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ABSTRACT

This study demonstrates that the synthesis of HMTA-modified Zn BDC and Ni BDC
metal-organic frameworks leads to materials exhibiting superior structural properties and
increased capacities for CO2 adsorption. The integration of HMTA enhances the surface
area and markedly improves the efficiency of these metal-organic frameworks (MOFs) in
CO. capture, thereby establishing them as viable options for gas separation and
environmental remediation applications. The Zn BDC and Ni BDC metal-organic
frameworks (MOFs), along with their corresponding HMTA-modified variants, Zn
BDCoHMTA and Ni BDCoOHMTA are prepared through hydrothermal method. The
synthesized metal-organic frameworks (MOFs) were characterized through a range of
analytical techniques, which encompassed X-ray diffraction (XRD), scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), thermo-gravimetric
analysis (TGA), and Brunauer-Emmett-Teller (BET) analysis. The XRD and SEM
analysis demonstrated a crystal structure with notable morphological variations,
suggesting that the inclusion of HMTA transformed the structure from irregular
microspheres to interconnected sheets. The BET analysis revealed that the surface areas
for Zn BDCo>HMTA and Ni BDCoHMTA were significantly enhanced, measuring 66.53
m?/g and 220.91 m2/g, respectively, in comparison to their non-HMTA counterparts. The
evaluation of CO. adsorption capacities measured by utilizing a high-pressure gas sorption
analyzer demonstrated that the HMTA-modified MOFs displayed enhanced CO:
adsorption properties, with Zn BDCSHMTA reaching a peak adsorption capacity of 3.50

mmol/g at 283 K, whereas Ni BDCoOHMTA exhibited an adsorption capacity of 2.85

XVi



mmol/g. Both the values are higher than the unmodified BDC based MOFs. The results
underscore the efficacy of HMTA as a modifying linker, significantly improving both the

surface area and the adsorption capabilities of the metal-organic frameworks (MOFs).

Keywords: Metal organic frameworks, Organic Linker, Hexamethylene Tetraamine, CO>

Adsorption, CO; storage.
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CHAPTER 1: INTRODUCTION

The rising energy consumption has been reported in an Energy Information
Administration (EIA) predicate. According to that report energy consumption will rise
57% in 2030 [1]. This percentage increases directly as the consumption of the available
fuel increases for the increasing energy demand. Due to the increase in the consumption
of the available fuel, greenhouse gases are also increasing considerably. During a year
about 72% of the total greenhouse gasses emitted into the atmosphere during a year
contains CO2 gas [2]. This increase in CO- causes an increase in sea level which causes
the increase in floods, climate change, global warming, rise in global temperature and the
species extinct. The primary source of CO2 emission is the use of combustion systems
comprising fossil fuels. The use of coal fired power plants, and the burning of fossil fuels
include coal, oil and natural gas into the industrial sector and the transport systems are
the leading cause of the increase in CO2 emission. The use of coal based power plants are
also the major cause of the production of the CO> [3]. It is accepted that due to the increase
in energy demand linked with the increase in world population and the development of
the industrial sector, and the excessive use of fossils fuels. The concentration of CO is

also increased in our atmosphere and causes an increase in global warming.

1.1 CO2 as Greenhouse Gas

The CO2 molecules are also known as greenhouse gas. Greenhouse active gases are
those gas molecules that have some dipole movement and IR active substances. So for
example, the COz is an IR active gas, when the IR radiation coming from the sun enters
the earth atmosphere the CO> absorbs those IR radiations and their molecule starts
vibrating due to dipole movement, the vibrating molecules emit radiation and those
radiation. Other IR active molecules and the IR radiation then absorbed those radiations
and the IR radiations was remined in earth’s atmosphere and did not reflect earth
atmosphere and the absorb IR radiation causes the change in the climate conditions of the

earth and the earth atmosphere On the other hand, the gasses like N2 and O> present in



earth atmosphere are IR inactive molecules, and they have zero dipole movement and do
not absorb IR radiation and reflect the IR radiation. This proved that CO: is an active IR
molecule, and they absorbed IR radiation coming from the sun. As these radiations are not
reflected instead they absorb by CO2 molecules, Due to absorption the earth’s temperature
increases and the greenhouse effect increases [4]. The increase in CO- in the atmosphere
causes an increase in the greenhouse effect, the greenhouse effect causes an increase in
the earth temperature due to which the climate gets hotter and hotter day by day which
results in the melting of the snow caps which cause floods. The increase in greenhouse

gases can also cause an increase in the smog. Fig 1 shows the greenhouse effect.

The Greenhouse Effect

Some sunlight that hits Earth
is reflected back into space,
while the rest becomes heat

Greenhouse gases
prevent heat from
escaping into space,
warming the planet

Figure 1.1: Greenhouse effect caused by greenhouse gases including CO; resulting in the
elevation of temperature in the environment [5]

1.2 Role of CO2 in Global Warming
Carbon dioxide has been considered the most important for two main reasons.

Firstly, CO2 has been proved to have caused most of the warming (Fig. 1.2) since 1750 as

compared to other climate drivers by Intergovernmental Panel on Climate Change (IPCC)



in a “global climate assessment report” in 2013 [6]. The IPCC estimated the “radiative
forcing” (RF) of each climate driver, that is the net rise (or decline) in the quantity of
energy getting to the Earth’s surface credited to that climate driver. Positive and negative
RF values stand for average surface warming and cooling respectively. In the result, CO>
has the maximum positive among all the anthropogenic climate drivers calculated by
IPCC [7]. Secondly, CO> resides in the atmosphere for a longer time than any other GHG.
Although Global Warming Potential (GWP) i.e., how much heat a GHG fences in
atmosphere up to specific time horizon, of CO: is low as compared to other greenhouse

gases but it has longer lifetime causing larger greenhouse impact [8].

U.S. Greenhouse Gas Emissions in 2017

Nitrous Oxide Fluorinated
6% / Gases

3%

Methane
10%
T

Carbon
Dioxide
82%

Figure 1.2: Graphical representation of U.S greenhouse emissions with major contribution by
CO; emissions [5]

1.3 Carbon Capture & Storage
As energy demand increases, the consumption of fossil fuels also increases. There

is an urgent requirement to reduce the emission of CO> from the industrial process to
minimize the effect of CO> on climate changes. To reduce the emission of CO, Carbon



Capture Storage, methods are used. Many of the carbon capture technologies are now
commercializing to reduce CO>. Their primary aim is to capture CO> from large-scale
power plants, industrial processes and transportation. Carbon Capture Utilization or
Storage (CCUS) is a process that can capture carbon and utilize the captured carbon for
the synthesis of valuable products. The CCUS techniques are not only for the capturing of
CO2gas, but it can also work how to use the captured CO> to produce other materials.

CCS: Carbon Dioxide Capture and Storage m

mEE 2 ==
- PTS Nawrad

B ) G ) <
= - O B

Figure 1.3: Process of CO, generation, capture, transportation and storage [9]

The Carbon Capture Storage and Utilization consists of four steps which includes:
The first step is the capturing of the CO. gas from the emission sources, the treatment of
captured CO, transportation of the treated CO; gas to the storage sites and then the storage
of CO- and then the stored COz is further used for the production of the different chemicals
as it the raw material for various processes like in urea production the CO2 is used as a
raw material. There are four leading conventional Carbon Capture Storage technologies

that are mostly used in the industrial sector.
Following are the leading conventional technologies [10]

* Pre-combustion technology



» Post-combustion technology

*  Oxy-flame technology

1.3.1 Pre-Combustion Technology

The pre-combustion technology is one of the most used technologies. The pre
combustion carbon capture technology involves the reaction between the fuel and the
oxygen (which is obtained from the air through an air separation unit), This reaction
mainly gives us the product called synthesis gas (syn gas). The syn gas is a mixture of
carbon monoxide and hydrogen. Later, the carbon monoxide from the syn gas is converted
into COz and Ha, by reacting to a CO with steam in a catalytic converter this reaction is
mainly known as shift reaction in which the CO is further converted into the CO». After
that the CO: is separated by physical and chemical processes resulting in hydron rich fuel

gas. The CO- is stored and used as a raw material in many other chemical processes [11].

Fig 1.4 shows the schematic of pre combustion technology.

Ai

Coal

Air

—|Separation

Unit

ol

Flue gas
Electricity 10 atmosphere

Air

H,0
Quench | | Shift
System || Reactor

—

Sulfur

CO,Capture
Removal |co,
l Selexol I lSeleon
Sulfur Selexol/CO,
Recovery Separation

ICO,

CO,to
€0, Co, storage
Compression

Figurel.4: Schematic of pre-combustion technology for efficient CO, storage [12]

This technology is still not mature enough to be implemented in to the industrial level

because of the highest capital investment cost, this technology requires a lot of work to be

implemented in the industrial sector.




1.3.2 Post-Combustion Technology

In post-combustion technology CO- is separated from the flue gasses after the
combustion of fossil fuels, The CO is captured using adsorption, absorption and
membrane separation. It is the only technology that can be retrofitted to existing plants.
The biggest problem with this technology is the separation of CO2 from the flue gasses as
the flue gasses contain a large amount of nitrogen N> [13]. Post combustion technology is
done by using calcium processes by using alkali earth metal based solid adsorbents. The

calcium process is the most used example of post combustion.

Flue gas
to atmosphere

Air Pollution o :
PC Boiler Control Systems — CO, Capture | =352 gt
(NO,, PM, SO,) ok

Amine I lAmine/CO2 - -
. co CO, to
Amine/CO, |~ Co, Stoinge
Separation Compression

Figure 1.5: Schematic of post-combustion technology for efficient CO, storage [12]

Currently, solid absorbents based on alkaline earth metals are being utilized to
capture CO» from flue gases. Research has also focused on these sorbents for CO- capture
at elevated temperatures in the absence of water vapor. For instance, calcium oxide (CaO),
an alkaline earth metal, can undergo a reversible reaction with CO> to produce calcium
carbonate (CaCOs), making it suitable for both pre-combustion and post-combustion
carbon capture applications [14]. As illustrated in Fig 1.5, the process involves a vessel
known as the carbonator, where the carbonation reaction occurs. In the carbonator, CO-
reacts with solid CaO, resulting in the formation of CaCOs, while nitrogen (N2) and any
excess CO; are expelled from the flue gas at approximately 600 °C. The produced CaCOs3
is then transferred to a second vessel, referred to as the calciner. In the calciner, CaCOz is
subjected to heating at temperatures ranging from 900 °C to 950 °C, which drives the

6



reverse reaction, releasing CO> that can be used to regenerate the CaO sorbent, which is

subsequently returned to the carbonator.

The carbonation reaction is highly exothermic, aligning well with the temperature
requirements of a steam cycle, thus allowing for heat recovery. Studies have investigated
the decomposition conditions of CaCOs particles for CO. capture in a steam-diluted
atmosphere within a fluidized bed reactor. Results indicated that increasing the steam
dilution percentage in the CO> supply gas enhanced the decomposition conversion of
limestone. However, the reactivity of the natural limestone-derived sorbent (CaO) tends
to diminish over multiple COz reaction cycles due to morphological changes such as pore
shape alterations, pore shrinkage, and grain growth during heating. To mitigate the
degradation of sorbent morphology caused by sintering and to produce more robust

sorbent particles that resist attrition, further advancements are necessary [15].

|

N, and other
flue gases

Coal Air Air
N |
Main Combustor Air Separation N
(Air Blown) Unit :
.
Flte o Coal
gas ¢
Y Y
a :
Cationat ) CaCO, (Calciner/OxyfueIN.‘._FfeSh lime-
DFDONERON: - Combustor stone sorbent
Ca0y, + CO;y), CaCO,,, -
— CaCO,,,, CaO Ea0 +3(80 > Spent
o \_ %) 29) ) sorbent

Y

Compression and
Liquefaction Unit

CO, for
sequestration

Figure 1.6: Post combustion CO- storage technology by using calcium process [16]




1.3.3 Oxy-Flame Combustion Technology

Oxy- flame carbon capture technology is one the leading technologies now a days
for the capturing of CO». This involves the burning of fossils fuels in the presence of pure
oxygen instead of air. This can be done to increase the concentration of CO: in the flue
gasses later the CO> can be separated from the flue gases. The flue gasses contain CO>
and water. CO, can be separated by the process of dehydration and low by using
temperature purification process. It is superior to post combustion carbon capture
technology because it cannot contain N2 in the flue gasses like post combustion
technology, oxy flame only contains CO. and water, and it is free from nitrogen and its
purification is easier. This methods give us the highest recovery of CO> and also give

concentrated CO2 with no N2 present in the gas stream [17].

Flue gas
to atmosphere

Air Pollution CO; to
Coal 5 Cco istillati storage
PC Boiler Control Systems == %Stslltlz::’" i CO, .
(PM, SO,) 2 Y l mpress:oq

Flue gas recycle

H,0

Air
Separationf— Air
Unit

Figure 1.7: Oxy-flame combustion technology for CO, storage [12]

1.4 CO2 Capture by Absorbents

Currently Carbon capture using adsorbents technology is the most advanced
technology. There are many types of adsorbents that are used for the capturing of CO..
The adsorbents are the most used technology because the adsorbents contain a high

surface area, low cost, thermal stability and high adsorption rate of CO,. Many types of



absorbents are used including alkali earth metal, zeolite, carbon-based, silica-based
adsorbents and metal organic framework adsorbents. Carbon-based adsorbents are

thermally stable, and these adsorbents require less energy for the regeneration process.

However, the only problem with carbon-based adsorbents is less adsorption
capacity, low surface area and pore size. The zeolite adsorbents show suitable adsorbents
quality and have good structure and pore size. However, the limitations with zeolite
adsorbents are that their adsorption decreases as the temperature increases. These
adsorbents are highly hydrophilic in nature. Minute moisture can be inactive in the zeolite
adsorbents. Nowadays the alkali earth metal based solid absorbents are also used to
capture CO2 from the flue gas. At high temperatures in the absence of water vapor sorbents
for CO; capture from flue gas have also been investigated. The alkali earth metals is used
in calcium based post combustion processes to produce concentrated stream of the CO..
Alkali earth metal, such as CaO can reversibly react with CO> to form alkali earth metal
carbonate CaCOs which is used in processes like pre-combustion and post-combustion

carbon capture applications [18, 19].

Metal-organic frameworks (MOFs) are increasingly favored as adsorbents due to
their distinctive properties when compared to other materials. These advantages include
rapid adsorption rates, substantial surface areas, large pore sizes and volumes, strong
affinity for COa, cost-effectiveness, and minimal energy requirements for regeneration.
Consequently, selecting the right adsorbent is crucial for effective carbon dioxide
adsorption. Several factors should be considered prior to the selection of an appropriate
adsorbent [20, 21]. The parameter is responsible for the structure, quality and the
properties of the adsorbents. The parameters include adsorption and desorption Kinetics,
operating condition, temperature and pressure conditions, pH of the adsorbents,
temperature and moisture of the surrounding, these parameter are responsible for the
capturing capacity of the adsorbent, mechanical and chemical stability and the high CO>
selectivity [22].
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Figure 1.8: CO; separation through various processes and substrates [23]

1.4.1 Metal Organic Frameworks (MOFs) for CO, Capture

Metal Organic framework provides an excellent opportunity to develop an
adsorbent that can fulfill the criteria for suitable sorbent. MOFs have benefit over other
adsorbents because of its unique properties like high surface area, stability, channels,
permanent porosity and functionalizibility of organic linkers for carbon capture. Yaghi et
al. were the first to report MOFs for CO> capture at room temperature with stable porosity
after removing the guest ions [24] following which many new MOFs were developed for
COz capture. For MOFs to have high performance there are a few parameters of concern.
First of all, it’s important for MOFs to have high selectivity for CO. [25] over other
impurities present in flue gases since low partial pressure of CO,. Another important
parameter that decides the energy penalty of carbon capture is the affinity of MOFs
towards CO.. If the affinity is high this will lead to high energy requirement for desorption
(regeneration) while on the other hand if the affinity is low, it will lead to low CO>
selectivity of MOFs [26]. Lastly, for commercial application of MOFs it is important that
the MOF is stable under adsorption and desorption cycles to be used for long periods of
time. Also, the uptake density must be high so that adsorbent bed should be minimized
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[49]. MOFs materials can be further optimized to synthesize adsorbents appropriate to

meet the above-mentioned performance criteria.

Metal ion Organic linker Metal-organic framework

Figure 1.9: Metal organic frameworks (MOFs) development by combination of metal source
and organic linker [27]

1.5 MOFs Selection Criteria

The selection of MOF is one of the most important and major steps, the MOFs
should be selected according to the applications for which MOFs are used. The MOFs

used for the adsorption of CO2 must fulfil the following criteria

« The MOFs should have a high surface area, and high adsorption capacity. The
Adsorption capacity of MOFs is determined by the pressure/temperature isotherms
[28].

» The MOFs should be highly selective towards CO2 while the selectivity in terms
of adsorption should be defined as the ratio of CO, to the other gaseous
components such as oxygen, methane, nitrogen etc. [20]

« The MOFs must possesses a high and fast rate of adsorption, It also shows
desorption that is higher than the rate of adsorption [29].

» The stability determines the lifeline of MOFs, It determines that after how much
time the MOFs should be replaced. By considering this factor the strength of
MOFs should be higher [30].

* The MOFs should be at a low cost, green in nature, it does not affect the
environment.

» The MOFs should have good chemical and mechanical stability [21].
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Choosing MOFs for the use of CO; is based on many screening factors. These
factors include the selectivity that how much the MOFs is selective towards the CO», ease
of synthesis is a major factor as it belongs to the cost, the MOFs show high affinity towards
the CO> so that the more adsorption occurs, MOFs is hydrophobic in nature so that the
atmosphere moisture will not harm the MOFs, the morphology is also crucial because it
includes surface area, pore size, pore volume and the most important part of the screening
of the MOFs is regenerate ability MOFs should only use whose regenerate ability is very

excellent.
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Figure 1.10: Characteristics of MOFs as selection criteria for CO, sequestration and storage
substrate

1.6 Methods for Synthesis of MOFs

Various methods are used to the synthesis of MOFs, these methods include
solvo/hydrothermal method, microwave synthesis method, electrochemical method,
sonochemical method, spray drying method and flow chemical methods. Every method
has its own advantages and disadvantages. These methods are produce MOFs which are
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of different morphologies and the MOFs that are produced from various methods are used
in different applications [31]. The various methods for the synthesis of MOFs are

described below in detail.

1.6.1 Solvothermal or Hydrothermal Method

Solvothermal is the most common method used for synthesizing MOFs. This is the
most widely used method for the preparation of the different types of MOFs which are
used in different applications. This method is based on the principle of the heating of the
reagents dissolved in the universal solvents in a tightly closed autoclave reactor and then
heated that reactor for about some time according to the MOFs are producing. In this
method the metal and organic linkers are dissolved in a solvent and after mixing well the
homogenous solution is poured into Teflon lined autoclave and put that autoclave into
hydrothermal reactor at a temperature of 373 K for about 24 hours. The size of the crystal
in this method depends upon the pressure that is built up in the reactor and the temperature
given to the reactor. Usually, a more significant crystals yield is obtained when the
pressure built up inside the reactor is high and is subjected to a longer duration. After the
preparation of crystals, the crystals are washed with the solvents. Usually, the solvents
that are used in washing are water and ethanol. After washing the crystals are dried in a
vacuum oven for about 24 hours. The usually used solvothermal solvents are ethanol and
N, N-Dimethylformamide (DMF). The temperature range in the solvothermal process is
from 350K to 470K and the time duration is about 1-2 days [32].

Some major advantages of this method are;

» The MOFs that are prepared by this method have excellent crystal size.
« This method produces large quantity of MOFs, this method is high yield.
+ The MOFs made by solvo/hydrothermal method contains high surface area, pore

size and the MOF prepared by this method has good structure.

However, it has some disadvantages as well;
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+ The main disadvantage of this method is that this method takes a very long time.
» This method is an expensive method because the solvents that are used are

expensive.

1.6.2 Microwave Synthesis Method

The microwave synthesis method is based on microwave radiation. In this method
the reactants are placed into the tightly closed system, after that the system is subjected to
the intense microwave radiation. The microwave radiation has provided the necessary
conditions that fulfill the requirements for the formation of MOFs crystals. This method
is popular because it is the fastest method for the synthesis of MOFs crystals. This method
takes only a few hours to complete the reaction. The temperature range is 303K-393K for
this method. For example, the synthesis of MOFs and zeolites imply the same techniques.
The synthesis done via microwave-assisted technique relies upon the interaction between
mobile electric charges and electromagnetic waves. These could be electron/ion in a solid
or molecules/ion in a solution. In solids, the electric current is generated, and electric
resistance of solids causes heat. While in a solution, electromagnetic field is formed which
aligns polar molecules in an oscillating manner so that orientation of molecules is changed
permanently. Therefore, by applying appropriate microwave frequency, vibrations
between molecules occur, which causes collision and leads to higher kinetic energy such
as temperature or the system internal energy. Direct interaction of microwave radiation
with solutions applies an energy efficient way of increasing kinetic energy. This leads to

homogeneous heating and high heating rates throughout the system [33].
Some major advantages of this method are:

« The advantage of this method is that the crystals are excellent size
» Another advantage of this method is that this method is usually the fast method as

compare the solvo/hydrothermal method.

However, it has some disadvantages as well.
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» The main disadvantage of this method is that this method gives the low yield
» The other advantage of this method is that this method is difficult to scale up

1.6.3 Electrochemical Method

The electrochemical method involves the use of electricity in the synthesis of MOFs.
This method is the fastest method for the synthesis of MOFs. It requires only a few minutes
for the synthesis of MOFs. In this method, we use metal ions instead of metal salts. The
only problem with this method is that the crystals are produced from low surface area and

poor quality crystals [34].
Some major advantages of this method are;

» The main advantage of this method is that this method is one of the rapid methods

as compared to other methods, this method takes mins for the synthesis
However, it has some disadvantages as well;

» The crystals produced from this method are very low quality and are poor size

» The crystals produced from this have low surface area, low pore size, low pore
volume and they are of very poor quality.

« Another disadvantage of this method is that this is the most-costly method, as

electricity is needed in this process, which makes it costly

1.6.4 Sonochemical Method

The sonochemical method involves sound frequencies for the completion of the
reaction, and it facilitates crystal formation. In this method first the reagents are taken in
a beaker and then the beaker containing is subjected to the sound waves having high

frequencies. After the reaction the crystals are filtered out and then dried in vacuum oven

[35].
Some major advantages of this method are;
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« The production time of this method is very fast, this method requires very little

time for production.
However, it has some disadvantages as well.

» This method gives the very less amount of product, the yield is of this method is

very low.

1.6.5 Spray Drying/Evaporation Method

In this method there is no external force required compared to the other methods. It
is the most straight forward method for synthesizing of MOFs, in this method the solvent
gets evaporated by natural evaporation after natural evaporation the crystals are formed,
but the problem with this method is that this method is a much time consuming method
and the yield that is obtained from this method is also very low these reasons does not
allow this method to be suitable for the use in industrial sector, as it is non convenient
method [36].

Some major advantages of this method are;

« This process does not require any external force, the cost of this method is very
low. This method is one of the cheapest methods among other methods

« This method is one of the simplest methods as it does not require external process
However, it has some disadvantages as well.

« The disadvantage of this method is that this method is a very time-consuming
method, this method takes much time to synthesize the MOF.

» The other major disadvantage of this method is that this has a very low yield.
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1.6.6 Chemical Flow Method

The chemical flow synthesis method is another type in which there no external force
Is required to complete the reaction. In this method the reactants are left to complete the
reaction no external force is applied. The average time is from 2 min to 6 days and the
temperature required is 303K-573K [37].

Some major advantages of this method are;

« The main advantage of this method is that this method requires very little amount
of energy as the reactions are their own.

« This method gives a higher yield as compared to the spray drying method

» This method does not require any external force, which make the process less
expensive and this method is cheaper one as compared to other methods

However, it has some disadvantages as well.
» The major disadvantage of this method is that it is time consuming method

1.6.7 Comparison of Different Synthesis Methodologies

Figure 1.11 shows the usage percentage of the different synthesis methods that are
used to produce MOFs. The graph shows which method is more widely used and which
one is the least used method. In this graph the usage percentage of the different methods
are plot on y-axis, while the methods are plot on the x-axis of the graph and the bar graph
has been obtained. The graph show that most used method is solvothermal method, as this
method usage percentage is 70% because this method gives the higher quality crystals,
high yield and the crystals obtained from this method are of good quality having higher
surface area, the other most used method after the solvothermal method is hydrothermal
method, the hydrothermal method usage is of approximately 15%, the other method that
comes after hydrothermal method is the use of the microwave method the usage of this
method is of 9%, the methods that are not used mostly are sonochemical and
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mechanochemical methods, these methods are not widely used, their usage percentage is
only 5%, the electrochemical method is one of the most least used method for the
production of the MOFs, because this is the costly method as it required electricity and
this method give the lower quality crystals and very less yield. The usage of this method
is only 0.1%, This make can save the time, as it the fast method but the usage shows that

this method is very negligible and it requires more attention to make this method suitable

to use [38].
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Figure 1.11: Percentage comparison of different synthesis methods for the production of
MOFs [39]

1.7 Applications for MOFs

MOFs are used in various applications, MOFs do not rely on specific applications
instead they can use in various applications, including MOFs as a sensor, MOFs for gas
separation and storage, MOFs for drug delivery, MOFs can also be used as a catalyst in
some chemical processes. MOFs as a gas separation and storage play an important role
now a days, many of the MOFs are developed now for the separation and storage of the
gases. Gases are a very beneficial source when it comes to energy production so for the
effective storage of gases some good storage tanks are essential. Many options are

available for this purpose, but some require multi-stage compressors, high pressure tanks
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or are too expensive for practical use. Therefore, is a need of some alternative, reliable,
cheaper storage devices. The most widely examined and used material is MOFs, which
serves as an alternative for gas storage and separation purpose but also offers clean mobile
energy. Convenient synthetic procedures, variable functionalization, adjustable pore size,
high surface area are some of those properties of MOFs due to which they are superior to
other porous materials. So, that is why these characteristics of MOFs show better
efficiency and performance than the other available materials. MOFs has many
applications but some of the common applications that are mostly used are listed as below,

these listed applications are most used applications [38, 40].

* MOFs as a sensor

* MOFs for gas separation and storage
* MOFs for drug delivery

» MOFs for cancer theragnostic

* MOFs as a magnetic material

* MOFs for electrocatalysis

1.7.1 MOFs as a Sensor

The electrochemical sensor is one of the main constituents in analytical chemistry.
Electrochemical sensors can provide us with high selectivity and sensitivity as compared
to conventional techniques like atomic absorption spectroscopy (AAS), atomic emission
spectroscopy (AES), inductively coupled plasma mass spectroscopy (ICP MS), and
chromatography. Various MOFs based composites are now developed as efficient
electrochemical based sensors in the field of chemistry, environmental and biochemical.
MOFs sensors are widely used in analytical chemistry. The MOFs sensors can also be
used for the detection of the heavy metal, organic compounds, gas sensing [41].
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Figure 1.12: The mechanistic representation of MOFs structure as a substrate for gas sensing
ability [42]

1.7.2 MOFs for Gas Separation and Storage

The MOFs have received great attention from gas separation and storage. Nowadays
many MOFs and its composites are developed for gas separation and storage. For the
better activity of MOFs in gas separation and storage the ligands and metals are chosen
carefully, Also the functionalized group is an essential factor in the gas adsorption and
storage. MOFs with their unique property like porosity, surface area, pore size and pore
volume can adsorb the gases, and facilitate the gas separation. The MOFs promise to store
some of the essential gases such as Hz, CO2, CHs etc. The development of the various
MOFs for gas separation has been witnessed during the last decade. Since its discovery in
the 1990s, various MOFs have been synthesized by different gas separation and storage
techniques. Therefore, incorporation of ligands or functionalizing organic groups for the
appropriate functioning of MOFs should be chosen carefully. Another metal is
incorporated via a new node for the appropriate functioning of MOFs. This is called
bimetallic MOFs. It has dual properties of both the metals attached to same or different

ligands. In general, of adding metal nodes in same framework will allow more metals to
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incorporate with each other enhancing the defects in MOFs, increasing in its activity,
porosity and synergistic effects between metal by integration, which can boost their

intrinsic and transit properties [43].

1.7.3 MOFs for Drug Delivery

Drug delivery is one of the essential applications for the health of human care and
also in biomedical. Due to its self-assembly of metal and organic linker at mild conditions
MOFs provide us with several applications in the field of biomedical. MOFs as a drug
carrier provides us with the following advantages as compared to other materials. Time to
release the drug can be prolonged using amorphous MOFs from 2 to 30 days. It shows
that the amorphous nature of MOFs is capable enough to catch the drug inside its cavities
for proscribed drug delivery and to slow the release of drug molecules. Many factors affect
the drug delivery applications of MOFs such as physiochemical characteristics, pore size
and 3D arrangement which give versatility to the drug fitting in the cavities of MOFs.
Nevertheless, drug delivery through MOFs is more effective than nanocarriers because
the drug delivery takes place in a controlled manner and slowly in the case of the former
by matrix degradation. At the same time later gives a burst effect on the release of the
drug [44].
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Figure 1.13: MOFs as a substrate for drug adsorption leading to drug delivery [45]
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1.7.4 MOFs for Cancer Theragnostic

Many of the MOFs are now reported that are used for the treatment and the diagnosis
of cancer cells. MOFs can also be used in many of the cancer treatments methods like
MOFs can be used in Chemo and other treatments methods for the treatment of the cancer
cells. MOFs have a capacity to be used in cancer treatment as it gives some positive results
against cancer. MOFs as a cancer treatment has a very potential but the only problem is
that it needs some work and attention. However, much of the work is needed to overcome
the limitations of current treatment. For example MOFs after coating with polymer is used

for the treatment of cancer [46].

Ncer theranos™

Figure 1.14: MOFs as substrate for cancer treatment [47]

1.7.5 MOFs as a Magnetic Material

MOFs from the last 30 years have been used to make revolutionary magnetic
material. Many of the MOFs are prepared that are used as magnetic material but still there
is a lot of work to do to make the MOFs as magnetic material. MOFs is also known as the

porous coordination polymers. In such MOFs, its crystalline network faces a dynamic
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change when exposed to external stimuli. Such materials are born with adjustable
magnetic properties. Magnetic framework composites are the latest group of compound

that meets magnetic character of metal with functional properties [48].

Organiclinker  Metal-organic framework (MOF) Magnetic MOF
N o
\e/ = - Magnetization |
\ — —
® % L]
e 6 Magnetic
Metal ions or clusters nanoparticles

Figure 1.15: MOFs dopped with magnetic nanoparticles for the development of Magnetic
Material [49]

1.7.6 MOFs for Electrocatalysis

Catalysis is one of the main applications of metal-organic frameworks. Their large
porosities recognize MOFs, diversified/tunable pore surfaces, uniform pore shape/size,
redox properties and many other unique physical and chemical properties. Incorporating
heterogeneous properties, MOFs can possess various acidic or basic sites for catalysis with
coordination structure and surrounding environment, like the structure present in
complexes of proteins and molecular metals. Combining the properties of molecular
homogeneous and nonorganic heterogeneous catalysts, Metal Organic Frameworks can

perform as a promising agent in achieving high catalytic mechanisms and performances.
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Figure 1.16: MOFs implemented as electrolyte for various electrochemical processes [50]

An Electrochemical reaction is one of the essential parts of chemical reaction. These
chemical reactions proceed by the transfer of electrons directly between atoms, molecules
or ions. They are often described as reduction-oxidation or redox reactions. Redox
reactions can be separated into two half-reactions associated with the electrodes: the
reduction process occurring at the cathode and the oxidation process taking place at the
anode. As these reactions are directly connected to clean energy conversion and storage,
they are found in electrochemical devices such as fuel cells, batteries, electrolytic cells,
corrosion inhibitors and supercapacitors. The reactions performed in these cells involve
different half-cell reactions such as, hydrogen oxidation reaction (HOR), oxygen
reduction reaction (ORR), hydrogen evolution reaction (HER), oxygen evolution reaction
(OER). MOFs incorporate large surface areas which reside in its porous structure. The
crystallography technique can visualize the structure of MOFs for catalytic activity by. It
is important to note that solid state and solution state structures of molecules differ from
each other, creating MOFs which can be engineered according to the needs of

environment. The primary issue with these structures in electrochemical reactions is their
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low stability. Electrochemical reactions are usually performed under ionic solution or

electrolyte (mainly based on water) with a high acidic or basic environment [51].
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CHAPTER 2: LITERATURE REVIEW

The details of various MOFs structures consisting of a variety of metals and organic

linkers is provided below.

2.1 DABCO based MOFs

ljlal Aamer et al. [52] reported the synthesis of three-dimensional (3D) Zn-BDC-
DABCO and Co-BDC-DABCO metal-organic frameworks (MOFs) was achieved through
a solvothermal approach, with the primary application of capturing CO2. By incorporating
DABCO into the layered structure of the MOFs, a transition to a 3D configuration occurs,
which significantly improves CO2 adsorption capabilities. The CO2 capture performance
of these MOFs was evaluated at a temperature of 25 °C and under pressures ranging from
0 to 25 bars. The Zn-BDC-DABCO MOF demonstrated an adsorption capacity of 6.3
mmol/g, while the Co-BDC-DABCO MOF exhibited a capacity of 4.4 mmol/g. [52].

2.2  Amino Functionalized MOFs

Lin, Xiaoying, et al. [53] reported the synthesis of Mg-MOF-74, the amino-
functionalized Mg-MOF-nNH.. The addition of amino-containing ligands enhances CO>
adsorption. Mg-MOF-nNHo>, featuring double ligands, was synthesized using magnesium
as the central metal and incorporating 2,5-dihydroxyterephthalic acid alongside 2-amino
terephthalic acid as ligands. The CO. saturation adsorption capacity for Mg-MOF-1/8NH2
was measured at 3.9 mmol/g at 303 K. When compared to Mg-MOF-74, the CO>
adsorption capacity of Mg-MOF-1/8NH2 exhibited increases of 9%, 18%, and 44% at
temperatures of 303 K, 313 K, and 323 K, respectively.

2.3 Benzene Tricarboxylate (BTC) based MOFs

Leena Aftab et al. [54] reported the synthesis of MOF used to capture CO». The Zn-

BTC MOFs was prepared by a solvothermal method using zinc as metal and BTC as a
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linker. The Zn-BTC was prepared by using different solvents. The solvents that were used
were DMF, methanol and DO water. The MOFs prepared from different solvents are then
tested for the study of capturing CO>. After testing it was found that the MOFs prepared
from the DMF solvent show the more adsorption capacity as compared to the MOFs
prepared from the solvent like ethanol and DI water. This research report also showed us
that we can replace the costly solvent with inexpensive solvents without compromising

the adsorption capacity.

Barbara S et al. [55] reported the synthesis of Cu (BTC)-MOF. The MOFs were
prepared by using solvothermal method. In this method they reported the solvent which
was used is DMF. The MOFs were characterized by using different analytical techniques
XRD, SEM and FTIR. The Cu (BTC) MOFs shows the high uptake capacity of CO; is
9.59 mmol/g.

2.4 HMTA based MOFs

Asghar, Aisha, et al. [56] reported the synthesis of a Cu-BDC metal-organic
frameworks (MOFs) was modified through the addition of hexamethylenetetramine
(HMTA). These Cu-BDC-HMTA MOFs were created using solvothermal techniques and
are designed for CO> capture. The resulting material is a crystalline solid characterized by
rod-like crystallites. Thermogravimetric analysis indicates that Cu-BDC-HMTA exhibits
greater thermal stability compared to Cu-BDC MOFs. Additionally, carbon dioxide
adsorption tests demonstrate a significant improvement in CO> uptake for the amine-
modified framework, with values of 5.25 wt% for Cu-BDC and 21.2 wt% for Cu-BDC-
HMTA at 273 K and 1 bar. The introduction of nitrogen atoms through HMTA
incorporation contributes to the enhanced CO> gas adsorption. Further research is
necessary to evaluate the long-term stability of Cu-BDC-HMTA and its resilience to

contaminants.
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2.5 MOF-5

Wojciech Kukulka et al. [57] reported the synthesis of MOF-5 by using
solvothermal method. The MOF-5 was prepared for the adsorption of the CO2. SEM,
XRD, BET, and FTIR techniques were used for studying the physical properties of the
MOF. The MOF is undergone for the study of the adsorption capacity of CO,. The MOF-
5 shows excellent adsorption capacity. It shows the 2.43 mmol/g adsorption capacity of
the CO; at 25 °C and a pressure of 1 bar [43]. A.K. Adhikari et al. [2016] reported the
synthesis of two MOFs, the Ni-MOF and the other one is Co-MOF. The MOFs were
prepared by using solvothermal methods and are used for the study of the adsorption
capacity of CO». To enhance the adsorption capacity of the MOFs the Ni and Co MOFs
were then doped with palladium (Pd) metal. The MOFs are now after Pd-Ni-MOFs and
Pd-Co-MOFs. These MOFs were undergone for the testing of the adsorption of the COo,
The Pd-Ni-MOF and Pd-Co-MOFs show the adsorption capacity of 12.24 and 11.42

mmol/g respectively.

Yongwei Chen et al. [58] reported the synthesis of Ni based MOFs. Having uniform
and ultra-microporous structure. The MOFs were used for the adsorption capacity of the
COo. The adsorption capacity of the MOFs is 3.11 mmol/g. It is highly selected towards

CO; and hit is used to remove CO, from the natural gas.

Hao Sun et al. [59] reported the synthesis of the nickel based MOFs, they reported
the synthesis of Nickel based MOFs using BDC as linker and DMF as a solvent, the MOFs
were prepared by using solvothermal method, the MOFs were then used for the study of
the water splitting reaction , the results shows the extraordinary results against the water

splitting reactions.

2.6 MOF-199

Rana Th. A. Alrubaye et al. [60] reported the synthesis of MOF-199. The MOF-199
was prepared by solvothermal method, including copper cu as a metal and BTC as linker.
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This report shows the effects of parameters (solvent, temperature, time) on the adsorption
study. The MOFs show high crystalline structure and high surface area. The report shows
the adsorption capacity of MOF-199 at different temperatures at a pressure of 1 bar. The
results of the report show that the maximum adsorption CO; capacity for the MOF-199 is
4 mmol/g at 25 °C.

2.7 MOF-74

Changwei chen et al. [61] reported the synthesis of the Ni based MOFs. The MOFs
was named MOF-74. The MOFs were synthesized by both microwave and solvothermal
methods. These prepared MOFs from different synthesis methods were then used for the
CO. adsorption study. The MOFs were also characterized by using techniques like SEM,
XRD, FTIR, BET. The research shows that the MOFs preparation is rapid when it is
synthesized by using microwave method. The MOFs prepared by microwave method also
show high CO- adsorption capacity. The MOFs prepared by microwave show 5.52
mmol/g of CO; adsorption, while MOFs prepared from solvothermal method show the

3.37 mmol/g of CO2 adsorption capacity.

2.8 UiO-66

Kasra Pirzadeh et al. [62] reported the synthesis of two MOF, one is UiO-66 and
the other one is Cu (BTC)-MOFs, the MOFs UiO-66 was prepared by the solvothermal
method, while the MOFs Cu (BTC) was prepared by using electrochemical method. The
MOFs were prepared for the testing of the CO> adsorption capacity. The MOFs are also
characterized by using analytical techniques XRD, SEM, FTIR. The adsorption capacity
of the UiO-66 MOF prepared from solvothermal method is 3.32 mmol/g while the
adsorption capacity of the Cu (BTC) MOF prepared from electrochemical method is 3.87
mmol/g. The adsorption study of both MOFs occurred at a temperature of the 25 °C and
a pressure of 1 bar.
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2.9 MOF-200

Maria G. Frysali et al. [63] reported the synthesis of MOF using different
functionalized group. They synthesis the MOFs named MOF-200, MOF-210. Among all
of the MOFs, the MOF-210 has been reported as the only MOF which has the largest BET
surface area, 10400m2/g. The high porosity is achieved when the number of linkers has
been also increased. The linkers that are used in MOF-200 are terephthalic acid to
(benzene-1,3,5-triyl-tris (benzene-4,1-diyl)) tri-benzoate. The MOF-200 and MOF-210
showed the highest CO2 adsorption capacity of 54.5 mole/kg at a pressure of 50 bars. At
higher pressures the CO2 adsorption capacity depends on surface area and the pore size
of Metal Organic framework (MOF). Increasing the surface area and the pore size and
pore volume of the MOF will result in an increase in the adsorption capacity of the MOFs.
Organic linkers featuring multiple benzene rings in bulk form have been utilized to create
metal-organic frameworks (MOFs) characterized by exceptionally high surface areas and
large pore sizes. The performance of these MOFs at ambient temperatures and low
pressures is primarily influenced by the properties of their pore surfaces, which exhibit
significant functionalization and facilitate substantial material uptake.

2.10 MOF-500

Yongwei Chen et al. [64] reported the synthesis of MOF-505. The MOF-505 was
synthesized by using solvothermal method. In order to enhance the adsorption capacity of
MOFs. The graphite oxide composite of MOF-505 was prepared. The composites were
characterized by using XRD, SEM, FTIR and BET. MOF-505 and its composites were
used for the adsorption study of CO2. It was found that the adsorption of composites is
37.3% greater than the parent MOF-505. Junaid khan et al. [65] reported the synthesis of
MOF. The MOF that was used in this report was prepared by using the solvothermal
method. The MOF is an amino-functionalized Cu based MOF. The MOF was
characterized by using XRD, SEM, FTIR and BET. The MOF undergoes adsorption
testing. The MOFs show the CO> adsorption capacity of 5.85 mmol/g.
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2.11 MOF-74

Qing-Fang Deng et al. [66] reported the synthesis of mesoporous carbon nitride
structure for the adsorption of the CO,. The MOF was prepared by using solvothermal
method. It shows high surface area of about 278-338 m? /g, shows the adsorption capacity

of 3.05 mmol/g at a pressure of 1 bar. It shows the high selectivity toward COx.

Zongbi Bao et al. [67] reported the synthesis of Mg based MOFs. The MOF is
named Mg-MOF-74, and it was prepared by using solvothermal method. In MOF-74 the
metal was Mg, and the linker used was 2,5-dihydroxyterephthalic acid. The MOFs show
a high capturing capacity. The CO. adsorption capacity of MOFs is 8.61 mmol/g. This
MOF is also used for the adsorption of CH4 gas with the CO, adsorption capacity of 1.05
mmol/g but the results show that this MOF shows the good adsorption capacity toward
the COa.

Li, Peinan, et al. [53] studied the CO> adsorption capability of the amino-modified
mesoporous carbon material which was 2.85 mmol/g at 25 °C. This outcome underscores
the effective role of dicyandiamide in forming the carbon framework, whereas the next
amino modification markedly improves the material's capacity to adsorb CO,. The
produced material possesses a high nitrogen content and displays exceptional selectivity
for CO2. The material has a pore size of 14.5 nm, with a BET specific surface area of 656

m?2/g and a pore volume of 0.45 cm?/g.

Ding, Yudong, et al. [29] explored the adsorption of AlFu MOFs enhanced with
elevated CO- partial pressure and reduced temperature. The CO2 adsorption capacity of
AlIFU@CMC-2.5 wt% was 1.26 mmol/g at 35 °C and 1.0 bar pressure. The Avrami kinetic
model may more accurately characterize the complex adsorption behavior of AlFu pellets.
The CO; adsorption rate was ascertained using film diffusion resistance and intraparticle

diffusion resistance.

Azhar, Muhammad Haris, et al. [68] studied the Ni-BDC MOF and its composites
with g-CsNa4 which have been effectively synthesized utilizing the solvothermal technique
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under CO; at 15 bar and 25 °C for adsorption studies of the sample. The Ni-BDC MOF
and its composites with g-C3N4 exhibit significant adsorption and desorption capabilities.
The adsorption capacity of g-CaNjs rises to 5 wt% in the g-CsN4/Ni-BDC MOF, exhibiting

favorable desorption capacity.

2.12 Research Gap

The current research focuses on three dimensional frameworks implied as
adsorbents for gas sequestration and storage. However, most of the adsorbing materials
either show lower adsorption capacities or volatility which results into the quick

desorption owing to the lower thermal stability of the material.

2.13 Problem Statement

Current amine-based solvents exhibit volatility and low absorption capacity, whilst
existing adsorbent materials are characterized by low surface area and restricted

adsorption capabilities, indicating substantial potential for enhancement.

2.14 Research Obijectives

The objectives of the research are on the following points

» To synthesize of Zn BDC MOF and Ni BDC MOF

* To synthesize of Zn BDC HMTA MOF and Ni BDC HMTA MOF

» To characterize of synthesized samples using XRD, SEM, FTIR, TGA, and BET
analysis

« To study the CO; adsorption capacity of the modified MOF at different pressure

and temperature.
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CHAPTER 3: INTRODUCTION TO EXPERIMENTAL TECHNIQUES

3.1 Physiochemical Characterization Techniques

The characterizations of the Zn BDC, Ni BDC, Zn BDC HMTA and Ni BDC HMTA
have been done by various techniques. The working principle and testing conditions of

each technique is discussed below.

+ Scanning Electron Microscope (SEM)

+ X-Ray Diffraction (XRD)

» X-ray Photoelectron Spectroscopy (XPS)

» Thermo-Gravimetric Analysis (TGA)

» Fourier Transform Infrared Spectroscopy (FTIR)

» Brunauer-Emmett-Teller Analysis (BET)

Scanning electron microscopy was developed in the early 1950’s. The main
components of Scanning Electron Microscopy are scanning system, detectors, electron
column, vacuum system, and display and electronics control. The SEM is an analytical
technique that is used to study the structure and the morphology of the MOFs. The
resolution of the scanning electron microscope (SEM) that has been used is about 4nm
and magnification power of about 10-150,000X. It works on very simple principles. It
consists of two Cathode ray tubes. The sample is placed in the first cathode ray tube and
the high energy beam of electron is bombarded on the surface of the sample the result of
the bombardment is received by the detector and the signals is then converted into the
voltages. These voltage signals are now sent to the second cathode ray tube section where
it is displayed on the display. The operation of both CRT produces an image which is built
up, point to point on CRT display. Secondary, transmitted electrons, backscattered

electrons and X-ray detectors produce the signals simultaneously which is employed as
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SEM image. The scanning electron microscopy works very fast, it can complete Back
Scattered Electron (BSE), SEI and Energy Dispersive X-ray spectroscopy (EDX)
analyses, this analysis is done by using a Scanning Electron Microscope (SEM) in less
than five minutes. Scanning electron microscopy is user-friendly and easy to operate with

the proper training.

(b) Incident Beam

Backscattered
Electrons
Secondary

Auger Electrons

Electrons 4

Figure 3.1: Schematic illustration of working of scanning electron microscopy (SEM) [69]

Scanning electron microscopy gives us morphological, topographical, and
compositional information. It can also detect and analyze fractures, provide qualitative
analyses, and identify crystalline structures. SEM analysis is said to be “nondestructive”
as no volume loss has observed during X-rays generation by electrons interaction as
electron do not penetrate the sample and they made on surface interaction with the sample,
which make it possible to analyze the material repeatedly. Fig 3.1 shows the schematic of
the SEM and the main elements of the SEM which includes the electron gun, anode,

magnetic lens, scanning coils, secondary electron detectors, TV scanner, magnetic lens.

XRD is a powerful and non-destructive technique. It is an analytical technique
which is used to measure the crystallinity of the material. The XRD gives us information

about the structure, strain, crystals defects, texture and the structural parameters. It works
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on the principle of the brags law 2d sinf=nk in the above formula the ‘n’ denotes the
integer values, the ‘A’ denotes the wavelength of the X-rays, ‘d” denotes the interplanar
spacing generating the diffraction and the ‘0’ denotes the diffraction angle The XRD
works on the principle of the constructive interference of the sample which was under
examination with monochromatic x-rays. The X-rays were produced from the cathode ray
tube, these rays were then passed through the monochromator where the rays were filtered

out and only monochromatic waves are heading towards sample.

l slits I sample 5 _‘ -
X-ray i refraction
X R b‘ detector
source I I : "\ scattering

| foil

,(I/‘ absorption ‘

<

Figure 3.2: Schematic diagram of working of x-ray diffraction spectroscopy [70]

The XRD includes X-ray source through which the X-rays were emitted, slits
through which the X-ray and can strike with the sample, after striking with the sample the
X ray then reflected from the scattering foil, these scattered rays were then collected and
detected by the absorption detector, which is then gives the data, with the help of this data

the graphs were drawn.

The Fourier Transform Infrared Spectroscopy (FTIR) is the most widely used
analytical technique. It is one of the non-destructive techniques which is used to determine
vibrational characteristics of functional groups, and it is also used to identify the type of
chemical bonds present and which type of functional groups are present in a molecule by
using Infrared radiation. The working of FTIR is simple, the FTIR consists of the light
source though which the IR is emitted, beam splitter through which IR beam is slitted and
after splitting the beam of IR is passed through the sample which is absorbed by the sample

at specific frequencies and then pass through the interferometer and reaches the detector.
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The detector converts the signals into voltage and then the signals are amplified and
converted to the digital signal. InfraRed spectrum that is obtained as a result is a plot
between transmittance (%) and frequency in terms of wavenumbers.in FTIR the samples
is placed in a FTIR by making pallets but in modern FTIR there is no need to make sample
pallets, the sample can be placed directly into the FTIR This technique works best as

combination with Fourier transformation.

Light
Source ——
\ o
s\

| -Beam spliter

movable mirror ‘

NA~— ‘

Interferometer

Figure 3.3: Schematic illustration of working of fourier transform infrared (FTIR)
spectroscopy [71]

The basic principle of this technique is that the exposure of any compound to low
energy infrared rays, results in a change in vibration modes of dipole sites of that
compound. As a result, a spectrum is formed showing the corresponding absorption or
emission. These results help to evaluate the class to which that compound belongs i.e.,
carbonyl compound, alcoholic etc. It concurrently collects data over a wide spectral-range
and relies on the fact that most of the absorbed light lies in infrared regions of
electromagnetic spectrum. Spectrophotometer produces an optical signal with all
absorbed or emitted IR frequencies in it in the form of spectrum to evaluate the presence
of different groups or classes in the examined compound. So, two types of spectra can be
obtained from this technique. The one which is obtained by absorption of IR radiation
while the other due to transmitted IR radiation named absorption and transmission spectra

respectively. There are two types of the region present in FTIR spectrum, one region is
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known as functional group region while the other region is known as the fingerprint
region. With the help of the spectrum the functional groups that are present in a sample

are detected.

Thermogravimetric analysis is used to predict thermal stability of a sample
material. Thermogravimetric analysis can measure amount and the rate of change in
weight of sample by increasing temperature in a controlled environment. The temperature
is increased at constant rate for a calculated initial weight of the sample and change in
sample weight is then recorded as a function of temperature at specified time intervals
[Fig. 3.4] [66].
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Figure 3.4: Working principle of Thermogravimetric Analysis [72]

BET is named after the first names of its inventors Brunauer-Emmett-Teller. This
technique is used for the external surface area evaluation and pore measurements yielding
important information about the effects of porosity and particle size properties [4]. The
heterogeneous catalysts have individual or more groups of pores whose size and volume
are influenced by the method of preparation of catalyst. Fig 3.5 shows the working

principle of BET analyzer.
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Figure 3.5: Working principle of Brauner-Emmett-Teller (BET) [73]

Nitrogen Adsorption at 77K is the best extensively used technique for surface area
analysis and characterization of porous texture. This analysis method uses the nitrogen
multilayer physical adsorption studied against change of pressure. The first step is the
determination of adsorption isotherm; nitrogen adsorbed volume against its relative

pressure. The adsorption isotherm depends upon the porous texture of the solid.

3.2 Physisorption Analysis

The adsorption capacity of the materials is tested and analyzed in order to evaluate

the performance of the materials as adsorbents.

Following the characterization and confirmation of material synthesis, comes the
application step of the thesis. The prepared MOFs are compared based on how they
perform as physical adsorbents for carbon capture. The difference in the solvent effects
the crystal structure of each sample and hence the gas adsorption performance. To fulfill
this task, high pressure Quanta chrome’s iSorbHP1 volumetric sorption analyzer with

built-in pumps and sample degassing capability was used (Fig. 3.6) To fulfill this analysis
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physical adsorption of a gas on to the surface of solid is determined. The amount of gas
adsorbed on to the previously out-gassed sample depends on pressure, temperature, type
of gas and size of surface area. The gas and temperature are already selected and then the
adsorption isotherms (volume adsorbed as a function of relative pressure) obtained can be
used to calculate surface area of the sample [67]. The process starts with degassing the
sample to evacuate the pores by the removal of guest molecules. This leads to the better
accessibility of open metal sites (OMS) present in the MOF. The degassing temperatures
are reached by the help of heating mental. After suitable degassing, the material is cooled
down to the desired temperature for analysis. Then the partial pressure of CO2 (99.999 %
pure) increased over the sample gradually. Some quantity of CO2 is adsorbed by the
material and the values of adsorbed volume at certain pressure points are recorded to
generate adsorption isothermal. The desorption measured by a step wise reduction in

pressure until a low pressure over the sample is achieved.

Manifold
: ======-====-4-- Data
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Figure 3.6: Working principle of gas sequestration system [74]
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CHAPTER 4: METHODOLOGY

This section elaborates the experimental work carried out in different laboratories
and incorporates various suitable synthesis methods used to synthesize desired product.
This section describes the synthesis techniques required to produce the desired product.
This section explains how Ni-BDC, Zn-BDC, Ni-BDC-HMTA and Zn-BDC-HMTA
MOFs were prepared.

4.1 Materials

The chemicals used in the synthesis of MOFs materials were purchased from Sigma

Aldrich, UK and Merck, Germany. Chemicals for synthesis include

1. Solvent: Dimethylformamide (DMF) (99%).

2. Organic Linker 1: Terephthalic acid (BDC) 98.9%

3. Organic Linker 2: Hexamethylenetetramine (HMTA)
4. Metal Salts: Ni(NO3)..6H20, Zn(NO3)2.6H.0

5. Washing Solvents: THF (99%) and DMF (99%)

4.2 Equipment

Teflon lined autoclave, Ultrasonication machine, centrifuge machine and vacuum

oven.

4.3 Synthesis of MOFs Series

A series of MOFs were prepared by incorporating two metals: Zinc (Zn) and Nickel

(Ni).
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4.3.1 Zn-BDC SHMTA Synthesis

To synthesize Zn-BDCoHMTA, equimolar amounts (1:0.5:0.5) of
Zn(NOz3)2:6H20 (297.49 mg, 1 mmol), terephthalic acid (166 mg, 1 mmol), and
hexamethylenetetramine (140 mg, 1 mmol) were dissolved in 10 ml of DMF in a 50 ml
beaker. The mixture was subjected to ultrasonication at 25 °C for 30 minutes, after which
it was transferred to a 23 ml Teflon vial within a steel Parr vessel. The vessel was sealed
and placed in an oven at 110s °C for 24 hours, resulting in the formation of white crystals.
Following this, the reaction mixture was decanted, and the product was centrifuged and
washed three times with DMF (5 ml each) and then three times with THF (5 ml each),
yielding white crystals. Prior to further analysis, the sample was activated in a vacuum
oven at 200 °C for 12 hours. The same synthesis approach was employed to obtain Zn-
BDC MOF, excluding the HMTA addition [56]. This resulted in white crystals (yield 89
%).

4.3.2 Ni-BDC oHMTA Synthesis

To synthesize Ni-BDCoHMTA, equimolar amounts (1:1:1) of Ni(NO3)2-6H.0
(290.79 mg, 1 mmol), terephthalic acid (166 mg, 1 mmol), and hexamethylenetetramine
(140 mg, 1 mmol) were dissolved in 10 ml of DMF within a 50 ml beaker. The mixture
underwent ultrasonication at 25 °C for 30 minutes, after which it was transferred to a 23
ml Teflon vial placed inside a steel Parr vessel. The vessel was sealed and subjected to
heating in an oven at 110 °C for 24 hours, resulting in the formation of greenish-blue
crystals. Afterward, the reaction mixture was decanted, and the product was centrifuged
and washed three times with DMF (5 ml each), followed by three washes with THF (5 ml
each), producing green crystals. Prior to further analysis, the sample was activated in a
vacuum oven at 200 °C for 12 hours. The same synthesis method was applied to produce
Ni-BDC MOF without incorporating HMTA [75]. This resulted in green crystals (yields
89%).
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CHAPTER 5: RESULTS AND DISCUSSION

5.1 X-Ray Diffraction (XRD)

The x-ray diffraction spectroscopy technique was adopted to analyze the crystal
structure of prepared MOFs. The graphs in figures 5.1 and 5.2 show the XRD patterns of
Ni/Zn-BDC and HMTA modified Ni/Zn BDC MOFs. The distinctness of the peaks in the
diffraction pattern indicates the crystalline nature of the product. Notable metallic peaks
are observed at 20 values of 5.5, 10, 14.2, 15.5, 17, and 21, which correspond to the (hkl)
indices of (200), (220), (400), (420), (333), and (600), aligning closely with the simulated
pattern of MOF-5 [76]. Additionally, the PXRD pattern of Ni/Zn -BDCo>HMTA reveals
several extra peaks, particularly at 20 = 18.7°, 26.8°, and 31° [77].

This suggests the coordination between the metal and the ligands to form a complex
structure. The pattern's clarity, with minimal noise and fewer extraneous peaks, signifies

that the resulting products are highly crystalline materials.
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Figure 5.1: XRD pattern of Zn-BDC and HMTA modified Zn-BDC MOFs
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Figure 5.2: XRD pattern of Ni-BDC and HMTA modified Ni-BDC MOFs
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5.2 Scanning Electron Microscope (SEM)

The Scanning Electron Microscopy (SEM) is done in order to know the structure
and the morphology of samples. Before doing the SEM, the samples first gets dried under
vacuum oven, and then after drying the dried samples were coated by gold with the help
of sputter coater to avoid the charging of the materials. The SEM analysis was done using
20kV SEM.

20kv  X5,000 Sum 20kV  X10,000 1um

Figure 5.3: SEM images representing the morphology of Ni-BDC

The SEM images of Ni-BDC and Ni-BDC-HMTA MOFs were taken at different
magnifications of 1um and Sum in order to get detailed study of the crystal structure and
morphology. The SEM shows the 2D structure of the samples.
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Figure 5.4: SEM images representing the morphology of Ni-BDC-HMTA

From SEM, Ni-BDC appears like irregular microspheres with large voids as shown
in figure 5.3 (a-b) whereas, when Ni-BDC modified with HMTA linker surface
morphology changes, a catalyst looks like sheets interlinked with each other shown in
figure 5.4 (a-b) [78].

5.3 Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR study shows the presence of functional groups, and the types of bonds
present in samples. Before doing the FTIR we make pellets of our samples. The pallets

were placed in FTIR. The FTIR results are obtained in the form of a spectrogram which

is a graph between wave number (cm™) and transmittance (%).
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Figure 5.5: FTIR Spectrum of Zn-BDC and HMTA modified Zn-BDC representing all the
bands corresponding to different metallic and non-metallic bonds available in the structure

Fourier transform infrared spectroscopy studies were performed on prepared to
sample to get an idea about functional groups present in the samples that will be indicative
of success of MOFs material synthesis. The Fourier Transform Infrared (FTIR) spectra
obtained for the synthesized materials confirm the existence of characteristic functional
groups associated with the formation of Zn-BDC MOF (Fig. 5.5). Distinct peaks
corresponding to the symmetric and asymmetric stretching of C-O bonds linked to Zn
were observed at 1384 cm™" in the Zn-BDC MOF. A small peak at 3400 cm™ in Zn-BDC
MOFs represents adsorbed O-H groups. In addition, HMTA in Zn-BDC MOF
Characteristic peak for amine-containing functional groups at 2927 cm™ indicates N-H

bond stretching.
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Typical peaks at 748 cm™ and 823 cm are ascribed to stretching vibration of C-H
bonds introduced by amine functional group. Moreover the band at 528 cm™ show the

presence of Zn-O stretching bond in our samples [79, 80].

Table 5.1: FTIR bands corresponding to different bonds available in the Zn-BDC-HMTA MOF

structure
Zn-0 528 cm C-0O-Zn 1384 cm™?
C-H 748, 823 cm™! C=0 1601cm™?
Cc-O0 1096 cm™ N-H 2927 cm™?

Fourier transform infrared spectroscopy studies were performed on prepared to get
an idea about functional groups present in the samples that will be indicative of success

of MOFs material synthesis.
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Figure 5.5: FTIR Spectrum of Ni-BDC and HMTA modified Ni-BDC representing all the
bands corresponding to different metallic and non-metallic bonds available in the structure

The FTIR analysis of the synthesized materials confirmed the presence of
functional groups characteristic of Ni-BDC MOF formation. A band observed at 542 cm™!
indicates the existence of Ni-O stretching bonds in the samples. Additionally, distinct
peaks representing the symmetric and asymmetric stretching of C-O bonds associated with
Ni are noted at 1015 cm™ in the Ni-BDC sample. A sharp peak at 1583 cm™ corresponds
to the symmetric and asymmetric stretching of C=0. Furthermore, the inclusion of HMTA
in the Ni-BDC MOFs is indicated by a characteristic peak for amine functional groups at
3526 cm™', which signifies N-H bond stretching [68, 75].

48



Table 5.2: FTIR bands corresponding to different bonds available in the Ni-BDC-HMTA MOF

structure
1 . 1384 cmt
Ni-O 528 cm C-O-Ni
1 _ 1601cm™
C-H 748, 823 cm Cc=0
1 29271
C-0 1096 cm N-H

5.4 Thermo-Gravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was conducted to investigate the thermal
properties of the synthesized MOF materials (Fig. 5.7). Both MOFs exhibited a weight
loss of 19% below 180 °C, suggesting the presence of surface-adsorbed moisture, DMF,
and other solvent molecules. The initial weight reduction observed in both samples
between 180 °C and 318 °C (approximately 20%) is attributed to the degradation of
surface-adsorbed DMF molecules [80]. In the case of Zn-BDC MOFs, the decomposition
of the carboxylic linker commenced at 420 °C, whereas for Zn-BDCoOHMTA MOFs,
linker degradation began at a slightly higher temperature of 461 °C, followed by a rapid
decline in weight for both materials. Above 487 °C for Zn-BDC MOFs and 520 °C for
Zn-BDCoHMTA MOFs, no additional weight loss was recorded, indicating the formation

of residual zinc oxide [56, 79].
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Figure 5.7: TGA profile of Zn-BDC and HMTA modified Zn-BDC representing mass loss
trend with increasing temperature

Thermal behaviors of prepared crystals were studied using Thermogravimetric
analysis (Fig. 5.8). The samples were subjected to heating from ambient temperature to
700 °C at a rate of 10 °C per minute while maintaining a nitrogen atmosphere. A weight
loss of 6.5% was noted for both MOFs below 110 °C, suggesting the presence of surface-
adsorbed moisture, THF, and other solvent molecules in the synthesized materials. The
initial weight reduction observed in both samples between 110 °C and 312 °C
(approximately 36%) is indicative of the degradation of surface-adsorbed DMF molecules
[87]. residual nickel oxide above 366 °C for Ni-BDC MOFs and 406 °C for Ni-
BDCo>HMTA MOFs [81].
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Figure 5.8: TGA profile of Ni-BDC and HMTA modified Ni-BDC representing mass loss
trend with increasing temperature

In the case of Ni-BDC MOFs, the decomposition of the carboxylic linker began at
330 °C. In contrast, for Ni-BDCoOHMTA, the degradation of the linker commenced at a
slightly elevated temperature of 364 °C. Following these points, both materials exhibited

rapid degradation. No additional weight loss was detected as the temperature increased

further.
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5.5 Brunauer-Emmett-Teller Analysis (BET)

The surface area and pore size Zn BDCoOHMTA MOFs is 66.53 m?g™ (Fig. 5.9) and
3.54 nm (Fig. 5.10).
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Figure 5.9: N, absorption and desorption isotherms for Zn BDCoHMTA MOFs
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Figure 5.10: Pore size distribution of Zn-BDC>HMTA MOFs

The BET was done for both the Ni BDC and Ni BDCoHMTA MOFs. The pore
volume curves are shown in figure 5.12. The surface area and pore size of Ni BDC and Ni
BDCo>HMTA MOFs is 21.763 m?g?, 3.23 nm (Fig. 5.11 and 5.12) and 220.910 m?g™*
3.16 nm (Fig. 5.13 and 5.14), respectively [82, 83].
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Figure 5.11: N, adsorption and desorption isotherms for Ni-BDC MOFs
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Figure 5.12: Pore size distribution of Ni-BDC MOFs
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Figure 5.13: N; adsorption and desorption isotherm of Ni-BDCo>HMTA MOFs
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Figure 5.14: Pore size distribution of Ni-BDC>HMTA MOFs
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5.6 X-ray Photoelectron Spectroscopy (XPS)

The XPS survey spectra in Fig. 5.15 offers substantial insights into the quality and
content of the crystals modified with HMTA.
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Figure 5.15: XPS survey scan of Zn-BDC-HMTA MOF representing all the necessary
identifying peaks
XPS peaks indicate the binding state of the composition of Zn, O as well as C and
N corresponding to their bonding in HMTA-modified Zn-BDC MOF. In Fig. 5.16 (a), two
prominent peaks are observed at 1021.1 eV and 1044.2 eV, corresponding to the binding

energies of Zn 2ps;2 and Zn 2pyp, respectively. The results reveal that the chemical valence
of Zn is in the +2 oxidation state [84].
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Figure 5.16: XPS B.E plot of (a) Zn 2p and (b) N 1s in Zn-BDC-HMTA MOF

Figure 5.16 (b) illustrates the N1s spectra describing the chemical valence state of

Nitrogen in HMTA. The N1s spectra of HMTA can be deconvoluted into two major peaks
corresponding to pyrdinic N (402 eV), and graphitic N (399.6 eV) [84-86].
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Figure 5.17: XPS B.E plot of (a) O 1s and (b) C 1s in Zn-BDC-HMTA MOF

The deconvolution of the XPS spectra for the O1s core level line is illustrated in

Fig. 5.17 (a) corresponding to the presence of oxygen bonding majorly with zinc and
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carbon [84]. The B.E plot for C1s represented in Fig. 5.17 (b) corresponds to C-C, C=C
and C-O bonding [84, 85].

5.7 CO2 Adsorption Study of MOFs

High Pressure Gas Sorption Analyzer (iSorp HP1) was used to test the adsorption
capacity of the MOFs. For this purpose, the CO. adsorption was measured at varying
temperatures and pressures. Both the Ni and Zn based MOFs with HMTA and without
HMTA were tested, specifically to study the effect of addition of the linker in the MOFs.
All analysis were performed at two different temperature 283 K and 293 K between
pressures range of 1-14 bar to achieve the adsorption isotherms [87]. The Zn-BDC, Zn-
BDC-HMTA, Ni-BDC and Ni-BDC-HMTA MOFs showed (Fig. 4.16) a CO» adsorption
capacity at 283 K are 1.95 mmol/g, 3.50 mmol/g, 2.15 mmol/g and 2.85 mmol/g
respectively. Similarly, the CO> adsorption capacity at 293 K are 1.00 mmol/g, 2.15

mmol/g, 2.00 mmol/g and 2.20 mmol/g respectively.

4.5

| Zn BDC MOF 293K Adsorption
—8— Zn BDC MOF 293K Desorption
—&— Zn BDC HMTA MOF 293K Adsorption
4 |—¥—Zn BDC HMTA MOF 293K Desorption

Zn BDC MOF 283K Adsorption

* Zn BDC MOF 283K Desorption
A Zn BDC HMTA MOF 283K Adsorption
. —®—7n BDC HMTA MOF 283K Desorption

:l;
<
1

w
wn
1

W
=}
1

!\I
n
1

CO, Adsorption (m mol/g)
s = o= 0w
[} <> wn >

=
=
1

0 2 4 6 8 10 12 14

Pressure (bar)

Figure 5.18: CO; isotherms of Zn-BDC and Zn-BDC>HMTA at 283 K and 293 K
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Figure 5.19: CO; isotherms of Ni-BDC and Ni-BDCoHMTA at 283 K and 293 K

The results of HMTA modified MOFs are significantly greater than without HMTA
modified MOFs [56]. The tabular comparison shows that the HMTA modified Zn-BDC
and Ni-BDC MOFs have showed better performance with higher values of CO2 adsorption

capacity in comparison to the BDC based single-linker MOFs [88].
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Table 5.3: CO; adsorption capacity of all the zinc and nickel-based MOFs with BDC and
HMTA modified MOFs at different temperature conditions

St No. MOFs Adsorption Temperature Pressure
(mmol/g) (K) (bar)
1 Zn-BDC 1.95 283 14
2 Zn-BDC 1.00 293 14
3 Zn-BDC-HMTA 3.50 283 14
4 Zn-BDC-HMTA 2.15 293 14
5 Ni-BDC 2.15 283 14
6 Ni-BDC 2.00 293 14
7 Ni-BDC-HMTA 2.85 283 14
8 Ni-BDC-HMTA 2.20 293 14

The Comparison of the data from this study with the recent reports is also shown in the
table 5.4.
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Table 5.4: CO, adsorption capacity and BET surface area of different MOFs reported in
comparison with the synthesized MOFs for this study

St No. MOFs Adsorption | BET surface Ref
(mmol/g) area (m?/g)
1 Co BDC 0.67 17.9 [52]
2 Zn BDC 0.95 37.8 [52]
3 Ni BDC 0.069 [89]
4 5 Wt% g-C3N4/Ni-BDC 0.50 [90]
5 Cu-BDC 1.2 [77]
6 Cu-BDCSHMTA 12 935 [77]
7 Zn BDC 1.95 This work
8 Zn BDC HMTA 3.50 66.53 This work
9 Ni BDC 2.15 21.76 This work
10 Ni BDC HMTA 2.85 220.91 This work

The MOFs show a great surface area which is because of the addition of the amine-

based linker (HMTA). The enhanced surface area is the reason why the MOFs show good
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adsorption capacities as well. The surface area without amine modification of Zn-BDC
and Ni-BDC MOFs is 37.8 m?/g and 21.76 m?/g but with amine modification is 66.53
m?/g and 220.91 m?/g. The Zn-BDC and Ni-BDC modified with HMTA provide high
adsorption for CO2. The findings indicate that Zn-BDC-HMTA MOF shows a CO;
adsorption capability of 3.50 mmol/g, whereas the Ni-BDC-HMTA MOF have a CO>
adsorption capability of 2.8 mmol/g. Both these capacities are good and are much better
as compared to the unmodified MOFs like Zn-BDC and Ni-BDC MOFs which show an
adsorption capability of 0.95 mmol/g [52] and 0.069 mmol/g [89].
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CHAPTER 6: CONCLUSION AND FUTURE RECOMMENDATION

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

several valuable findings in terms of both synthesis and application.

6.1 Conclusion

1. The Zn BDC and Ni BDC modified with HMTA MOFs provide high
adsorption for CO2. The results show that the Zn BDC HMTA MOFs shows a
CO; adsorption capacity of 3.50 mmol/g while the Ni BDC HMTA MOFs
shows a CO» adsorption capacity of 2.8 mmol/g.

2. Both these capacities are good and are much better compared to some of the
other without modified MOFs like Zn BDC and Ni BDC MOFs which show
an adsorption capacity of 0.95 mmol/g and 0.069 mmol/g, respectively [52].

3. The MOFs show a high surface area which is because of the addition of the
amine-based linker (HMTA). The enhanced surface area is the reason why the
MOFs show good adsorption capacities as well. The surface area without
amine modification of Zn BDC and Ni BDC MOFs is 37.8 m?/g and 21.76

m?/g but with amine modification is 66.53 m?/g and 220.91 m?/g [91].

6.2 Recommendations

The current study focused on the synthesis and effect of Amine Based Metal

Organic Frameworks. These experiments can be:

1. The use of different solvents for the synthesis of the MOFs and a comparative

study of their adsorption capacities.
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2. Studying the effect of change of metal in Amine based 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 literature and to compare the price to performance ratio of all these MOFs.
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