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Abstract

Over the past century, the dependency of humans on fossil fuels has increased dramatically.
Fossil Fuels have become the main source of energy production because of their low cost and
easy availability but they have their own drawbacks. The biggest disadvantage of using Fossil
Fuels is that they produce gasses that are harmful for the environment. The gasses that harm
the environment are called Green House Gasses (GHGs) and Carbon dioxide is the biggest
contributor of all GHGs present in the environment. For the past two decades a lot of work has
been done to study GHGs and methods have been developed to capture, store or convert
environmental and/or exhaust CO2. One of the more advanced method for CO> capture is
physical adsorption which has been accomplished using different materials by different
researchers. Recently, Metal Organic Frameworks (MOFs) have come up as one of the more
efficient adsorption materials for CO> capture or as catalysts to enhance CO> capture. MOFs
are materials that contain a 2-D lattice that contains a network of Metal ions and Organic
Linkers combining to produce a structure that can trap gaseous molecules. These MOFs are
functionalized to produce enhanced adsorption results and better properties like improved
surface area or affinity to CO2 molecules. There are two types of functionalization used in
MOFs i) Pre synthetic Functionalization ii) Post synthetic Functionalization. In this research
the method of Pre-synthetic Functionalization is used to turn the 2-D structure of the MOF into
a 3-D structure to enhance its surface area and pore volume. These types of MOFs are called
Pillared-Layer MOFs as they have a pillar material that combines multiple layers of the 2-D
lattice and results in producing a 3-D MOF. In this study, we synthesize, characterize and test
two Pilared-Layer MOFs for CO> capture. The MOFs are Zn-BDC-Dabco and Co-BDC-Dabco
in which Zinc and Cobalt are the metal ions, BDC or Terephthalic Acid acts as the organic
linker and Dabco acts as the pillar. These samples showed improved CO; adsorption compared
to the same MOFs without Dabco and showed better results than a lot of other similar MOFs.
The Cobalt and the Zinc based MOFs showed a CO- adsorption capacity of 4.4 mol/kg and 6.3

mol/kg respectively and showed good thermal stability up to 300 degrees Celsius.
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Abbreviations

GHGs Green House Gasses

MOFs Metal Organic Frameworks

XRD X-Ray Diffraction

TGA Thermogravimetric Analysis

SEM Scanning Electron Microscopy

EDS Energy Dispersive Spectroscopy

FTIR Fourier-transform infrared spectroscopy
SBUs Secondary Building Units

REMs Rare Earth Metals

OMSs Open Metal Mites

LBs Lewis Base sites

PSF Post synthetic functionalization

PSM Post synthetic modification

SALI Solvent Assisted Ligand Incorporation
AlIM Atomic Layer Deposition

SALE Solvent-Assisted Linker Exchange

PSE Post-Synthetic Exchange
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GtCO2-eq/year

Chapter 1: Introduction

Climate Change

Over the past century, the human dependency on fossil fuel as the main source of energy
has increased which has resulted in improved quality of life and a high level of
industrialization, resulting in enhanced emission of Greenhouse Gasses (GHG). This effect
has also been enhanced by the increase in deforestation. According to most researches it is
expected that this relationship will continue in a similar way at least for the next few
decades till the effects of the recent work on reducing the impact of GHG starts to show.
The increased load up of GHGs in the atmosphere can potentially have a great impact on
the world climate in the near future [1]. The emission of GHGs have dramatically increased

over the period starting from 1970 to 2004 as shown in Figure 1 [1].
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Figure 1: Annual Greenhouse Gas emissions (Globally) [1]

GHGs comprise of various different gasses but the biggest contributor is Carbon dioxide
(CO) as can be seen in Figure 2, which contributes to about 80% of all GHGs [1]. The

biggest source of CO, emission is fossil fuel combustion which has become the biggest



source of energy over the past century and contributes to about 57% of the total GHG
emissions. Deforestation and the decay of biomass are the second biggest contributors to
the increased emissions. Different sectors and their contribution to the total GHG emission
can be seen in Figure 3.
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Figure 2: GHG Composition in percentage [1]
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Figure 3: GHG emissions: Contribution from each sector in percentages [1]
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It can be seen that larger sources that are specified as Energy Supply and Industries
contribute to 45.3% of the total while Buildings, Transportation, Forestry, Agriculture,

Commercial and Residential uses contribute to about 51.9% [1].

Over the past two decades, studies have been conducted to reduce CO, emissions and
mitigate its effects on the atmosphere. Numerous studies and policies have been produced
and a number of solutions have been studied. A list of some of these solutions is provided

below:

a) Sustainable renewable energy sources.
b) Low carbon emission energy sources.
c) Improvement of Energy efficiency.

d) Enhancement of natural sinks.

e) Carbon dioxide capture and storage systems.

Methods to reduce Carbon dioxide emission.

A reduced growth of the economy is also a big effect of global warming and climate change
[2]. Researchers have used various methods to separate carbon dioxide from gas mixtures
that include other gasses like H2, N2, CO, CH4 etc. A lot of research is being carried out
to remove CO2 using chemical solvents like activated carbon [3, 4] and zeolite adsorbents

[5], and both these are very commonly used in different applications in the industrial world.

Generally, chemical solvents are considered feasible for use in the industry for CO2
adsorption. These chemicals base their strength on amine functionality which provides
enhanced affinity to carbon dioxide molecules resulting in improved adsorption. but
despite the enhanced adsorption [6], the cost of the solvents makes this technique not very

financially applicable due to the high cost of the solvents and their regeneration [7].

Activated carbon has high surface area due to its high microporosity [8]. For enhanced
sorption the surface of these pores is functionalized with an amine-based material [9].
Some other materials are more reliable for CO2 adsorption because they can be cheaper,

and the adsorption capacity is not affected by humidity and moisture content.

The CO2/N2 selectivity is moderate at 1 atm but reduces with increase in pressure [10].

Generally, the adsorption capacity and selectivity of CO2 adsorbents gets reduced in post

4



1.3.

combustion applications and is therefore preferred for pre combustion applications [11]. A
lot of CO2 is emitted from traditional power plants and that emission can be removed by

the use of post-combustion CO2 removal processes [12]

A number of different zeolites like the natural zeolite [13], zeolite ZSM -5 [15], zeolite
13X [14], MCM-41 [16] and others [17, 18], are used for carbon capture applications.
Zeolites when functionalized with amine functional groups enhance the capacity for CO2
adsorption [19] but the presence of moisture in the flue gasses reduces its effectiveness
Moisture content creates blockages in the framework of the zeolite molecule due to the
interaction of water with the hydrogen bonding of the framework [20]. This interaction can
enhance the adsorption capacity in some cases and reduce the adsorption capacity in others
based on the polarity of the adsorbates [21]. The water interaction, however, does reduce
the strength of the framework [22] and due to the high energy requirements for the
regeneration of zeolites, they lose their promise as effective adsorbents for CO2 capture
[19, 23].

Most of the previously mentioned materials have shown promise due to their high capacity
and thermal stability for CO2 capture [18, 24, 25] but Metal Organic frameworks (MOFs)
[26, 27] are the center of interest for a lot of researchers as the best option for CO2 capture
[28].

Metal Organic Frameworks (MOFs)

1.3.1. Use of Metal Organic Frameworks

Many different terminologies like organic framework, coordination polymers and hybrid
inorganics is used to describe metal organic frameworks which are generally solid-state
frameworks made by connecting organic ligands using metal ions [29]. Generally, these
frameworks consist of multiple metal-organic units that combine together to form infinitely
long chains of a 1-D, 2-D or 3-D structure [30]. A huge number of MOFs have been
produced and studied for carbon capture and the number is continuously increasing, with
each having different combination of functionalization and organic linkers resulting in
varying adsorption capacity and cost based on the raw materials [31]. Originally there was
a lot of interest in 3-D MOFs because of their high surface area and pore volume and the
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added benefit that they could’ve been functionalized differently for different applications

[32] like gas separation, optoelectronics, purification, catalysts and gas storage etc. [33].

1.3.2. Capture of CO2 in Metal Organic Frameworks

Due to the high percentage of Carbon dioxide contribution to the GHGs, researchers and
scientists have prioritized reduction of CO2 emissions as the biggest solution to fighting
global warming. Due to the high energy requirements of the regeneration processes of the
previously mentioned technologies used for separation, physical adsorption techniques are
commonly used to capture carbon dioxide using highly porous materials because of the
high capacity and low regeneration energy requirements. MOFs with their high porosity,
functionalization ability and high surface area work as a preferred source of CO2 capture
from a mixture of gases [34]. The activation of these materials is a very important part of
the total process as it effects the amount of metal sites open for adsorption and interaction
with CO2 and the gaseous mixtures [35]. Most studies of CO2 adsorption using MOFs are
usually limited to adsorption at certain temperature and pressure which is a poor indicator
for identifying the performance and effectiveness of these MOFs in industrial applications.
Due to the quadripolar moment of the CO2 molecules, it has increased selectivity for MOFs
when in a gaseous mixture [35]. Due to these interesting properties and qualities that
enhance the separation and sorption of CO2, MOFs have caught the eye of many

researchers for various different CO2 capture applications.

Problem Statement

Many different Metal organic frameworks have been tested and used for CO2 capture.
Usually 2-D MOFs are combined with post synthesis amine-functionalization to enhance
their CO2 adsorption capacity. Synthesis of Pillared Layer Metal Organic frameworks
produces 3-d MOFs with higher surface area than 2-d MOFs which results in a higher

adsorption capacity as well.

Scope and Objectives of the Thesis
The objective of this dissertation is to study the synthesis of two pillared-layer Metal
Organic Frameworks and analyze their adsorption capacities for Carbon Dioxide capture

and the improvement in capacity caused by the addition of the pillar. The aims are:
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1. Synthesis of 2 Dabco based pillared layer Metal Organic Frameworks, Zn-BDC-Dabco
and Co-BDC-Dabco

2. Characterization of the synthesized materials using X-Ray Diffraction (XRD),
Thermogravimetric Analysis (TGA), Scanning Electron Microscopy (SEM) & Energy

Dispersive Spectroscopy (EDS), and Fourier-transform infrared spectroscopy (FTIR).

To test the synthesized materials for enhanced surface area and carbon dioxide adsorption

capacities.

Thesis Layout

This is a brief layout of this thesis providing a little detail about each chapter present.

e Chapter 1 provides a short introduction to the background, problems and objectives of
this research.

e Chapter 2 talks about the Literature Review, the papers that were studied to help find
the solution to the problem and details on all the methods and materials that were
studied through the literature.

e Chapter 3 is about the Experimentation and the methodology carried out to solve the
problem. The synthesis method, characterization and the testing is all included in this
chapter.

e Chapter 4 discusses the results obtained in this research in detail with each section in
the chapter corresponding to a different analytical technique or test.

e Chapter 5 is the final chapter, and this is where the conclusions are discussed. It also
contains details about the challenges faced in this research as well as the future

recommendations.

Summary

The recent studies on global warming and climate change point out Greenhouse Gasses
(GHGs) as its main source. The biggest contribution to the total GHGs in the atmosphere
comes from Carbon dioxide which is more than 50% of the total and since it is emitted at
every industry and even every household it’s the most important and easier to counter
emission compared to the rest. Carbon dioxide absorption and adsorption are both methods

to capture the gas and either store it or convert it through different processes into various



other different useful products. Various different methods are used to achieve this capture
of COg, but pressure swing adsorption remains one of the more common methods used for
this purpose. Metal Organic Frameworks have caught attention around the world because
of their high porosity, surface area and flexibility which helps achieve high adsorption
capacities for CO capture. Not only that but MOFs can also work as catalysts for capture

processes which makes them valuable tools for these methods.
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Chapter 2: Literature Review

Background
2.1.1. Carbon Capture Techniques

There are various different technologies used to reduce CO, emissions like capture and
compression from combustion exhausts, transportation to oceans or geological reservoirs
for storage and utilization by converting the exhaust CO; into useful products [1, 2]. But
all these technologies come with their own risks like acidification of the ocean in deep
ocean storage and environmental issues due to other types of sequestration. Due to this
reason, techniques in which carbon dioxide is first captured and then converted to valuable
products, also known as Carbon Capture and Utilization (CCU) [3] is considered one of
the best techniques for CO capture. Due to the easy process and the easy regeneration by
multiple methods, adsorption seems like the most competitive method for CO, capture of
all the other options like membrane technology, cryogenic, absorption, and micro algal bio-
fixation [4,5].

Adsorption has shown promise as a low energy and cost consuming process for post
combustion carbon capture compared to other methods when the durability and the ability
to regenerate the solvent can be guaranteed [4,6-8]. The conversion of CO», captured from
exhausts and other emission sources, into useful products provides not only reduces net
CO:2 emissions but also generates high value fuels and chemicals [4,6-9] with the added
advantage of providing better health conditions and environment to humans as well as
improve climatic issues. Despite these advantages, the aggressive nature of the high
temperature and high-pressure conditions required to break down the highly thermal stable
and chemically inert CO» for the adsorption process is a big concern as it requires high
energy input which is not good for the environment. Therefore, the carbon dioxide is
activated first using MOFs as catalysts to allow it to convert under comparatively milder
conditions. MOFs have recently been used as effective adsorbents for carbon capture as
well as [10-13] efficient catalyst [14-19] to help other materials be able to adsorb CO>
because of their high surface area, stability, porosity and open channels. MOFs also provide

high porosity and crystallinity as well as the ability to be synthesized with various different
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functionalized organic linkers based on the use. This gives MOFs a major advantage over
other adsorbents for carbon capture, due to the enhanced efficiency in CO capture as well

as the ability to work as a catalyst to convert COo.

2.1.2. Metal Organic Frameworks

Synthesis of Metal Organic Frameworks (MOFs) is easy, it is achieved by the application
of modular synthesis in which a metal salt is mixed with an organic linker that results in a
crystal structure with a fine network of pores that possess exceptional porosity, stability,
and a high pore size and surface area. Over the past few years, various different techniques
and methods have been used for the synthesis of MOFs, these techniques contain both
continuous and discontinuous phase MOFs and the synthesis conditions vary with each
method as well. However only cautious MOFs are commonly used for adsorption
applications and there are very few examples of discontinuous MOFs being used for CO2
adsorption. All the common techniques used for MOF synthesis are usually either solid
phase synthesis methods or liquid phase synthesis methods. Solvothermal methods [20] are
the most commonly used method for MOF synthesis, but other methods like
electrochemical synthesis [22], microwave-assisted synthesis [21], sonochemical
synthesis [24-29], mechanochemical synthesis [23], spray-drying synthesis [30-32] and
flow chemistry [33-36] are also commonly used for the synthesis of MOFs. The various
methods used for the synthesis of MOFs and their respective operating conditions are
shown in Figure 4. The structure of the MOF is based on the three basic components of the
MOFs during synthesis, i) inorganic secondary building units (SBUS) ii) the organic linkers
[37-39] and iii) the solvent used during the synthesis process as both the other two
components are usually solids at room temperature and pressure. The different types of
approaches used for MOF synthesis that have been developed over the past two decades

are shown in Fig [30].
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Figure 4: Techniques used for MOF Synthesis and their
respective operating conditions [20-36].

An advanced explanation of all the main parts of Metal Organic Frameworks is provided
below:

Linkers: Linkers are neutral molecules or ions that bond to the metal ions and donate
electron pairs (act as Lewis bases). They are also called bridging ligands or Organic Linkers
and they can consist of heterocyclic compounds, anions such as phosphonate or sulfonate
and carboxylic acids. For the synthesis of MOFs, usually multidentate ligands are used,
these ligands have two or more donor atoms. Nitriles, carboxylates and azoles are some of
the more commonly used ligands in MOF synthesis [37,41]. Multivariate MOFs in which
a single framework consists of multi organic functionalities that provide a more complex
design for the pores of a MOF have also been reported [42,43].

Metal precursors: The metal part of MOFs is usually contributed mostly by divalent or
trivalent Rare Earth metals and Transition metals, for example Zn2+, Zn3+, Cu2+, Co2+,
Ni2+, Fe2+, Fe3+, Ru2+, AIl3+ etc. [44-48]. Over the past few years, Lithium
[49,50],Magnesium [51-56],Boron [57],Carbon [56,58,59] and other light weight metals

have also been studied for use as metal precursors in MOFs mainly due to their good
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gravimetric properties which is essential in gas separation applications. Lanthanide series
(e.g. Pm, Gd, La, Dy, Er, Tm, Sm) have received a lot of attention from researchers for use
as SBUs in MOF synthesis because of their peculiar chemical characteristics and strong
coordination features [60-62]. These properties give the lanthanide series strong affinity
for ligands and donor atoms that contain oxygen and nitrogen and their hybrids. The
problem faced by researchers is that the lack of control in the synthesis of lanthanide
complexes because of their coordination flexibility and high coordination number; which
results in their use in MOF synthesis being low compared to transition metals [63-65].
MOFs have become very popular in the past two decades and new materials are being
studied every day, recent studies have also included the use of mix metals, alkaline earth
metals like, p-block elements and even actinides as SBUs in the synthesis of MOF materials
[66-71].

Solvents: These are mainly used because usually both the metal precursor and ligand
material are usually solids, so solvents help them dissolve together. Many different solvents
are used for different types of MOF synthesis, the most common ones are water and some
organic solvents like acetone, ethanol, N,N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSOQ), etc. Solvent molecules are responsible for defining the dimensions and
connectivity properties of the MOFs [72,74-76] because they influence the coordination
and interaction of and between metal ions [72,73]. The total organic part of the MOFs
contributes to three major roles in the total process of synthesis of the material. This
includes:

1. Use as an organic solvent and as a source of defining the coordination of the linkers

which is reported to be based on the basicity of the organic solvent [77].
2. The solvent also plays an important role in dictating the formation of the MOF structure
3. Theligand is also organic, and it contributes by coordinating with the metal ion to form
the structure [78].

MOFs can also be synthesized with the use of a mixture of solvents and mixtures of water
and organic solvents or mixtures of different organic solvents in varying ratios have also
been reported for MOF synthesis [79]. In all these mixtures, it is important to keep the
polarity of the MOFs close to allow the different solvents to mix with each other

seamlessly.
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MOF synthesis with specific selected properties

A rational design of the MOFs systematically enhances its performance for specific
applications [80-85].Adsorbate-Adsorbent interactions are one of the most important
factors when it comes to CO2 capture as it controls the amount of CO2 captured in a MOF,
and these interactions depend on other properties such as the metal ions that have open
sites and interact with the Carbon dioxide molecules[86,87]. Thanks to the high structural
and chemical tunability of MOFs, they can be modified differently for different

applications.

2.2.1. Functional modification and structural spaces

Organic ligands and Metal precursors have exceptional flexibility which allows them to
adapt to functional and structural modifications. The metal part of the MOFs includes all
series of transition and lanthanide metals, p-elements and rare earth metals (REMSs) but the
most commonly used ones are Cu, Zn, Co, Ni, and Fe. Amine based carboxylate and
heterocyclic ligands are widely used as organic ligands for MOF synthesis, with the
carboxylates being the favorite choice due to their stability. This allows researchers to
synthesize MOFs for different applications using different combination of carboxylic acid
ligands and metal centers and a proper selection can produce enhanced results.

2.2.2. Surface area and pore volume

For MOFs, the pore size is also a key parameter when testing MOFs and it has great
importance for Carbon dioxide capture and conversion applications. When synthesizing a
MOF, the metal ions and organic ligands are arranged evenly to form a regular lattice
structure, and the solvent guest molecules help in the formation and growth of the
framework structure. After the guest molecules are removed, that is when the porous
structure of the MOFs is produced. When preparing samples, if the compound is made to
trap guest molecules into the channels, narrow pores (nps) are formed which are very small
in size and have high selectivity which helps in selective uptake of CO2 over other gasses
in humid conditions [88-90]. Another very important parameter is BET surface area which
defines the adsorption capacity and the performance as a catalyst of the selected MOF. A
general trend is that with the increase of specific surface area, the adsorption and catalytic

properties of a MOF increase as well up to a certain limit. Therefore, it is important to

16



2.3.

select both the organic ligands and metal precursors in a way that results in an enhanced
surface area per unit mass. ldeally, the use of longer organic linkers provides optimum
results for CO2 capture in MOFs as they produce MOFs with narrow pore (np) and high
specific surface area [91].

2.2.3. Unsaturated open metal sites

These open metal sites are what make MOFs so effective in adsorption. These unsaturated
sites are saturated with the presence of guest molecules such as DMF, ethanol, water,
methanol and other organic solvents which can be removed to expose the unsaturated sites
by using some activation methods. The Lewis acidity of these metal sites results in them
carrying a partial positive charge (3+) on them. Metal Organic Frameworks that contain
these sites show comparatively higher heats of adsorption for CO2 (Qst) at lower pressures
which results in higher selectivity of CO2 over N2 in flue gasses. This is because of the
greater polarizability and quadruple moment of the CO2 in comparison with the N2which
results in a stronger force of attraction for the CO2 and a better interaction with the
molecules [92]. The adsorption capacity of the MOFs can also be enhanced by proper
evacuation of guest molecules which results in increased density of open metal sites and

allows efficient binding and access to CO2 molecules.

Functionalization of metal-organic framework

The isorecticular chemistry of the MOFs allows them to be functionalized which is
achieved using two main approaches. The first one involves the incorporation of a
functionalized organic linker which adds to the already built structure of the MOF, this is
called pre-synthetic functionalization. The second approach is post synthetic
functionalization in which a linker or additional functional group is added after the initial
synthesis of the MOF has been completed. [94-99]. The application of MOFs is limited by
the vacancy in the metal sites after evacuation as they usually have only one available slot
and applications like use as a catalyst require at least two coordination vacancies [100].
This has led to isorecticular chemistry becoming an important feature in recent studies to
tailor the organic linkers as it assists in the design of functional MOFs that are specifically
designed to address a specific application. The use of organic solvents such as DMF or

even water in the synthesis process results in the production of open metal sites (OMSs)
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and the heating of the MOF after synthesis results in the removal of these solvent molecules
[101-105]. CO2 and N2 interact strongly with these metal sites that have a high density of
charges due to the high polarizability of N2 compared to Co2 and their greater quadrupole
moment [92]. Introducing Lewis Base sites (LBs) into MOFs that are usually nitrogen
containing organic groups is also another approach used for functionalizing MOFs and

enhancing their CO2 adsorption capacities [101-105].

2.3.1. Pre-synthesis functionalization

Yaghi first used this approach in which a functionalized MOF was produced using the
originally used SBU by functionalized organic linkers that had similar connectivity (MOF-
46) [106] (Figure 5 below). In the IRMOF series, Yaghi and coworkers mixed Rbdc and
Zinc nitrate tetrahydrate in DEF using the solvothermal method [107]. The IRMOFs had a
cubic MOF-5 like structure and when functional groups such as NH2, C2h4 and Br etc.
were introduced, the pore diameter was reported to go from 12.8 A all the way up to 28.8
A. Many researchers have used the concept of isorecticular chemistry to produce different
MOFs with enhanced crystal structure and stability. NH2-BDC, fumarate, BPDC and 2,6-
napthalene were used to replace the BDC linker to produce (MIL-88: [Fe30(bdc)6]n) by
Ferey et al. [93,108] while Li et. al. [109] used h2bdc linkers and titanium metal material
to synthesized NH2-MIL-125, [110] to produce a MOF with a quasi-cubic tetragonal
structure. Pillared-Layer MOFs are also a type of pre-synthetically functionalized MOFs
that produce a three-dimensional structure, in these MOFs a material is introduced that
connects the 2D lattices of the traditional MOFs and turns them into a 3D structure which

results in an enhanced surface area and adsorption capacity.

Figure 5: Proposed Model of the MOF [106]
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2.3.2. Post-synthetic functionalization
Post synthetic modification (PSM) or Post synthetic functionalization (PSF) is the name
given to the process in which the modification of an already synthesized MOF is done to
produce a new MOF with its own structure and chemical properties. Amino, aldehyde,
halogen, alkyne and a lot of other different types of functional groups are used for this
purpose [112]. This approach is also very commonly used to dedicate the open metal sites
and active centers of a MOF for a specific task or application. It involves reaction of
pendant aldehyde [114], azides [111,116], and pendant amine [113-115] and it cannot be
used by the usual solvothermal or hydrothermal processes used for the production of
MOFs. The functional group can be introduced either to the organic linker or the metallic
cluster in which case it is referred to as post-synthetic metalation (PSMet). For the former,
three different strategies are reported, which include
I.  The replacement of the nonstructural labile inorganic linkers with nonstructural
functional organic linkers called the solvent assisted ligand incorporation (SALI).
Il.  The addition of metal clusters or complexes on the nodes for support called the
atomic layer deposition (AIM).
I1l.  Replacing the structural linkers with alternative linkers called the solvent-assisted
linker exchange (SALE) or the post-synthetic exchange (PSE). [118].
These strategies have the same aim i.e. incorporation of functional groups into the MOFs
but are still very different [118]. For example, in SALE changes the physical and chemical
properties but does not change the topology of the MOF by allowing to decorate the pores
and sites of the MOF with organic linkers while AIM and SALI make use of the available,
reactive and labile ligands present in the nodes of the MOFs [118].

Selection of Metal Organic Framework

Following the Pre-synthesis functionalization technique, a number of MOFs were
shortlisted and studied from the literature. All these metal organic frameworks were
Pillared-layer three dimensional MOFs which resulted in them having high surface area
and pore size. Table below provides a list of Metal Organic frameworks that were studied
from the literature. [119-126]
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Table 1: List of Pillared-Layer MOFs studied in the literature review.

S.No Metal Organic Framework Reference
1 WOFOUR-1-Ni or Co 119
2 SIFSIX-3-Cu 120
3 SIFSIX-3-Co 121

Zn2(BDC)2(Dabco)
4 ) 122
Ni2(BDC)2(Dabco)
TIFSIX-1-Cu
5 123
SNIFSIX-1-Cu
6 Co(Imda)(4,4'-bpy) 124
. [Zn4(TRZ)4(TTBDC)2]n 125
[Zn2(TRZ)2(DOBDC)]n
8 UTSA-15a 126
Summary

This chapter begins by discussing various different technologies used for Carbon dioxide
capture and their advantages and disadvantages. There are different methods used for this
including compression, capture and storage but they all come with their own risks which
resulted in giving birth to the idea of Carbon Capture and Utilization in which CO> is
captured but instead of storing it in a reservoir it is used in different processes or converted
into useful products. For CCU, adsorption has shown a lot of promise as it is not a very
energy or cost intensive process. MOFs offer high CO: capture capacities and also act as
catalysts to help other materials capture CO2 which makes them ideal for this process. This
chapter talks about MOFs in detailed. MOFs are synthesized using 3 main components i.e.
metal precursor, organic linker and a solvent. There are various different methods used for
MOF synthesis but the most commonly used method is Solvothermal Synthesis which uses
a solvent in the presence of high heat to allow the metal and the linker to react and form a
MOF. MOFs for CO. capture are specially designed in a different way than normal
methods to enhance their affinity for CO2 capture and increase their surface area and for

this MOFs are functionalized. There are two different methods for MOF functionalization:
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1. Pre synthesis functionalization in which an additional material is added to the MOF for
the reaction of the synthesis that causes the resultant MOF to possess high affinity for CO»
or result in an increased surface area and 2. Post synthesis functionalization in which
already synthesized MOFs are reacted with other materials to enhance the properties of the
MOF. At the end, the chapter contains a list of MOFs that were studied before the final

selection of the MOF to be synthesized was made.
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3.1.

3.2.

Chapter 3: Experiment and Methodology

Materials

Zinc Nitrate Hexahydrate Zn(NOs)..6H2.0 and Cobaltous Nitrate Hexahydrate
Co(NO3)2.6H20 were used as metal precursor, Terephthalic acid also known as Benzene-
dicarboxylic acid, CeHs(CO2H)2, was used as the organic linker. DMF was used as the main
solvent in this process. DABCO, N2(C:Ha)s, was used as the pillar as all these MOFs were
Pillared Layer MOFs. All these materials were obtained from Sigma-Aldrich. N-N,
dimethylformamide or DMF was used as the main solvent for synthesis which was obtained

from Merck

Synthesis Methods

4 main samples were produced. 2 of these samples were Pillared-layer and contained
DABCO while the other 2 did not contain DABCO and were thus not Pillared-layer. The
synthesis detail of the samples both with and without DABCO are given below.

3.2.1. Synthesis of Pillared Layer Metal Organic Frameworks.

The MOFs were produced by solvothermal method. For the Zinc based MOF, 1 mole of
Zn(NOs3).2.6H20 was mixed with 1 mole of Terephthalic acid in a beaker containing 40mi
of DMF. The solution was mixed using a hot plate stirrer till a clear transparent solution
was achieved. 0.5 moles of DABCO was then added into the solution. The stirring was
continued till the solution again became clear, which was evidence that all 3 of the
components had dissolved completely. The solution was poured into a Teflon lined steel
autoclave and heated at 120°C for 48 hours in a heating oven. The solution was allowed to
cool down and then the produced crystals were filtered and then washed 3 times using
DMF after which the obtained crystals were put in a vacuum oven at 40 °C for 48 hours.
The same process was repeated for the Cobalt based MOF with one change i.e. tr was used
as the organic linker instead of Zn(NO3z)2.6H20.

3.2.2. Synthesis of Metal Organic Frameworks without DABCO.
The same process with the same concentrations was repeated for these MOF. The only

change was that no DABCO was added in the solution.
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3.3.

Characterization

3.3.1. X-Ray Diffraction

XRD provides an analysis of the crystallinity and phase purity of a material. XRD allows

researchers to study material properties at atomic level. A detailed study provides atomic

numbers, bond lengths, pore volume and other important details

3.3.1.1. Instrumentation

Figure 6 shows a schematic of X-ray Diffractometer (XRD) which have four main

components:

X-ray Source
Monochromator
Goniometer

Detector

goniometer X-ray source

' monochromator

Figure 6: Instrumentation Diagram of XRD Equipment

3.3.1.2.  Working Principle

In X Ray Diffraction the working principle is based on the interference of the

monochromatic X-rays. X-Rays are incident on the material under study and each material

has its own diffraction pattern that represents the crystal structure. On contact with the
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material, some of the X rays are refracted, some are transmitted, some of it is diffracted
while the remaining portion is absorbed in the sample material. These percentages as well
as the diffraction of light are specific for every single material based upon their chemical
structure. as After XRD the distance between two atoms can be measure using Bragg’s
Law which is defined as:

nA =2d sinf D

n = order of diffracted beam

A = wavelength of incident x-ray beam

d = distance between adjacent planes of atoms

Since every material has its own XRD pattern, the XRD patterns of all known materials
are collected and stored in databases which allows materials to be easily identified by

comparing the result with the patterns available in the literature/databases.

3.3.1.3.  Applications
XRD is used to check the purity of the samples, to identify and compare unknown
crystalline materials and to determine atomic level dimensions inside a material.
3.3.2. Scanning Electron Microscopy and Energy Dispersive Spectroscopy
SEM or Scanning electron microscopy is a process that produces images used to analyze
the morphology and structure of a material. This process helps identify the surface and
cross-sectional morphology of different materials and MOFs. Sputter coating is carried out

to coat gold on the surface of the materials before it can be analyzed.

3.3.2.1. Components of SEM
SEM consists of following components (Figure 7):
e Electron column
e Scanning system
e Detector
e Display
e Vacuum system

e Electronic control
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Scan Colls
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/
Display
= Amp CRT

Figure 7: Diagram of SEM Equipment with Labelled components

3.3.2.2.  Working Principle
High energy electrons which dissipate different kinds of signals are decelerated and
focused on the surface of the target material. The secondary electrons explicate the
topology and morphology of the material. The interactions between electrons does not
damage the sample material therefore SEM is a non-destructive technique.

3.3.2.3.  Magnification in SEM
Optical transformation or magnification is not used in SEM. The magnification and clarity
of a sample in SEM is modified by varying the length of the scan (Lspec) This makes
calibration of the SEM equipment very important. 27 length is the standard scan length of
the monitor (Lmon) and by that the linear magnification (M) of the SEM can be obtained
by:

M= Lmon/Lspec @)
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3.3.24. Image Formation
The image formed in the SEM is electronic, and not true as each pixel of the image
represents the intensity of the signal at that point which combines to form a full image
(Figure 8).

Area scanned on Area scanned on monitor
Specimen

o0 o0
00090

.' .‘——_,,_______:

—

Low magnification

High magnification

Figure 8: Diagram explaining the image formation process in SEM

Energy dispersive Spectroscopy or EDS is used to quantify and identify the composition
of the target sample. The principle is similar to that of XRD as the target sample is
bombarded with an electron beam which results in atoms from the sample emitting X rays
of specific wavelength. The energy dispersive detector in the EDS equipment analyzes the
rays and uses it to identify the elements and their weight percentage in the sample.

3.33. TGA

To understand and analyze the thermal stability of the material, Thermogravimetric
analysis is used. The basic principle of TGA is that it measures the rate of change in mass
of the sample as the temperature is increased within a certain pre-selected limit, in a
controlled environment. The weight is initially measured and then as the temperature
increases and weight loss starts to happen, the weight is constantly logged in the machine.
The final output from TGA is a graph in which the X axis represents the temperature in

ascending order and the y axis represents the change in mass or mass lost.
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3.34. FTIR

Spectroscopy is the Interaction of radiation with matter. The spectrum provides
information about the vibrations of different functional groups present in a molecule. It is
a powerful tool used for the identification of the types of chemical bonds by producing an

infrared absorption spectrum.

3.34.1. Infrared Region
Infrared region lies between the visible and microwave regions of the electromagnetic
spectrum. IR waves have longer wavelengths than visible and shorter than microwaves.
The frequency of IR waves is lower than visible and higher than microwaves. IR region is
further divided into three spectra:
e The spectrum closer to the visible light- near infrared
e The spectrum closer to the microwave region- far infrared

e The region between near infrared and far infrared- mid infrared

3.3.4.2.  Wavenumber
Usually, IR spectrum refers to the radiations lying in the mid IR region and is represented
by wavenumber v, cm -1.
3.3.4.3. FTIR Instrumentation
The principle components of the FTIR system are:
e IR source

e Interferometer
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3.4.

e Sample
e Detector

e Signal processor (computer)

3.3.4.4.  Applications
e Detection of impurities during the reaction
e Qualitative analysis of a sample
e Chemical Bonding and functional groups

e Compositional analysis of organic, Inorganic and polymers

3.3.5. Sorption Analyzer

Once the characterization and identification process are complete, the next part is to test
out the application of the materials. For CO> capture, MOFs are tested based on their
physical adsorption capacity for CO2 under selected pressure and temperature conditions.
Different types of raw materials used for the synthesis of MOF produced different kinds of
pore sizes and surface area resulting in different kind of adsorption performance. For this
testing, High Pressure iSorp HP volumetric sorption analyzer from Quantachrome was
used. The sample was first outgassed at a selected temperature and pressure and the
degassed sample is then allowed to adsorb CO2 from a stream of CO2 gas as the pressure
of the gas is slowly increased. The temperature and mass of the sample can be varied too
based on the type of analysis. The equipment provides analysis in terms of an adsorption
isotherm (volume adsorbed as a function of relative pressure) which can be converted into
required units and used to calculate the surface area as well [1]. The isotherm is produced
by recording the amount of carbon dioxide adsorbed on every pressure point. The
desorption isotherm is also produced.

Summary

This chapter discusses the methodology used in this research to achieve the objectives of
the study. At the start of the chapter, the materials and the methods used for the synthesis
of the selected MOFs are explained in detail. The second part of the chapter includes
detailed explanation of all the methods used for characterization of the produced samples
including SEM, EDS, XRD, TGA and FTIR. The availability of the equipment used in
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laboratories is also mentioned and the chapter ends with a detailed explanation of the

equipment and method used for testing the sorption capacity of the synthesized MOF.
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4.1.

Chapter 4: Results and Discussion

Characterization

4.1.1. X-Ray Diffraction

D8 Advanced X-Ray diffraction system by Byrker was used to perform the XRD of the
samples. The XRD pattern of both our Pillared layer MOFs are shown in Figure 9. The
XRD pattern of both our Zinc and Cobalt based MOFs match the XRD pattern of the same
Ni MOF present in the literature [1]. This tells us that the synthesized MOF was
synthesized properly and also tells us that both our MOFs are similar in structure. These
MOFs have a three-dimensional structure thanks to the DABCO which connects the two-
dimensional lattice of the original metal-linker combination with each other by taking up
the axial sites present in the metal atoms. For synthesis, DMF is used as the solvent and
after the synthesis the crystals need to be heated at a certain temperature which causes the
guest particles to leave the structure leaving large 3D spaces that enhances gas adsorption
and provides a high surface area. Figure 10 shows the proposed structure of the respective
MOFs.
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Figure 9: XRD Pattern of the synthesized MOF and the Simulated pattern from the
Literature [1]
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Figure 10: Structure Diagram of the Synthesized MOF showing C (red),
O (orange), N (grey) and Metal (blue) atoms

4.1.2. Scanning Electron Microscopy and Energy Dispersive Spectroscopy

For the purpose of SEM, The TESCAN SEM VEGAS3 was used. To avoid charging of the
material, gold sputtering process was conducted to coat gold on the material after drying.
As shown in the Figure 11, the SEM images show that this material has a morphology built
up by a combination of large number of three-dimensional structures. This could be further
zoomed to 1um which then shows that these crystals have a detailed sheet like structure.
The tetragonal structure of the original MOF is responsible for the sheet like structure [2].
The EDS is shown in the Figure 12. For the MOF the C, O and Metal percentages are in
the expected range, the gold coating mechanism results in the EDS showing some gold

traces in the results.
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Figure 11: SEM Images of the two MOFs
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Figure 12: EDS of Cobalt based MOF
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4.1.3. Thermogravimetric Analysis

DTG-60H Thermo Gravimetric Analyzer (TGA) was used for the TGA of the sample
materials Figure 13 shows the TGA of both the MOFs. Both these MOFs show two major
weight loss stages in the curves. Moisture content and DMF removal as well as the removal
of other volatile compounds results in the first major weight loss stage which comes at
around and below the 250°C temperature mark on the graph. The second major stage of
decomposition is different in both the MOFs and it represents the final decomposition of
the MOF. The Cobalt based MOF shows a higher thermal stability and decomposes at
380°C which is about 80°C more than the Zinc MOF and this could be because of the much
higher surface to volume ratio present in that MOF compared to the Cobalt MOF, and as
more heat is needed to decompose this material and as can be seen from the figure it takes
longer to decompose the Zinc MOF as compared to the Cobalt MOF which decomposes
instantly at soon as it reaches a certain temperature. These three steps are divided into three
different sections. The first one is called the DMF degradation step because in this step the
guest molecules of the solvent (DMF in our case) are removed from the material. The
second step is called the linker degradation step as in this step the linker starts to deteriorate

until a certain point where it stops to deteriorate anymore. This point is where Metal oxide

starts to form.
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Figure 13: TGA Analysis of the two MOFs
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4.1.4. Fourier-transform infrared spectroscopy

Agilent cary 630 was used to carry out the FTIR analysis of the materials the results that
show the functional groups present in the materials in the 650-3750 cm™ range for
wavelength are shown in Figure 14. The first band in the 700-750 cm™ region represents
the Metal-Oxygen bond. The Carbon-Oxygen single bonds were represented by the second
and third band in the 1050cm™ and the 1360 cm™ wavelength range respectively and the
1550-1600 cm™ range represents the Carbon-Oxygen double bonds present in the
framework. These double bonds appear because of the benzene structure of the Organic
Linker from the BDC. The extra peaks represent the stretching of the COOH groups and
the absence of hydrogen peaks shows that a framework has been produced. The Carbon
Hydrogen bond causes the FTIR to show a final peak in the 2900-3400 cm™ range. The

metallic structure introduced in the structure causes the stretching of the C-H bond.
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Figure 14: FTIR Analysis graph of the two MOFs
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4.2.

4.1.5. Surface area testing (BET)

The BET was done for both the Zinc and Cobalt based pillared MOFs. The pore volume
curves are shown in the figure 15. The surface area was calculated to be 511.7 m?/g for the
Zinc based MOF and 98.2 m?/g for the Cobalt based MOF.
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Figure 15: Pore volume curve of the two MOFs

Testing

4.2.1. Sorption Analysis

High Pressure Gas Sorption Analyzer (iSorp HP1) was used to test the adsorption capacity
of the MOFs. In this part, both the MOFs with DABCO and without DABCO were tested,
specifically to study the effect of addition of the pillar in the MOFs. All readings were
taken at 25°C between pressures of 0-25 bar the adsorption isotherms are shown in Figure
16. The Cobalt based pillared MOF showed a CO. adsorption capacity of 4.4 mol/kg and
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the Zinc based pillared MOF showed an adsorption capacity of 6.3 mol/kg of CO2 and the
results of both these were significantly greater than their non-Dabco counterparts as can be
seen in the figure which could be a result of the increase in surface area due to the addition
of the pillar which turns the MOF into a 3D structure. The results are much higher than that

of the Zeolite 13X which shows a reported value of 2.2 mol/kg at room temperature [3].
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Figure 16: Sorption Analysis curves of all four synthesized MOF

4.3. Comparison of Results
Table 2 contains a list of MOFs similar to the synthesized MOF of this research. The
adsorption capacities of these MOFs at 1 atm and 298 K are also mentioned in the table for
comparison.
Table 2: Comparison of results with Literature
Surface Area | Adsorption Capacity
S.No Name of MOF Reference
(m?/g) (mol/kg)
Zn BDC Dabco 511.7 6.3
1 This research
Co BDC Dabco 98.2 4.4
2 M177-1000 1978 3.3 4
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3 MOOFOUR-1-Ni 456 2.45 5

4 SNU-M11 505 2.09 6

5 | [Zna(TRZ)4(TTBDC):]n 255.5 1.39 7

6 NDC 365.1 1.5 8
4.4. Summary

This chapter includes detailed discussion on the results obtained from the synthesis of the

selected MOF and its characterization and testing. The crystals formed showed a 3D

structure which confirmed the synthesis of a pillared MOF. The XRD further confirmed it

as the results were very similar to the XRD present in the literature of similar MOFs. The

TGA showed high thermal stability and the FTIR confirmed the presence of the required

functional groups. The addition of the pillar material resulted in enhanced surface area of

the MOF which in turn resulted in increased Carbon dioxide capture capacity. The results

also confirmed that the performance MOFs with the pillar material were significantly better

than that without the pillar material.
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4.6.

4.7.

Chapter 5: Conclusion and Recommendations

This detailed research and study of the selected MOFs produced some really good results

and a number of valuable findings in terms of both synthesis and application.

Conclusions

1.

The Zinc and Cobalt pillared Layer MOFs provide high adsorption for CO>. The results
show that the Zinc MOF shows a CO; adsorption capacity of 6.3 mol/kg while the
Cobalt MOF shows a CO> adsorption capacity of 4.4 mol/kg. Both these capacities are
good and are much better compared to some of the other Pillared-Layer MOFs like
NDC [171] and SNU-M11 [172] which show an adsorption capacity of 1.5 and 2.09
mol/kg respectively.

The MOFs show a high surface area which is because of the addition of the pillared-
linker (DABCO). The enhanced surface area is the reason why the MOFs show good
adsorption capacities as well. The pillar attaches itself to the two-dimensional structure
of the Metal-BDC MOF and turns it into a three-dimensional system resulting in more
space and pores to accommodate additional gas molecules. This is also proved by the
fact that the non-pillared layer MOFs showed considerably lower surface area and
adsorption capacities. Both the non-pillared layer MOFs showed an adsorption capacity
of less than 1mol/kg which is very low.

Challenges

1.

Synthesis of these MOFs using co-precipitation failed a number of times. The process
of synthesis and all the temperatures were kept the same but the process still did not
produce reasonable products.

Synthesis of the Pillared Layer MOFs was tougher than synthesis of normal MOFs. It
took a lot of practice and hard work to get it right for the first time. Despite following
the process mentioned in various different literatures.

Use of the Hydrothermal reactor failed. The reason for this is unknown but the MOFs
produced, by following the same process as done for the synthesis of our final product,
using Hydrothermal Reactor instead of a Teflon-lined steel autoclave produced poor

52



4.8.

results and the XRD and FTIR analysis of those MOFs showed that the correct product

was not produced

Future recommendations
The current study focused on the synthesis and effect of Pillared-Layer Metal Organic
Frameworks. Other properties can be varied in the future to help understand the world of

pillared MOFs better. These experiments can be:

1. The use of different solvents for the synthesis of the MOFs and a comparative study
of their adsorption capacities.

2. Studying the effect of change of metal in Pillared-layer MOFs by using 4 to 5 or more
different metals for the synthesis and comparing the adsorption and surface area

results.

Furthermore, a financial study could be conducted to analyze similar MOFs available in

the literature and to compare the price to performance ratio of all these MOFs.
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