Wan Daud 2020). This approach utilizes thermal energy for the reaction by heating
the reagents (metal A mix of different solvents can also be utilized in order to adjust the
properties of reaction media. The solvothermal synthesis method provides easier control
over the properties and structure of MOFs by controlling the solvent properties, reaction
time, and temperature (Rowsell and Yaghi 2004). The reaction time can vary between 1
hour to 6 days while the reaction temperature usually ranges between 350-473 K
(Aniruddha, Sreedhar, and Reddy 2020).



As an alternative approach microwave-assisted synthesis has also been explored (Wu
etal. 2013; C. Chen et al. 2019; Cho et al. 2012). This method involves the utilization of
microwave irradiation to promote the synthesis reaction. Even though it is not applied as
widely as the solvothermal synthesis method, it is found to be advantageous due to
shortened reaction times (Safaei et al. 2019; Aniruddha, Sreedhar, and Reddy 2020).

Similar to microwave-assisted synthesis methods, the sonochemical method utilizes
ultrasonic waves. High-energy ultrasound is found to be useful in increasing the
temperature quickly and reducing the reaction time (Ghanbari, Abnisa, and Wan Daud
2020). In 2009, HKUST-1 was the first MOF synthesized by sonochemical method (Li
etal. 2009). While reduced reaction time can be beneficial, it can also make it challenging
to manipulate MOF properties through these synthesis methods in comparison to the
solvothermal approach.

As another alternative synthesis method, electricity can be employed. Metal ions and
dissolved organic linker along with an anode, cathode, and electrolyte solution for this
synthesis method. This method also attracts attention due to shorter reaction times.
However, this method might lead to decreased pore size and have an adverse effect on
the crystal structure (Ghanbari, Abnisa, and Wan Daud 2020; Aniruddha, Sreedhar, and
Reddy 2020).

The mechanochemical synthesis method differentiates from all of the above-
mentioned methods because it does not necessitate the use of a solvent medium. In this
method, MOFs are synthesized through mechanical forces such as grinding and tight
mixing. Because there is no use of solvent in this method, it is considered to be more
environmentally friendly (Safaei et al. 2019; Ghanbari, Abnisa, and Wan Daud 2020).

2.3. MOFs in CO; Capture

2.3.1. Interaction of CO2with MOFs

Thanks to the attractive properties of MOFs mentioned above, these nanoengineered

materials are considered as one of the suitable materials for gas adsorption and



consequently CO:2 capture technologies. Exploring the possibility of harvesting MOFs
power in gas adsorption has attracted many researchers who are focusing on CO:2
emission reduction technologies. In order to utilize the full potential of MOFs in this area,
it is important to understand the general concepts behind adsorption through MOFs.

CO2 adsorption in MOFs is predominantly governed by the interactions between the
SBU structures and CO:2 molecules. Similar to other adsorbates such as zeolites,
physisorption of CO2 is observed on MOF surfaces. However, MOFs offer various
additional functionalities for the increase of CO2 uptake capacities. The fundamental
functionalities offered by the MOF structure include open metal sites (OMSs) and Lewis
basic sites (LBSS).

Utilization of OMSs is the most commonly used technique for increasing the
adsorption capacity of MOFs. This strategy is based on harvesting the interaction between
CO:z2molecules and unsaturated metal nodes which act as Lewis acid (Kalmutzki, Hanikel,
and Yaghi 2018). This is why, OMSs are sometimes also called Lewis acid sites (LASS)
(Ding etal. 2019). In order to decorate MOF structure with OMSs, solvent molecules that
interacted with the metal nodes during the synthesis process are removed through thermal
treatment usually under vacuum. Removal of these solvent molecules leaves the metal
nodes unsaturated and ready for interaction with CO2 molecules (Choe, Kim, and Hong
2021; Ding et al. 2019). However, it is important to note that, even though OMSs strongly
increase the CO2 adsorption capacity, these polar sites also show affinity to H20
molecules which creates a competitive adsorption environment. This is why, a decrease
in CO2 adsorption capacity may be observed under humid conditions (Kalmutzki,
Hanikel, and Yaghi 2018; Choe, Kim, and Hong 2021). The effect of OMSs not only
improves the CO2 capture capacity of MOFs but also imparts a selective adsorption
property for gas separation. The polar nature of these unsaturated metal sites shows a
greater affinity towards polarizable molecules. For example, a higher affinity towards
CO2 over H2 molecules leads to effective CO2/H2 separation (Ding et al. 2019).

Another strategy employed for enhancing the CO2 capture capacity of MOFs is to
incorporate organic linkers containing Lewis basic sites (LBSs). In this case, CO: acts as
Lewis acid against the Lewis basic properties of the organic linker. Most commonly,
organic ligands containing, or conditioned to contain, amine groups are explored for
imparting these LBSs to MOF structure. This approach is based on the excellent CO2
capture capacity of traditional absorbent monoethanolamine (MEA). The chemical

absorption behavior of CO2 can be replicated in the MOF structure through the utilization



of amine groups (Ghanbari, Abnisa, and Wan Daud 2020; Ding et al. 2019). Even though
amine-based linkers are the most commonly studied option for LBSs, other nitrogenous
groups such as C4HaN2, CsH3Ns3, and CsHsNs (Ding et al. 2019; Nandi et al. 2021). Lewis
acid-base interactions between CO2 and linkers lead to a reduced effect of H20 on the
CO2 capture capacities of MOFs which can be beneficial for applications under humid
conditions. However, it is important to note that, chemisorptive behavior between CO2
and linkers may affect the regeneration capabilities of the synthesized MOFs.
Furthermore, the inclusion of nitrogenous groups may lead to an overdecorated pore
vicinity and hinder physical access of COz2 into the MOF structure. Hence, careful design
of LBSs is crucial (Ghanbari, Abnisa, and Wan Daud 2020; Ding et al. 2019).

Carboxylate or hydroxide groups can also be utilized to improve the CO: capacity
of MOFs. While carboxylate groups reduce the effect of humidity due to the polar
properties hydroxide groups strengthen the immediate interaction between the metal node
and the CO2 molecules (Pettinari and Tombesi 2020).

Another property to pay attention to when it comes to the selective adsorption of
CO2 molecules is the pore size. Considering the kinetic diameter of CO2 (3.3 A), the MOF

structure can be tailored to target selective COzadsorption (Q. Wang et al. 2016).

2.3.2. Potential MOFs for CO, Capture

In order to utilize the promising CO2 capture potential of these hybrid frameworks,
a range of MOFs have been investigated by different researchers. These studies aim to
determine the CO2 adsorption capacities of different MOFs under a wide array of
conditions, including varying temperatures and pressures. Table 1 below provides a list
of the most commonly studied MOFs for CO2 capture, summarizing the performance
metrics under different testing conditions. This compilation serves a valuable resource
for understanding the variable CO2 adsorption capacities of these novel materials. This
table also demonstrates that the same MOF may show a range of CO2 adsorption

capacities rather than a fixed characteristic value.



Table 1. CO2 adsorption capacities of commonly studied MOFs

. . Temperature -
CO;, Adsorption Capacity P
MOF Pressure Reference
(mmol/g)
(K - bar)
(Rezaei et al. 20173;
) Choe, Kim, and Hong
Ni-MOF-74 0.38-6.68 298 -1
2021; D. L. Chenetal.
2014)
(Choe, Kim, and Hong
Mg-MOF-74 9 298 -1
2021)
(Choe, Kim, and Hong
Co-MOF-74 6.9 298 -1
2021)
(Keskin, van Heest,
HKUST-1 1.8-5 298 -1 and Sholl 2010b;
Yazaydin et al. 2009)
(Millward and Yaghi
MOF-177 335 298 - 35
2005)
) (Pettinari and Tombesi
UiO-66 2.3-3 273 -1 ]
2020; Ding et al. 2019)
UTSA-16 Y4 298 -1 (Rezaei et al. 2017a)
ZIF-8 2.7 298 -1 (Yazaydin et al. 2009)
(Pettinari and Tombesi
MOF-200 54.5 mmol/g 298 - 50
2020)

Within the scope of this work, only OMSs-based MOFs have been considered
amongst the most commonly studied MOF structures in the literature. As the table
suggests, MOF-74 type adsorbents offer high CO2 capture capacities. In fact, the CO2
capture capacities of these isoreticular structures are quite similar and show changes
within a similar range (Choe, Kim, and Hong 2021; Ding et al. 2019; Pettinari and
Tombesi 2020; Keskin, van Heest, and Sholl 2010b). Having said that, Mg-MOF-74
stands out as it generally shows the highest CO2 adsorption capacity. Following that Ni-
MOF-74 attracts attention since it is reported as the most stable MOF-74 variant in the
presence of water (Liu et al. 2011).

Based on the information provided above, Ni-MOF-74 is found to be a suitable

option for CO2 capture studies. To this date, various studies focusing on the CO2 capture



properties of Ni-MOF-74 have been conducted. According to these studies, the CO2
capture capacity of Ni-MOF-74 is based on the effect of OMSs (Pettinari and Tombesi
2020), Ni-MOF-74 shows good thermal stability, and a highly porous nature (C. Chen et
al. 2019). A wide range of results concerning the surface area of Ni-MOF-74 has been
reported. BET surface area of Ni-MOF-74 samples ranged between 599 m?/g (Grant
Glover et al. 2011) and 3,398 m?/g (Rezaei et al. 2017a). Similarly, the reported CO2
capture capacities of Ni-MOF-74 range between 0.38 mmol/g (Kamal et al. 2020) and
6.68 mmol/g (C. Chen et al. 2019).

Table 2. CO2 adsorption potential of Ni-MOF-74

CO;, Adsorption Temperature - )
) Synthesis
MOF Capacity Pressure Reference
Method
(mmol/g) (K—bar)
0.38 298 -1 Solvothermal (Kamal et al. 2020)
5.8 298 -1 Solvothermal (Kamal et al. 2020)
25 298 -1 Solvothermal (Chen et al. 2014)
Ni-MOF-74 5.64/4.54 273/298 - 1 Solvothermal (C. Chen et al. 2019)
Microwave
6.68/5.5 273/298 - 1 ] (C. Chen et al. 2019)
assisted
6.54 298-1 Solvothermal (Rezaei et al. 2017b)

2.4. Immobilization of Ni-MOF-74

Despite their significant potential in various technologies such as CO2 capture,
practical integration of MOFs into existing requires integration into carriers. For this
purpose, immobilization of Ni-MOF-74 has been studied as well. Such studies include
the immobilization of Ni-MOF-74 onto monoliths (Rezaei et al. 2017a), metal plates,
metal foams, metal gauzes (Jodtowski et al. 2020), carbon fibers (Martinez-Diaz et al.
2024), and PAN fibers (Harandizadeh et al. 2022; Amini et al. 2020). Even though the
reported studies on Ni-MOF-74 integration into different carrier structures are targeted to
various applications, the common purpose of these studies remains the same: easy
integration of MOFs into real-world applications. However, the immobilization of Ni-



MOF-74 on woven fabrics, which are flexible, multipurpose, and one of the most
affordable supporting structures, has not been explored yet.

For MOF immobilization, various techniques have been reported including in situ
methods such as direct solvothermal deposition, layer-by-layer growth, and inkjet
printing methods; and ex situ methods such as electrospinning and dip coating (Ma et al.
2020; Rezaei et al. 2017a). For direct solvothermal deposition method involves including
the supporting material directly into the synthesis solution. The MOF particles are
deposited on the supporting material during the synthesis process. However, this method
might not provide a controlled deposition onto the surface since nucleation occurs within
the reaction solvent rather than the support surface (Ma et al. 2020). Layer-by-layer
growth involves subsequent immersion of the supporting substrate into metal salt and
organic linker solutions. This leads to a gradual growth of MOF layers on the substrate
surface. This technique offers a controlled synthesis of MOFs on the supporting structure
(Rezaei et al. 2017a). The inkjet printing method emerges as a novel immobilization
technique, and it is based on the evaporation-induced crystallization technique. The
synthesis solution combined with stabilizing agents is loaded into a printing mechanism
and printed onto the supporting substrate (Goel et al. 2021). This method offers the
flexibility of controlling the MOF loading shape and thickness. The electrospinning
method is one of the most commonly utilized ex situ deposition methods for MOFs. The
electrospinning method involves mixing readily synthesized MOF particles into a
polymer medium to create a suspension. This suspension is then subjected to high voltage
to create thin fibers (Harandizadeh et al. 2022; Amini et al. 2020). The electrospinning
technique compliments the high surface area of MOFs. The dip coating method is a
commonly used coating method, especially in the textile industry. This method can also
be adjusted for immobilization of MOFs. For the dip coating technique, the supporting
substrate is dipped into an MOF/polymer mixture. The thickness of the MOF layer can
be controlled during the dipping steps (Ma et al. 2020). These methods have all been

considered for the immobilization of Ni-MOF-74 onto different supporting surfaces.
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CHAPTER 3

CO2 ADSORPTION

Adsorption is a fundamental process that involves the attraction of molecules,
ions, or atoms from a gas bulk face to the surface of a solid phase due to intermolecular
forces, coulomb forces, or electron transfer. Within the adsorption system, molecules of
the gas phase are called the “adsorbate” while the solid surface is called the “adsorbent”
(Bastos-Neto, de Azevedo, and de Lucena 2020). During the adsorption process, gas or
liquid particles adhere to the surface of the adsorbent resulting in an exothermic
interaction. Removal of these gas or liquid particles from the adsorbent surface is denoted
as desorption which is an endothermic process as opposed to adsorption.

o - N /o . & o
Adsorptive 1 °
L] . ° .
. e * Adsorptive 2 ¢
‘ » Adsorption P N \ o
' b i Desorption |
° . (exolhe.rmnc) i | . - (endothermic) |
e iSO QaEmEee, ]

@

P \
/ Adsorbat

&
T
e |l

Figure 1. Adsorption process (Source: Jirgen U. Keller and Reiner Staudt 2005)
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Based on the nature of attractive forces between the adsorbent and adsorbate,
adsorption can be classified as physisorption or chemisorption. In physisorption, physical
forces such as van der Waals forces and Coulomb forces are in effect. Coulomb forces
are predominantly observed in the case of charged adsorbates while van der Waals
interactions are predominately observed in the case of neutral adsorbates. On the other
hand, chemisorption involves electron transfer between the adsorbate and adsorbent
leading to a stronger interaction (Ruthven 2001). Due to the stronger interaction and
electron transfer between adsorbate and adsorbent, the nature of chemisorption can be
described as irreversible. The need for electron transfer between the adsorbate and
adsorbent surface also means that the adsorption is observed in a monolayer at the

adsorbent surface. On the other hand, physical adsorption can be observed in multilayers.

3.1. Adsorption Isotherms

Considering that adsorption is governed by thermodynamic rules, the first
phenomenon related to adsorption is to be taken as Henry’s law. Following Henry’s law,
an adsorption isotherm dependent on the adsorbed adsorbate amount and partial pressure
of the system can be expressed. Henry’s adsorption isotherm deals with low surface

coverage concentrations.

q=K'P (3.1)

As can be observed from the structure of this equation, Henry’s adsorption
isotherm follows a linear form. The slope of this linear adsorption isotherm is known as
Henry’s law constant (K'). The temperature dependence of Henry’s constant, acting as a
thermodynamic equilibrium constant, adheres to the basic van’t Hoff equation (Ruthven
2001):
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As the surface coverage concentrations increase the isotherm diverges from ideal
linear form and becomes more complex. Such isotherms can be categorized as

summarized in Figure 2.
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Figure 2. Classification of adsorption isotherms (Source: IUPAC 1985)

In order to have a deeper understanding of the adsorption interactions between the
liquid phase and solid surface, various other isotherm models have been developed over
the history of science. These isotherms are not only utilized for understanding the
adsorptive behavior but also an integral device for the characterization of porous solids.

Depending on the specific adsorption system, different isotherm models can be

considered.
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Amongst the various adsorption models, the Langmuir model provides one of the most
commonly referred equilibria of adsorptions and is found to be useful for understanding
monolayer adsorption. Langmuir adsorption isotherm follows certain assumptions that
are outlined as follows (Douglas M. Ruthven 1984).

1. Clearly defined and a fixed number of adsorption sites are available on the surface,

2. Each active site can interact with one adsorbate molecule,

3. All active sites are energetically equivalent, and

4. Gas molecules behave ideally meaning that adsorbed molecules do not interact

with each other.

(3.3)

In this equation, q represents the adsorbed amount, g, represents saturation limit,
b is the equilibrium constant, and p represents pressure. For the Langmuir model, the
equilibrium constant can be expressed in terms of Henry's constant with the following

equilibrium.

b=K'g, (3.4)

Consequently, the Langmuir equilibrium of adsorption approaches Henry’s Law
at low pressures (Ruthven 2001).

Another adsorption model that is commonly referred to is the Freundlich
adsorption model. This model is found to be useful in expressing the multilayer
adsorption behavior on heterogenous surfaces. Freundlich adsorption isotherm follows

the equation below.

q = bp'/" (35)
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In this equation n is the equilibrium parameter which represents the heterogeneity
of the system (Lesmana et al. 2009). Freundlich adsorption model assumes that the
adsorbent surface presents heterogenous active adsorption sites with different adsorption

energy.
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CHAPTER 4

EXPERIMENTAL STUDIES

4.1. Materials

Acrylic fibers were sourced readily made. Two different acrylic fabric samples were
used for immobilization experiments. One of the samples represent standard acrylic fabric
(AK700) while the other represents an acrylic fabric produced for outdoor usage with
smooth surface (ATIII). Materials used in the synthesis and immobilization of Ni-MOF-

74 are listed in Table 3 below. No further purification was applied.

Table 3. Materials used for experimental studies

Material Chemical Formula
Nickel(ll) nitrate hexahydrate Ni(NO3)2.6H,0
2,5-dihydroxyterephthalic acid CsHsOs
(DHTA)
N, N- dimethylformamide HCON(CHs3)
(DMF)
Methanol CH30H
Ethanol C:HsO
Polyacrylic acid (PAA) (C3H402)n

4.2. Synthesis of Ni-MOF-74

The Ni-MOF-74 was synthesized in accordance with previously published

solvothermal procedures (Wu et al. 2013; Haque and Jhung 2011) with several
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adjustments. In order to understand the effect of molar ratios on Ni-MOF-74 properties,
different molar ratios between nickel salt and organic ligand were applied (1:1 and 2:1
ratios).

First, 0.369 g of 2,5-Dihydroxyterephthalic Acid and 0.582 g of Nickel(ll) nitrate
hexahydrate (1:1 molar ratio) were dissolved in a mixture of 80 mL DMF and 5 mL
distilled water (DW) in equimolar quantities under stirring at room temperature.
Throughout the thesis, this sample is denoted as MOF-74(1:1). Resulting solution in a
sealed heat-resistant glass flask (500 ml) was then placed in a sonic bath at 70°C for 1
hour in order to achieve a homogenous solution. This solution was then placed in an oven
(Binder ED 53 and Memmert 100-800) at a crystallization temperature of 110 °C for 24
hours. The crystallization reaction resulted in brown particles collected at the bottom of
the flask. Before separating the MOF particles from the mother liquor, the solution was
left to cool down to room temperature for 2 hours. Ni-MOF-74 particles were then
separated from the mother liquor by filtration. After this separation step, Ni-MOF-74
crystals were washed with absolute methanol twice. Washed crystals were left in a
desiccator for 3 days to dry out before they were dried further in a vacuum drying oven
at 150°C for 7 hours. MOF-74(1:1) synthesis procedure is demonstrated in Figure 3

below.

17



0.396 g 2,5-Dihydroxyterephthalic 0.582 g Nickel(II) Nitrate
acid (DHTA) Hexahydrate (Ni(NO3)2.6H20)

\‘ Dissolved in 80 mL /

DMF and 5 mL DW.

[ Placed in sonic bath for 1 h at 70°C |

Left in oven at 110°C for 24 h.

l Cooled down to room temperature

Ni-MOF-74 crystals are filtered.

| Washed with methanol 2 times. |

| Left in desiccator for 3 days |

Dried in vacuum drying oven for 7 h at 150°C.

Figure 3. Synthesis procedure for MOF-74(1:1)

For the Ni-MOF-74 sample with a 2:1 molar ratio, the same synthesis procedure
is applied. However, 0.369 g of 2,5-Dihydroxyterephthalic Acid and 1.164 g of Nickel(ll)
nitrate hexahydrate (2:1 molar ratio) were dissolved in a mixture of 80 mL DMF and 5
mL distilled water (DW) under stirring at room temperature. Throughout the thesis, this
sample is denoted as MOF-74(2:1). The MOF-74(2:1) synthesis procedure is

demonstrated in Figure 4 below.
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0.396 g 2,5-Dihydroxyterephthalic 1.164 g Nickel(II) Nitrate
acid (DHTA) Hexahydrate (Ni(NO3)2.6H20)

\ Dissolved in 80 mL /

DMF and 5 mL DW.

Placed in sonic bath for 1 h at 70°C

Left in oven at 110°C for 24 h.

‘ Cooled down to room temperature

Ni-MOF-74 crystals are filtered.

| Washed with methanol 2 times. |

| Left in desiccator for 3 days |

Dried in vacuum drying oven for 7 h at 150°C.

Figure 4. Synthesis procedure for MOF-74(2:1)

4.3. Immobilization of Ni-MOF-74 on Acrylic Fabrics

The immobilization experiments were only carried out for MOF-74(1:1) because this
sample presented a higher CO2 adsorption capacity. Experiments were carried out
following two different techniques, in-situ dip coating (Rezaei et al. 2017a) and drip
casting (Teo et al. 2021). All techniques were applied the same for both fabric types
(AK700 and ATIII)

For the in-situ dip coating method, a previously published technique utilized for
immobilization of Ni-MOF-74 on monolithic structures was adopted (Rezaei et al.
2017a). The exact Ni-MOF-74 synthesis method was followed up to the sonification step
as mapped out in Section 4.2 above. After the sonication step, acrylic fabric pieces cut to
2 cm X 2 cm size were added to the synthesis mixture. After the addition of fabric pieces
to the mother liquor, the same synthesis steps were followed as well. The in-situ dip

coating procedure is demonstrated in Figure 5 below.
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0.396 g 2,5-Dihydroxyterephthalic 0.582 g Nickel(Il) Nitrate
acid (DHTA) Hexahydrate (Ni(NO3)2.6H20)

DMF and 5 mL DW.

| Placed in sonic bath for 1 hat 70°C |

3
I Acrylic fabric (2 cm*2 cm) is added to the solution. I

I Left in oven at 110°C for 24 h. |

| Cooled down to room temperature

.
Ni-MOF-74 / fabric composite is filtered.

!

Washed with methanol 2 times.

L

Left in desiccator for 3 days

!

Dried in vacuum drying oven for 7 h at 150°C.

Figure 5. Procedure for in-situ Dip Coating Method

For the drip casting method, immobilization of readily synthesized Ni-MOF-74
particles was carried out by adopting a previously published technique applied for
different MOFs (HKUST-1, MIL-101(Cr), MIL-100(Fe), and UiO-66) and fabrics (Teo
et al. 2021).

Before the immobilization step, acrylic fabrics (2 cm x 2 cm) were soaked in
absolute ethanol and dried in the oven. First, Ni-MOF-74 crystals on acrylic fabrics, an
MOF-ink was obtained by mixing readily synthesized Ni-MOF-74 particles (0.03 g) and
Poly(acrylic) acid (PAA) (0.03 g) in the presence of 0.5 mL absolute ethanol. The
resulting viscous MOF-ink was then dripped on acrylic fiber pieces. As the last step, this
MOF-ink/acrylic fabric composite was dried in the oven at 60°C for 1 hour and stored in

a desiccator. The immobilization procedure is demonstrated in Figure 6 below.
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0.03 g readily synthesized Ni-MOF-74 0.03 g Poly(acrylic) Acid (PAA)

\ Dissolved in 0.5 mL /

absolute ethanol

Mixed until homogenous MOF-ink is
achieved

Ni-MOF-74 ink is dripped onto 2 cm*2 cm acrylic fabric
samples
)
Dried at 60°C for 1 h.

Figure 6. Procedure for the Drip Casting Method

4.4. Characterization Techniques

Morphologic structures of the synthesized Ni-MOF-74 crystals as well as the Ni-
MOF-74 deposited acrylic fabrics were investigated by scanning electron microscope
(SEM, FEI QUANTA 250 FEG) with different magnifications. Secondary electron (SE)
and backscatter electron (BSE) detectors were utilized for SEM characterization.

The thermal stability of Ni-MOF-74 was determined by thermogravimetric analysis
(Shimadzu TGA-51) with a 10°C/min heating rate in a nitrogen atmosphere at a flow rate
of 40 ml/min. Fourier Transform Infrared spectrophotometer (FTIR, Shimadzu 8201) was
utilized in order to determine the interaction between atoms and determination of
bounded groups of the synthesized Ni-MOF-74 crystals. For the FTIR analysis, a
wavelength range of 400-4000 cm was applied. The crystallographic structure of the
synthesized Ni-MOF-74 sample was investigated by X-ray diffraction (XRD, Philips

X’Pert Pro Diffractometer) with a scan speed of 2°/min.
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4.5. Adsorption Measurements

Adsorption studies were carried out in order to determine the CO2 adsorption
capacity of both MOF crystals and MOF-deposited fabrics. Adsorption and desorption
isotherms of synthesized Ni-MOF-74 crystals as well as the Ni-MOF-74 deposited acrylic
fabrics were carried out by using a volumetric adsorption instrument (Micromeritics
ASAP 2010 M) under 273,150 K. 273,15 K was chosen as the analysis temperature as
this temperature allows to assess the highest CO2 capture capacity of the Ni-MOF-74.
Before the adsorption measurements, samples were degassed at 200°C based on the TGA
analysis of each sample in order to evacuate any trapped solvent particles in the porous
structure of Ni-MOF-74. The surface areas were determined by the Langmuir method

based on the data obtained from adsorption isotherms.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1. Structural and Morphological Characterization of Ni-MOF-74

Ni-MOF-74 powders were synthesized using the procedures laid out in Figure 3 (for
MOF-74(1:1)) and Figure 4 (MOF-74(2:1)). Both procedures resulted in the successful
synthesis of Ni-MOF-74. The resulting Ni-MOF-74 powder shows a yellowish-brown
appearance and fine particle structure which is in line with the commercially available
Ni-MOF-74 products (Chemsoon, n.d.). Structural and morphological characterization of
the synthesized Ni-MOF-74 powders was conducted in order to get a better understanding

of the material properties as well as to ensure that synthesis was achieved successfully.

Figure 7. As synthesized Ni-MOF-74 powder (MOF-74(1:1))
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5.1.1. XRD Analysis of Synthesized Ni-MOF-74 Powders

The XRD patterns of synthesized Ni-MOF-74 samples are shown in Figure 8 and
Figure 9 below in order to get an understanding of the crystallographic structure of the
Ni-MOF-74 powders. For both samples, two main peaks are observed in the XRD
analysis which closely correspond to the characteristic peaks (6.5° and 11.7° 20 for
MOF-74(1:1); 7°C and 12° 26 for MOF-74(2:1)) for Ni-MOF-74, as reported in the
literature (Wu et al. 2013; C. Chen et al. 2019). These characteristic peaks are attributed
to reflection from the (1 1 0) and (3 0 0) planes (Rezaei et al. 2017a). The XRD pattern
of MOF-74(2:1) shows increased noise which could be the result of instrumental effects

or physical properties of the sample.
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Figure 8. XRD of Ni-MOF-74 powders MOF-74(1:1)
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Figure 9. XRD of Ni-MOF-74 powders MOF-74(2:1)

5.1.2. FTIR Analysis of Synthesized Ni-MOF-74 Powders

The organic chemical structure and characteristics of MOF-74 samples were
investigated through FTIR analysis. FTIR profiles for MOF-74(1:1) and MOF-74(2:1)
are given below (Figure 10 and Figurell, respectively). For the MOF-74(1:1), the FTIR
spectra show characteristic peaks at 1,555 cm™ and 1,407 cm* which are attributed to
symmetric and asymmetric stretching of carboxylate groups, respectively (Stuart 2004).
These stretchings are found to be related to DOT linkers in the MOF-74 structure (Kamal
et al. 2020). FTIR peaks located at 1,115 cm™ are attributed to in-plane C-H bending
while peaks at 810 and 583 cm™ are attributed to out-of-plane C-H bending (Stuart 2004).
The FTIR spectra of MOF-74(2:1) show a significantly similar pattern with peaks at
1,552, 1,407, 1,116, 809, and 575 cm™.,
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Figure 10. FTIR patterns for MOF-74(1:1)
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Figure 11. FTIR patterns for MOF-74(2:1)
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5.1.3. SEM of Ni-MOF-74 Powders

High-resolution imaging and detailed surface examination of Ni-MOF-74 samples
were carried out through scanning electron microscopy results of which are given below
(Figure 12(a) and (b) for MOF-74(1:1), Figure 13(a) and (b) for MOF-74(2:1)).
Investigated at a scale of 1 um, 2 um, and 10 um, SEM images of synthesized Ni-MOF-
74 powders reveals a rice-like structure for MOF-74(1:1) which is consistent with the
reported literature (C. Chen et al. 2019).

On the other hand, MOF-74(2:1) particles show a smoother surface structure which
could be a result of incomplete activation or unreacted metal salt. It is observed that MOF
particles are present in clusters for both samples (Figure 12(c) and Figure 13(c)). This
cluster formation can be attributed to impurities such as DMF trapped in the structure or
unreacted DOT.

27



e § || ho—

IYTEMAM

2 pm ———————

IYTEMAM

HV spot det nag ND ure — 10 ym ——————

10.00kv | 3.5 ETD 10000 x | 10.4 mm | 3. 3 Pa 0:2 A IYTEMAM

Figure 12. SEM images for MOF-74(1:1) at a scale of (a) 1 um with 100,000 x, (b) 2 um
with 50,000 x, and (c) 10 um with 10,000 x
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Figure 13. SEM images for MOF-74(2:1) at a scale of (a) 1 um with 100,000 x (b) 2 um
with 50,000 x, and (c) 10 pum with 10,000 x
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5.1.4. TGA of Synthesized Ni-MOF-74 Powders

The thermogravimetric analysis of MOF-74 samples results in a similar profile for
both MOF-74(1:1) and MOF-74(2:1). The initial weight loss at around 100-150°C can be

attributed to loss of trapped solvents in the structure while the 400°C point marks the

complete structural collapse. This information is then used as the reference temperature

for degassing applications before the adsorption experiments.
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Figure 14. TGA analysis results for (a) MOF-74(1:1) and (b) MOF-74(2:1)
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5.2. CO, Adsorption Capacities

In order to investigate the adsorption behavior and pore textural properties of
synthesized Ni-MOF-74 powders and Ni-MOF-74 immobilized on acrylic fabrics,
adsorption experiments were conducted. To this end, adsorption experiments were carried
out under a COz2 (at 273 K) environment.

Adsorption isotherms, Langmuir surface area, and pore properties of the synthesized Ni-
MOF-74 powders as well as Ni-MOF-74 immobilized on acrylic fabrics were

investigated.

5.2.1. CO; Adsorption and Desorption Isotherms of Ni-MOF-74

Langmuir surface area, adsorption and desorption isotherms as well as fit of
experimental data to adsorption models for MOF-74(1:1) and MOF-74(2:1) powders are
investigated based on the fitting of experimental data to the Langmuir model. A summary

of surface area analysis is given in Table 4 below.

Table 4. Langmuir Surface Areas of MOF-74(1:1) and MOF-74(2:1)

Langmuir surface area (m?/g)
MOF-74(1:1) 180
MOF-74(2:1) 114

It is observed that MOF-74(1:1) shows a slightly higher surface area than MOF-
74(2:1) which was also reflected in the SEM images of the samples. MOF-74(2:1) showed
a smoother surface in comparison to MOF-74(1:1). On the other hand, Ni-MOF-74
powders synthesized in this work showed significantly lower Langmuir surface areas.

This can be a result of unreacted organic ligands, unreacted metal salts, or solvent material
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trapped inside the porous structure. In order to achieve a higher surface area, the
activation or washing process should be optimized.

Adsorption and desorption isotherms for MOF-74(1:1) and Ni-MOF(2:1) are
demonstrated in Figure 15 and Figure 16 below, respectively. As it is apparent from the
isotherms, the adsorption behavior of the Ni-MOF-74 powders follows a Type | isotherm
(IUPAC 1985).

-4~ : Adsorption
= : Desorption

2.0

=l

?

Quantity Adsorbed (mmol/g)

0.0

0 100 200 300 400 500 600 700 800
Absolute Pressure (mmHg)

Figure 15. Adsorption and desorption isotherms for MOF-74(1:1)
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Figure 16. Adsorption and desorption isotherms for MOF-74(2:1)

The adsorption analysis reveals that MOF-74(1:1) powder shows a higher
adsorption capacity (1.98 mmol/g) than MOF-74(2:1) powder (1.28 mmol/g). This is
attributed to physical hindrance caused by unreacted nickel salts or inefficient activation
of the MOF-74(2:1) sample.

In order to evaluate the adsorption behavior of Ni-MOF-74 powders, it is
important to fit experimental adsorption data to adsorption isotherm models. For this
study, Langmuir and Freundlich models were investigated. Langmuir and Freundlich

fittings for the MOF-74(1:1) sample are given in Figure 17 and Figure 18, respectively.

33



p/Q (mmHg:g/mmol)

@ Experimental

400

35

30

25

20

100 200 300 400 500 600
Pressure (mmHg)

Figure 17. Langmuir adsorption isotherm of MOF-74(1:1)
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Figure 18. Freundlich adsorption isotherm of MOF-74(1:1)
Table 5. CO2 Adsorption Parameters for MOF-74(1:1)
Parameters Langmuir Parameters Freundlich
Langmuir isotherm Freundlich isotherm
isotherm
Temperature(k) 273.15 Temperature(k) 273.15
Qm (mmol/g) 2.11067 Qm.C (mmol/g) 0.0968
b 0.006923 n 2.205
R 0.989240 R 0.95730
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Langmuir and Freundlich models for MOF-74(2:1) sample are given in Figure 19
and Figure 20, respectively.
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Figure 19. Langmuir adsorption isotherm of MOF-74(2:1)

36



0.1
01
02
-0.3
g
g -0.4—:
06
-0.7:
B 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2 24 26 2.8
log(p)
Figure 20. Freundlich adsorption isotherm of MOF-74(2:1)
Table 6. CO2 Adsorption Parameters for MOF-74(2:1)
Parameters Langmuir Parameters Freundlich
Langmuir isotherm Freundlich isotherm
isotherm
Temperature(k) 273.15 Temperature(k) 273.15
Qm (mmol/g) 1.33333 Qm.C (mmol/g) 0.0977
b 0.00974 n 2.5655
R 0.994493 R 0.99207
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For MOF-74(1:1), the experimental adsorption data presents a better fit with
Freundlich isotherm in comparison to Langmuir isotherm based on the correlation
coefficients (r?). Suitability to Freundlich isotherm suggests heterogenous active
adsorption sites on the MOF-74(1:1) surface.

On the other hand, the experimental adsorption data presents a better fit with
Langmuir isotherm in comparison to Freundlich isotherm based on the correlation
coefficients (r?). Suitability to Langmuir isotherm suggests monolayer adsorption on the
MOF-74(2:1) surface.

5.3. Application on Acrylic Fabric

As it was outlined in Chapter 4 of this report, two different MOF immobilization
techniques were applied in order to achieve immobilization on acrylic fabric surface. The
first of these techniques was the in-situ dip coating technique in which the acrylic fabrics
were immersed in the synthesis solutions during the synthesis of Ni-MOF-74 powder.
However, this adopted technique failed to result in the immobilization of Ni-MOF-74
onto the fabric surface. Due to the chemical structure of the fabric and organic solvent
used for synthesis (DMF) combined with the high synthesis temperature of (110°C), the
fabric structure was completely disintegrated after the 24 h reaction period. The resulting
acrylic fabric-MOF mixture is presented in Figure 21 below. As can clearly be seen from

the figure, the fabric structure was completely decomposed.
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Figure 21. Decomposed fabric structure after in-situ dip coating process

However, the second immobilization method, drip casting, resulted in the
successful immobilization of as-synthesized Ni-MOF-74 powder (MOF-74(1:1)). The
Drip casting process and resulting MOF-coated acrylic fabric (ATIII) is demonstrated in

Figure 22.

Figure 22. (a) drip casting method and (b) acrylic fabric coated with Ni-MOF-74
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Figure 22(a) demonstrates the drip casting process with the prepared MOF-ink while
Figure 22(b) demonstrates the final product after drying the coated fabric. The initial
confirmation of MOF immobilization is indicated by the color change of acrylic fabric

from white to yellowish-brown.

5.3.1. SEM of Ni-MOF-74 Coated Acrylic Fabric

In order to further investigate the immobilization of Ni-MOF-74 on an acrylic fabric
surface scanning electron microscopy method was applied. Figure 23 below shows the
SEM images of MOF-coated acrylic fabric sample (ATIII) at a scale of 100 um and 50
pm. Figure 23(a) demonstrates that MOF-ink penetrated through the woven fabric and
immobilized on the individual fibers. The coating of Ni-MOF-74 can be seen more

clearly in Figure 23(b).
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Figure 23. SEM images of Ni-MOF-74 immobilized acrylic fabric at a scale of (a) 100
pum at 1,000 x and (b) 50 um at 2,500 (ATIII)

Figure 24 below shows the SEM images of MOF-coated acrylic fabric sample
(ATIII) at a scale of 100 um and 50 um. These SEM images present MOF-ink penetration
through the fabric structure and gives a closer look into the MOF coting on fibers
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Figure 24. SEM images of Ni-MOF-74 immobilized acrylic fabric at a scale of (a) 50 um
at 2,500 x and (b) 100 pum at 1,000 (AK700)

These SEM images prove the successful immobilization of Ni-MOF-74 on acrylic
fabrics for the first time. However, agglomeration of Ni-MOF-74 particles to a degree
can be observed on the fiber surface. Furthermore, PAA is clearly observed between and

around the MOF particles resembling a filler material.

42



5.3.2. TGA of Ni-MOF-74 Coated Acrylic Fabric

Thermogravimetric analysis for both samples were also performed. The results show
similar thermogravimetric behavior for both Ni-MOF-74 immobilized ATIII and AK700
samples. Thermogravimetric analyses of MOF-coated acrylic fabrics show a two-step
mass loss, one of which is observed at around 400°C while the other is observed at around
600°C. Mass loss at 400°C is attributed to the decomposition of the Ni-MOF-74 structure
immobilized on the fabric surface as it corresponds with the TGA curves of synthesized
Ni-MOF-74 powders. Consequently, mass loss at 600°C is attributed to the complete
decomposition of the fabric structure itself. This information is then used as the reference

temperature for degassing applications before the adsorption experiments.

12 1.00E-03
0.00E+00

10 -1.00E-03
\ -2.00E-03

8 \ -3.00E-03
-4,00E-03

g 6
-5.00E-03
A -6.00E-03
-7.00E-03
2 -8.00E-03

\ -9.00E-03
0 -1.00E-02
0 100 200 300 400 500 600 700 800 900
T(°C)

—_—TGA DTG

Figure 25. TGA analysis results Ni-MOF-74 immobilized acrylic fabric (ATIII)
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Figure 26. TGA analysis results Ni-MOF-74 immobilized acrylic fabric (AK700)
5.3.3. CO2 Adsorption Capacity of Ni-MOF-74 Coated Acrylic

Immobilizing Ni-MOF-74 onto acrylic fabric opens the way to practical applications
of Ni-MOF-74 for CO: capture. However, in order to investigate the effect of
immobilization on the CO2 adsorption capacity of the synthesized MOF material, an
adsorption analysis must be done. To this end, adsorption studies under a CO:2
environment were conducted. The adsorption capacity of MOF-74(1:1) coated fabric
(ATHI) with a smoother surface structure was measured as 1.82 mmol/g which is slightly
lower than the synthesized Ni-MOF-74 powder (MOF-74(1:1)) at 1.98 mmol/g. This
decrease in CO2 adsorption capacity is attributed to the effect of polyacrylic acid (PAA)
utilized for MOF-ink formation as well as the physical hindrance created by the fabric
fiber at the contact surface with the MOF particles.

The experimental adsorption and desorption isotherms for MOF-74(1:1) coated
fabric (ATIIN) are given in Figure 27 below.
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Figure 27. Adsorption and desorption isotherms for Ni-MOF-74(1:1) immobilized acrylic
fabric (ATII)

It is observed that desorption isotherm shows a similar form to synthesized Ni-
MOF-74 powder. On the other hand, the adsorption isotherm shows a different form than
the adsorption isotherm of MOF-74(1:1). This is attributed to the effect of polyacrylic
acid (PAA) utilized for MOF-ink formation, the increased heterogeneity of adsorbent
surface, as well as agglomeration of MOF particles on fabric fibers. Such effects clearly
resulted in an irregular adsorption isotherm that most similarly resembles Type 11l in the
Brunauer classification of isotherms. This can be tied to the increased level of complexity
in the structure of interfaces due to the penetration of MOF particles into the fabric
structure. Additionally, the presence of PAA in the MOF-ink is likely to be the reason for
the change in the adsorption type as some of the pores might have been blocked off

completely or partially creating a wide range of pore sizes. (Douglas M. Ruthven 1984).
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In order to evaluate the adsorption behavior of Ni-MOF-74 coated acrylic fabrics,
experimental adsorption data was fitted to adsorption isotherm models. For this study,
Freundlich model was investigated. Figure 28 demonstrates the fitting to the Freundlich

model while Table 7 shows adsorption isotherm parameters related to Freundlich fitting.

Derimentai
0. /

3 <
-0.5+ H R { /
T <

log(Q)

0.8 1.0 1.2 14 1.6 1.8 2.0 22 24 26 2.8
log(p)

Figure 28. Freundlich adsorption isotherm of Ni-MOF-74(1:1) immobilized acrylic fabric
(ATIIN)
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Table 7. COzadsorption isotherm parameters for Ni-MOF-74 immobilized acrylic Fabric
(ATHI

Parameters Freundlich Freundlich isotherm

Temperature(K) 273.15
Qm.C (mmol/g) 0.00025
n 1.0283

R 0.998675

For the Ni-MOF-74(1:1) immobilized Acrylic Fabric the Freundlich model shows
a suitable fit to the experimental adsorption data based on the correlation coefficient (r?)
of 0.998675. This revelation further supports the conclusion that Ni-MOF-74(1:1) coated
acrylic fibers have heterogenous adsorption sites. It can also be concluded that multilayer
adsorption is observed for the MOF coated acrylic fabrics.

The immobilization study presents a significant opportunity for the practical
application of Ni-MOF-74 on a flexible acrylic fabric surface. Considering that acrylic
fabrics can be integrated into various real-life applications such as outdoor coverings,
further investigating the opportunities for Ni-MOF-74 coated acrylic fabrics remains an
interesting research area.

For the same purpose, adsorption studies for MOF coated AK700 sampled under
were conducted. For MOF-74(1:1) coated fabric (AK700) with a rougher surface
structure maximum adsorption capacity was measured as 0.62 mmol/g which is
significantly lower than (69%) the synthesized Ni-MOF-74 powder (MOF-74(1:1)) at
1.98 mmol/g. This further decrease in CO2 adsorption capacity is attributed to the
increased effect of physical hindrance created by the fabric fiber at the contact surface
with the MOF particles due to the rougher surface structure of this fabric sample as well
as the effect of polyacrylic acid (PAA) utilized for MOF-ink formation.

The experimental adsorption and desorption isotherms for MOF-74(1:1) coated

fabric (ATIII) are given in Figure 29 below.
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Figure 29. Adsorption and desorption isotherms for Ni-MOF-74(1:1) immobilized acrylic
fabric (AK700)

Experimental adsorption data was fitted to adsorption Freundlich isotherm model.
Figure 30 demonstrates the fitting to the Freundlich model while Table 8 shows

adsorption isotherm parameters related to Freundlich fitting.
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Figure 30. Freundlich adsorption isotherm of Ni-MOF-74(1:1) immobilized acrylic fabric

(AK700)

Table 8. CO2 adsorption isotherm parameters for Ni-MOF-74 immobilized Acrylic Fabric

(AK700)

Parameters Freundlich

Freundlich isotherm

Temperature (K) 273.15
Qm.C (mmol/g) 0.0009
n 1.0197
Correlation coefficient 0.998324
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5.3.4. CO; Adsorption Capacity of In-situ Dip Coating Sample

Despite the fact that the fabric structure was completely decomposed during the in-
situ dip coating technique, the CO2 adsorption capacities of the MOF-Acrylic fabric
mixtures were still investigated.

Results for the MOF-Acrylic fabric mixture (AK700) are given below. Surprisingly,
this sample showed the highest CO2 adsorption capacity at 3.97 mmol/g even though
immobilization was not achieved as it was intended for the experiment. This is likely due
to inclusion of nitrous groups emerged when the acrylic fabric structure was decomposed
during the synthesis reaction. Inclusion of nitrous groups improves adsorption capacity
(S. Chen et al. 2021) by giving way to chemisorption of CO2. The experimental
adsorption and desorption isotherms for the MOF-Acrylic fabric mixture are given in
Figure 31 below.
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Figure 31. Adsorption and desorption isotherms for MOF-Acrylic fabric decomposed
mixture (AK700)

It is observed that both adsorption and desorption isotherms show similar forms
to synthesized Ni-MOF-74 powder. Thus, it can be said that MOF-Acrylic fabric mixture
also follows a Type I isotherm (IUPAC 1985).

In order to evaluate the adsorption behavior of MOF-Acrylic fabric mixture,
experimental adsorption data was fitted to adsorption isotherm models. For this study,
Langmuir and Freundlich models were investigated. Figure 32 below demonstrates the
fitting to the Langmuir model while Figure 33 demonstrates the fitting to the Freundlich

model.
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Figure 32. Langmuir adsorption isotherm of MOF-Acrylic fabric decomposed mixture
(AK700)
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Figure 33. Freundlich adsorption isotherm of MOF-Acrylic fabric decomposed mixture
(AK700)

Table 9. CO2 adsorption isotherm parameters for MOF-Acrylic fabric decomposed

mixture (AK700)
Parameters Langmuir Parameters Freundlich
Langmuir isotherm Freundlich isotherm
isotherm
Temperature(k) 273.15 Temperature(k) 273.15
Qm (mmol/g) 4.05472 Qm.C (mmol/g) 0.4634
b 0.013079 n 3.0665
R 0.9995741 R 0.983036
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It is quite apparent that the Langmuir model better fit the adsorption behavior of
MOF-acrylic fabric mixture based on the correlation coefficient (r?) of 0.9995741. On the
other hand, the Freundlich model shows a correlation coefficient (r?) of 0.983036.
Suitability to Langmuir isotherm suggests monolayer adsorption.

Results for the MOF-Acrylic fabric mixture (ATIII) are also given below. This
sample also showed a highest CO2 adsorption capacity of 3.88 mmol/g even though
immobilization was not achieved as it was intended for the experiment. The effect of
nitrous groups on the CO2 adsorption capacity is also observed for this in-situ dip coating
sample. The experimental adsorption and desorption isotherms for the MOF-Acrylic

fabric mixture are given below.
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Figure 34. Adsorption and desorption isotherms for MOF-Acrylic fabric decomposed
mixture (ATII)
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Similarly, both adsorption and desorption isotherms are compatible to those of
synthesized Ni-MOF-74 powder.

In order to evaluate the adsorption behavior of MOF-Acrylic fabric mixture
(ATII), experimental adsorption data was fitted to adsorption isotherm models. For this
study, Langmuir and Freundlich models were investigated. Figure 35 below demonstrates
the fitting to the Langmuir model while Figure 36 demonstrates the fitting to the
Freundlich model. CO2 adsorption isotherm parameters for the sample were also

summarized in Table 10 below.
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Figure 35. Langmuir adsorption isotherm of MOF-Acrylic fabric decomposed mixture
(ATIHI)
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Figure 36. Freundlich adsorption isotherm of MOF-Acrylic fabric decomposed mixture
(ATIII)

Table 10. CO2 adsorption isotherm parameters for MOF-Acrylic fabric decomposed
mixture (ATIII)

Parameters Langmuir Parameters Freundlich
Langmuir isotherm Freundlich isotherm
isotherm

Temperature (K) 273.15 Temperature (K) 273.15

Qm (mmol/g) 3.93771 Qm.C (mmol/g) 0.5177

b 0.014667 n 3.26

R 0.996509 R 0.978732
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It is observed that Langmuir model better fit the adsorption behavior of MOF-
acrylic fabric mixture based on the correlation coefficient (r?) of 0.996509. On the other
hand, the Freundlich model shows a correlation coefficient (r?) of 0.978732. Suitability
to Langmuir isotherm suggests monolayer adsorption.

This revelation shows that even though the particular immobilization technique
did not yield expected results, inclusion of amine groups might be worth further

exploration in future studies.
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CHAPTER 6

CONCLUSION

This study was conducted in two essential segments first of which involved the
synthesis and characterization of a nickel-based metal organic framework showing a
promising potential for CO2 adsorption (Ni-MOF-74). The second part of the study was
dedicated to the immobilization of Ni-MOF-74 onto acrylonitrile fabrics, a previously
unexplored area. CO2 adsorption analysis for both synthesized Ni-MOF-74 powders and
Ni-MOF-74 coated acrylic fabric was also conducted in order to assess the CO:
adsorption capacities of the resulting material.

For the synthesis of Ni-MOF-74, a metal-to-organic linker ratio of 1:1 (MOF-
74(1:1) yielded a higher surface area (180 cm?/g) and a superior surface structure
compared to a ratio of 2:1 (MOF-74(2:1)) which had a surface area of 144 cm?/g.
However, the surface area achieved for both samples fell short of literature-reported
surface areas. This is attributed to the inefficient washing of Ni-MOF-74 product after
synthesis. Further investigation into optimizing the washing step for Ni-MOF-74 is
suggested to be conducted. In terms of CO2 adsorption capacities, MOF-74(1:1) showed
a CO2 adsorption capacity of 1.98 mmol/g which was higher than that of MOF-74(2:1)
(281.28 mmol/g). This result is in line with the lower surface area and a smoother surface
structure of MOF-74(2:1). On the other hand, the CO2 adsorption capacity of both MOF-
74(1:1) and MOF-74(2:1) were found to be lower than available literature data. This is
attributed to inefficient washing and incomplete activation of Ni-MOF-74 samples.
Further investigation into optimizing the washing and activation step for Ni-MOF-74 is
suggested to be conducted. These results are a strong indication of the importance of the
purification step when it comes to MOF synthesis. It has also been observed that inclusion
of amine groups into Ni-MOF-74 structure result in the improvement of CO2 adsorption
capacity. This incidental observation is noted as a potential area of exploration.

This study contributes to the research on creating opportunities for practical
application of Ni-MOF-74 by providing a route for immobilization of Ni-MOF-74
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powders on acrylonitrile fabric which is a versatile flexible material that can be integrated
into various applications. For the immobilization studies, in-situ dip coating and drip
casting methods were employed. The in-situ dip coating method was proved to be
unsuitable for Ni-MOF-74 immobilization on acrylic fabric due to the harsh synthesis
conditions of Ni-MOF-74 and the reaction between the organic solvent (DMF) and
acrylic fabric. On the other hand, the drip casting method resulted in the successful
immobilization of synthesized Ni-MOF-74 onto acrylic fabric samples. As per the CO2
adsorption studies on MOF-coated fabrics, the immobilization process resulted in a slight
decrease of 0.16 mmol/g (=8%) in CO2 adsorption capacity. This finding suggests a
significant potential for utilizing Ni-MOF-74 coated acrylic fabrics in practical
applications. However, it can also be concluded that the type of acrylic fiber also impacts
the CO2 adsorption capacity of Ni-MOF-74 coated acrylic fabrics.

Further investigation anticipated to follow this work is the optimization studies
for synthesis, purification, and activation of Ni-MOF-74 powders, along with the
optimization of immobilization and activation process for Ni-MOF-74 coated acrylic

fabrics.
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