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ABSTRACT

Rise in the atmospheric concentration of carbon dioxide is believed to play a significant role in
global warming through the greenhouse effect. Separation of CO» from the flue gas emissions from
power plants is important to reduce the amount of CO; released into the atmosphere. ‘Sweetening’
of natural gas is another important industrial operation involving the separation of CO» from a gas
mixture. Adsorptive separation of CO; using porous materials such as zeolites, mesoporous silicas,
metal organic frameworks (MOFs), porous carbons etc. is an attractive alternative to conventional
amine scrubbing due to lower regeneration energy requirements. Mesoporous silica such as
MCM-41 and SBA-15 are an important class of adsorbents that can be readily modified through
functionalization or other means due to their large, regularly arranged pores. Microporous metal-
organic frameworks (MOFs) represent another class of adsorbents that can be modified through
functionalization of the organic linker groups.

In this work, realistic molecular models of pure and modified MCM-41 and representative models
of SBA-15 have been developed to study CO; separation on mesoporous silica using grand
canonical Monte Carlo (GCMC) simulations. Structural characterization of the developed
MCM-41 models compared favorably with experimental data available in literature. Further, the
simulated adsorption isotherm and calculated isosteric heat of adsorption of pure CO, showed
good agreement with reported experimental values. Simulations of CO2/N> mixture adsorption
showed selectivities of CO2 over N2 to be in the range 4-10. Further studies on adsorption of
ternary and quaternary bulk gas mixtures containing water vapor and O> did not reveal any
significant effect on CO; adsorption and CO2-N2 selectivity. Next, to study the effect of pore size
and microporosity of pore walls, models having larger mesopore diameter of ~75 A were

developed, and representative models of SBA-15 were generated by carving different numbers of
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micropores across the pore walls. GCMC simulations were used to study the adsorption of pure
gases as well as gas mixtures of CO2, N2 and CHa. Increase in mesopore size resulted in reduced
specific surface area and CO; uptake, whereas with increase in wall microporosity, the uptake of
CO: was observed to first decrease and then increase. The SBA-15 models are more selective
toward CO; over CH4 and Na. At low pressures, the selectivities were higher for models with wall
microporosity. The MCM-41 models were modified by incorporation of the ionic liquid (IL)
1-methyl-1-butyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide [C4PYR'][TF2N] at two
different loadings. The MCM-41 model with lower loading of IL showed significantly higher
adsorption of pure CO; than pristine MCM-41. Molecular dynamics simulation of pure CO; in
IL-loaded MCM-41 models revealed that CO, molecules prefer locations near the pore walls as
well as in the pore interior around IL molecules. The CO2/N2 and CO2/CHg selectivities were
highest for the MCM-41 with larger IL loading, with values almost twice that for pure MCM-41.
Thus, modifying the mesopores of MCM-41 with IL can result in significant enhancement in CO2
adsorption and selectivity.
For studies on adsorptive separation of CO2 on MOFs using GCMC simulations, zirconium-based
Ui0O-66 and UiO-67, and functionalized copper-based Cu-BTC have been considered. The two
Zr-based MOFs studied are topologically similar but have channels and cages of different sizes.
The amount of gas adsorbed as well as the isosteric heats of adsorption show the order CO2 > CH4
> CO > Nz on both UiO-66 and UiO-67. Isosteric heats of adsorption and gas uptake at low
pressures were higher in the case of UiO-66 due to the presence of smaller cages leading to stronger
interactions. At higher pressures, gas uptake in UiO-67 was larger because of larger cages and
greater surface area. CO2 was observed to preferentially adsorp near the organic linkers in the
smaller cages of the MOFs. The binary mixture selectivity of CO2 over CHs and N> was
il
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significantly higher for adsorption in UiO-66 than in UiO-67 because of the narrow window size
and smaller cages in UiO-66. Finally, the effect of pore modification on CO; adsorption was
studied using different functionalized Cu-BTC MOFs having iodo-, single methyl and two methyl
functional groups grafted to the organic linkers. At low pressures (< 1 bar), adsorption of CO> was
seen to be higher for the iodo-functionalized Cu-BTC. However, at higher pressures, CO2 uptake
was highest for the unmodified Cu-BTC because of its larger pore volume. Moreover, selectivity
of COz over CH4 and N> was found to be higher for the iodo-functionalized Cu-BTC at high
pressures (> 2 bar). In the low-pressure regime, Cu-BTC functionalized with two methyl groups
showed higher selectivity of CO2 over Nj. The geometric characteristics of the pore such as pore
size, surface area and volume, and the interaction environment within the pores strongly affect

CO; adsorption and hence, can be tuned to enhance CO; uptake and selectivity.

il
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1.1 Introduction

Increased consumption of carbon-containing fossil fuels, to meet the rising demands in the power
generation and transportation sector, has led to increased emission of carbon dioxide in the
atmosphere. The rise in the atmospheric concentration of carbon dioxide is believed to play a
significant role in global warming through the greenhouse effect. Economic reforms and increasing
urbanization in India has resulted in an increase in the energy consumption from 191 million tons
of oil equivalent (MTOE) in 1991 to 595 MTOE in 2013 [1]. Coal is primarily used in power plants
for electricity generation and accounts for over 50% of the total energy consumption in India. The
three major energy sources viz. coal, crude oil and natural gas accounted for energy consumption
0f289.3, 171.6 and 49.1 MTOE respectively in India during the year 2012. CO; emissions in India
have almost tripled between 1990 and 2013 increasing at a compounded annual growth rate of 5%,
with coal contributing more than 60% of the total CO> emissions in 2013. Electricity generation
(primarily using coal) accounted for about 48% CO> emissions in 2013 followed by transport at
over 10%. Therefore, existing CO; separation technology must be improved in order to cope with
the increasing CO2 emissions from coal-based and other fossil fuel sources. Existing amine-based
carbon capture technology is expensive and energy intensive, and is prohibitive when applied to
large-scale power plants. Composition of flue gas from power plants depends on the design of the
power plants and the source of fuel used such as coal or natural gas. However, irrespective of the
fuel used, flue gas contains significant amount of CO; which has been identified as an important
cause of global warming. To prevent the release of large amount so CO2 in the atmosphere, it needs
to be captured from the flue gas stream for storage and sequestration. The separation of CO» from

flue gas constitutes post-combustion carbon capture as CO> is captured after the combustion of
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fuel. COz can also be captured before the combustion of fuel in the power plant takes place; such

an operation is referred to as pre-combustion carbon capture and is described in section 1.2.2.

Apart from flue gas separation, ‘sweetening’ of natural gas is another important industrial
operation that involves the separation of CO: from a gas mixture. Natural gas accounted for ~9%
of the total energy demand in India in 2012 and its consumption has increased from 0.6 MTOE in
1971 to 49.1 MTOE in 2012 [2]. Petroleum Planning and Analysis Cell (PPAC) of India [3] keeps
the record for the total consumption, export and import of natural gas. The consumption of natural
gas in India during the past 10 years is summarized in Table 1.1. Removal of CO> is an important

step in the purification of natural gas (which primarily contains methane).

Table 1.1 Total natural gas consumption during last 10 years. Data were obtained from the
PPAC of India [3].

Natural Gas consumption (BCM*)

Year

2007-08 37.90
2008-09 37.60
2009-10 52.65
2010-11 58.93
2011-12 58.75
2012-13 51.68
2013-14 46.18
201415 45.32
2015-16 46.68
2016-17 49.67
2017-18 52.26

*BCM: billion cubic meter
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Thus, the separation of CO2 from gases such as N> and CHg is of great interest. Post-combustion
COz capture, pre-combustion CO2 capture and CO2 removal from natural gas constitute three key
operations where separation of CO2 from other gases is required. Composition of gas mixtures
present in these processes is summarized in Table 1.2. Removal of CO; from natural gas is
necessary to enhance the calorific efficiency and prevent corrosion of pipeline, as CO> can form
acid in the presence of water. Natural gas mainly contains methane, which has good calorific value

and is considered a clean fuel for domestic as well as commercial purpose.

Table 1.2 Typical conditions for post-combustion [4-5] capture, pre-combustion
[4] capture and the natural gas sweetening [6—7] processes.

Post-combustion

carbon capture at 40— Pre-combustion Natural gas sweetening
Gas 75 °C and 1 bar carbon capture at 40 °C  at 30—40 °C and 5-120 bar
(mole %) and 30 bar (mole %) (mole %)
CO; 10-15 37.7 0.1-8
H>O 5-10 0.14
H; 55.5
0} 34
CO 20ppm 1.7
N, 70-75 3.9 0-0.2
NOx <800 ppm
SOx <500 ppm
H.S 0.4 0-15
CH,4 70-95
C2+ 0-15

Traces of H2S, CO2 and other heavier paraffin present in the natural gas seriously reduce its
calorific value and make it less environment-friendly [8—10]. In addition, CO> separation from

blast furnace gas [11] containing CO», CO, CxHy, H>S, N3, Oz, and NOx, and production and
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separation of CO; from landfill gas containing CO> and CH4 are also some relevant operations

requiring CO; separation [12].

1.2 Pathways for CO; Capture and Separation

In the current scenario, researchers throughout the world are mainly devoted to finding alternative
techniques for capturing anthropogenic CO> emissions. Pathways for CO: capture from processes

involving combustion of fossil fuels can be classified into three types, as discussed next.

1.2.1. Post-combustion Capture

This method is widely used in fossil fuel-based power plants which contribute a major part of total
anthropogenic CO; emission. Thermal power plants generate electricity by burning fossil fuels
such as coal to produce heat, which in turn is used to generate high-pressure steam. The high-
pressure steam is subsequently used to drive the turbine in order to generate electricity using a
high capacity generator. Under the post-combustion process, fossil fuel is burnt in the presence of
air to produce a mixture of CO2, N2, H>O, sulphur, NOx, SOx and particulate matter. Typical
composition of the gas mixture obtained after the combustion process is summarized in Table
1.2. The particulate matter being heavier can be separated out using filtration and electrostatic
precipitator. Sulphur present in the flue gas is scrubbed by limestone slurry to form a useful product
gypsum, which is mainly used in cement industry. Finally, flue gas contains lighter molecules such
as N2 (73-77%), CO2 (10-16%) and traces of SOx, NOx and water vapor. As COx is responsible
for the greenhouse effect, it must be separated using an appropriate separation technique before
the gas is released in the atmosphere. A schematic diagram for post-combustion carbon capture is

shown in Figure 1.1. The main separation operation of interest in this process is CO2/Nz separation.
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Figure 1.1 Schematic diagram of post-combustion CO: capture process in industry
(adapted from [13])

1.2.2. Pre-combustion Capture

The pre-combustion CO> capture process is typically associated with integrated gasification
combined cycle (IGCC), which requires higher operating cost and equipment cost. In this process,
the fossil fuel is gasified in the presence of pure oxygen and steam to produce synthesis gas (CO
and Hz). Thereafter, synthesis gas is fed to water-gas-shift (WGS) reactor after passing it through
desulphurization unit to remove any unwanted sulfur. In the WGS reactor, steam is passed through
the syngas in order to convert CO into CO,. Figure 1.2 shows the process diagram for the pre-
combustion carbon capture. The main separation operation needed in this process is CO2/Ha

separation.
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Figure 1.2 Schematic diagram of pre-combustion CO: capture process in industry
(adapted from [13])

1.2.3. Oxyfuel Combustion Capture

Oxyfuel combustion process is a promising technique, and presently an active research area of

interest. A schematic process diagram for the said process is shown in Figure 1.3. In this process,

pure oxygen is used to burn the fuel for heat generation. In power generation unit, the released

heat produces high-pressure steam to rotate the turbine for electricity generation. The result is

mainly water vapor and CO; gas with some amount of heavy particles and sulfur. Water vapor is

condensed in the condensation chamber and heavier particulate such as fly ash is removed in the

soot removal chamber. Finally, the flue gas is fed to a desulphurization unit for scrubbing sulfur

to get concentrated CO> gas which may then be stored beneath earth’s surface.
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Figure 1.3 Schematic diagram for oxyfuel combustion process in industry (adapted from

[13])

1.3 Natural Gas Sweetening

Capture and separation of CO; gas is not only important during flue gas treatment but also is of
industrial relevance in sweetening of natural gas prior to liquefaction and transportation. Demand
for natural gas is increasing per year at a rate of 1.4%. Natural gas mainly comprises CH4 with
traces of other lighter hydrocarbons, and CO» and H>S. Among the other components of natural
gas, CO»> and H»S are necessary to separate from the natural gas prior to further processing. Even
traces of CO; may form dry ice or formation of gas hydrate, which will retard the liquefaction
process upon clogging into the system. Moreover, CO2 and H>S show corrosive nature in the
presence of water vapor and presence of CO> in the natural gas lowers the calorific value. The
important technologies that can be used for separation of carbon dioxide are absorption, adsorption

and membrane gas separation. Absorption using aqueous amine solutions is energy-intensive due
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to the large energy required for amine regeneration. Adsorptive separation of CO2 using porous
materials such as zeolites, mesoporous silicas, metal organic frameworks, porous carbons etc. is
an attractive alternative to conventional amine scrubbing due to lower regeneration energy
requirements. A brief description of the adsorption process along with details of promising

adsorbent materials for CO> separation is provided next.

1.4 Adsorption

When the number density of fluids increases near the vicinity of the solid surface due to either van
der Waals interaction, electrostatic forces or by formation of covalent bonds between the fluid and
solid surface, the surface phenomenon is referred to as adsorption. The fluid is called adsorbate
while the solid material is called adsorbent. Phenomenon of adsorption was first coined by Scheele
and Fontana [14] in the eighteenth century. The adsorption process has been employed in several
industries, and research and development organizations for gas storage and separation application.
In the earlier decades, adsorption process was most commonly used to remove traces of moisture
from natural gas. Water vapor needs to be removed when experiments are to be carried out in
controlled moisture-free environment. Silica gel is one of the most common adsorbents and has
wide range of industrial applications including the control of humidity in a closed atmosphere [15].
Almost every electronics equipment comes with the packet of silica gel inside in order to keep the

level of moisture low. Adsorption can be broadly categorized into two types:

1.4.1. Physisorption

Adsorption that takes place specifically due to van der Waals and electrostatic forces between the

adsorbate and the adsorbent is known as physisorption. Van der Waals contribution plays an

10
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important role in every kind of adsorbate-adsorbent system while the electrostatic interaction is
significant when adsorbate possess some polarity (dipole, quadrupole etc.). The reversibility of
physical adsorption depends on the strength of acting forces between adsorbate and adsorbent
[16,17]. Binding energy for nonpolar molecules is in the range of a few kilojoules while polar
molecules such as H>O possess a high (80-160 kJ mol™") value [18]. Multilayer adsorption is also
possible in mesoporous materials when adsorbate molecules completely occupy all the available

sites on the solid surface and start depositing over an already adsorbed layer of adsorbates.

1.4.2. Chemisorption:

In this type of adsorption, adsorbate molecules associate with the surface of adsorbent through
formation of covalent bond(s). It is a specific process which depends on the chemical nature of
adsorbent [18]. As chemisorption involves the formation of bond(s), a high amount (100-1000 kJ

mol!) of energy is released during this process.

1.5 Key Considerations for Adsorbent Selection

1.5.1. Surface Polarity

The concept arises from the fact that “polar dissolves polar”. As we know that adsorption is a
surface phenomenon, pore surfaces that are well decorated with functional groups such as
hydroxyl, halide, carboxylic, amine, alkoxide etc. polarize other guest (adsorbate) molecules
resulting to a higher concentration of guest molecules at the solid surface. Polar adsorbents such
as silica gel, zeolites and activated alumina are considered hydrophilic in nature due to the presence

of polarity at the adsorbent surface. On the other hand, activated carbon exhibits non-polar surface

11
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and hence it is considered as hydrophobic and organophilic nature. These surface features of the

pores can be utilized beneficially for several separation processes and catalytic activity.

1.5.2. Porosity

Porosity, also referred to as void fraction, is one of the important characteristics of a good
adsorbent. The adsorption capacity depends strongly on the accessible surface area and available
pore volume to achieve higher saturation loading. Thus, higher porosity is generally desirable for
higher amount of adsorbate loading inside the adsorbent. Highly porous adsorbents usually have
low volumetric uptake up to the saturation pressure, which necessitates larger adsorbent bed size.
Therefore, a balance between volumetric uptake and bed size must be maintained in order to
achieve minimum possible installation and maintenance cost in adsorption and separation-based

industries.

1.5.3. Uptake Capacity

A high uptake capacity of an adsorbent is desirable in the process condition, which reduces the
bed size and helps in achieving low operating and fixed cost of the entire adsorption plant. Uptake
capacity may be expressed in several ways such as moles of adsorbate per kg of adsorbent, grams
of adsorbate per gram of adsorbent, cm? of adsorbate per gram of adsorbent, number of molecule

of adsorbate per unit cell of a crystalline adsorbent, etc.

1.5.4. Selectivity

Selectivity is one of the important parameters in adsorption-based separation. It is a measure of
the extent to which an adsorbent selectively adsorbs a particular component over the other
components of the mixture. Higher the selectivity of one species over the others, better will be the
separation efficiency.

12
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1.5.5. Adsorbent Regeneration

Adsorbents that can be easily regenerated on applying higher temperature or vacuum is said to be
an ideal adsorbent. Regeneration at high temperature and high vacuum must be tolerable with
operational cost. Enthalpy of adsorption is directly related to the difficulty of regeneration. Higher
the enthalpy value, more difficult will regeneration of any adsorbent be. Enthalpy value also affects
the adsorption capacity; therefore, enthalpy value and regeneration difficulty must be optimized

while selecting an adsorbent.

1.5.6. Stability of Adsorbent

During the different applications, the adsorbent has to suffer the processing conditions including
high pressure, temperature, moisture, harsh chemical environment etc. The selected adsorbent

should therefore be thermally, mechanically and chemically stable.

1.6 Types of Adsorbents

Choice of an adsorbent in purification and separation industry requires important attention. Among
a large number of adsorbents reported in literature, few such as silica gel, activated carbon, carbon
molecular sieve, activated alumina, zeolites etc. have found applications in industries and serve as
widely used materials. Based on the elemental composition, the adsorbents can be divided into two

broad categories.

1.6.1. Organic Adsorbents:

Activated carbon [19] is a widely used adsorbent that falls under this category. These porous
carbon materials are generally synthesized by the pyrolysis of carbon-rich materials and possess

high pore volume, and large saturation loading of adsorbate. However, the structure of these

13
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materials is disordered and the porosity is irregular with a broad pore size distribution due to which
selectivity is not very high. In order to overcome the poor selectivities, carbon adsorbents with
narrow pore channels have been synthesized through proper activation procedure. These carbon
materials containing a very narrow pore size distribution are known as carbon molecular sieves
with pore diameters ranging from 4 to 9 A. However, carbon molecular sieves do not possess very
high porosity and exhibit relatively low saturation loadings. Graphene sheets and carbon nanotubes
also belong to the organic family of adsorbent, and these materials have been extensively
investigated for hydrogen storage and separation of CO»/N> mixtures. Molecular structure of

graphene sheets and carbon nanotubes are shown in Figure 1.4.

Metal-organic frameworks (MOFs) are a relatively new class of materials that are actively being
investigated for a variety of applications including gas storage and separation. MOFs consist of
metal atoms or clusters coordinated by several organic linker groups, forming a three-dimensional
ordered, porous network. These materials possess many desirable properties such as very large
surface areas and pore volumes, tunable pore size, ease of functionalization etc. In fact, certain
MOFs display ultrahigh porosities of the order of ~90% and Brunauer-Emmett-Teller (BET)
surface areas above 7000 m?g™! [20—-21]. MOFs have huge potential in applications such as storage
of small gases (e.g. hydrogen, methane and other small organic alkanes), in the separation and
purification industry, in catalysis, membrane science and thin film devices [22]. The CO
adsorption capacity of some of the popular MOFs such as Cu-BTC, DABCO, UiO-66 etc. are
summarized in Table 1.3. Figure 1.5 shows the structure of Cu-BTC (also known as HKUST-1)
which consists of copper coordinated with benzene tricarboxylic acid linkers. It possesses high

CO> storage capacity as shown in Table 1.3. Due to the desirable properties of these materials,
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such as high surface areas and pore volumes, tunable pore sizes, ease of pore modification etc.,
adsorption behavior of CO; and capture of CO: from gas mixtures using MOFs is the focus of the

latter half of this thesis.

(a) (b)
Figure 1.4 (a) Graphene sheet (taken from [23]) (b) Carbon nanotube (taken from [24])

(b) Tilted view

(a) X-Y, Y-Z, Z-X view

Figure 1.5 Axial View of Cu-BTC
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Table 1.3 CO:2 loading in various Metal-Organic Frameworks in the low-pressure regime and
over the temperature range 293-319 K

Chemical Formula Common Name BET Surface Temperature Pressure  Capacity  Ref
area (m’g’") (K) (bar)  (mmol g
Mg:(dobdc) Mg-MOF-74, 1174 298 1 8.61 [25]
CPO-27-Mg
Niz(dobdc) Ni-MOF-74, 936 298 1 7.084 [26]
CPO-27-Ni
Zny(dobdc) Zn-MOF-74, 206 1 5.61 [26]
CPO-27-Zn
Cu3(BTC)2 HKUST-1 14922 298 1 4.97 [27]
Hs[(CusCl)3(BTTri)s(mmen);2]  mmen-Cu-BTTri 870 208 1 42 [28]
H3[(Cud4C1)3(BTTri)8 CuBTTri 1770 208 1 3.68 [28]
Zn(nblm)(nlm) ZIF-78 620 298 1 2.23 [29]
Zn(cyanIm), ZIF-96 960 298 1.06 2.18 [30]
Zn4,O(BDC)3 MOF-5, IRMOF-1 2304 296 1 1.95 [31]
Cr(OH)(BDC) MIL-53(Cr) 304 1 2.17 [32]
Zn(almelm), ZIF-93 864 298 1 1.65 [30]
Zn4sO(BDC-NH,); IRMOF-3 2160 298 1.1 1.2 [33]
Cuy(TP)3(OH) Cu-TP-1 258 298 1 1.1 [34]
ZnO(BDC-C;Ha)s IRMOF-6 2516 298 1.2 1.1 [33]
Ui0-66 940 298 1 1.5 [35]

# denotes the Langmuir surface area

1.6.2. Inorganic Frameworks:

The widely used adsorbents in this category are activated alumina, silica gel and zeolites.

Mesoporous silica are form an important class of inorganic adsorbents.

Activated alumina

It is a highly porous form of aluminium oxide having a surface area of up to 200 m?g™!. This

material has a polar surface having both acidic and basic nature (amphoteric). Due to the polar

nature of the surface, this kind of material was used as a desiccant before its replacement by

molecular sieve [36].

TH-1954 126107006
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Zeolite
Zeolites are crystalline aluminosilicates with alkali and alkaline cations such as sodium, potassium
and calcium present in their framework. The chemical composition for the zeolite can be

represented by the formula [37]

Mz, /n[(AL02) 7, (Si0)7,). 23H,0
where z; and z, are integers such that z, /z; is equal to or greater than 1, metal cation is represented
by M with n as its valence, and z; represents the number of water molecules present in the unit
cell. Silicon and aluminium are connected to shared oxygen atom in a tetrahedral arrangement to
form a fixed crystal lattice. Further, varying the silicon-to-aluminium ratio leads to change in the
adsorption behavior of the material. Zeolites rich in aluminum content are said to be hydrophilic
and possess a good affinity towards polar molecule such as water vapor while silico- rich zeolites
are less hydrophilic in nature. A typical atomistic model of zeolite is shown in Figure 1.6 (grey

region shows the accessible surface area and hollow part shows the free volume).

5 *’!lp’* -
r:'"'ll“'Jr" ___.._.;

Figure 1.6 Zeolite structure (grey region showing accessible surface area, taken from [38])
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Silica Gel

It is a granular, colloidal, porous and vitreous form of silicon dioxide (Si02.nH20), which is
synthesized from silica sources such as tetraethyl orthosilicate (TEOS), silica fume etc. Due to the
presence of hydroxyl group in the micropores, it possesses high affinity towards polar molecules,

due to which it is used as a commercial desiccant to maintain low humidity.

Mesoporous Silica

Mesoporous silica was first synthesized in 1990 by researchers from Japan [39]. The material was
synthesized in the Mobil Corporation laboratories and named molecular 41 sieves (M41S) [40].
The material consists of regular cylindrical pores of tunable diameter in the range from 2 to 30 nm.
These materials possess desirable properties such as tunable pore size, high thermal stability, ease
of functionalization (with even large moieties) at their pore surface and high surface area in the
range of 700—1500 m’g™’. Therefore, due to their several remarkable properties, these materials are
applied in the fields of adsorption, separation, catalysis, and in biotechnology devices. MCM-41,
MCM-48, and MCM-50 are the most widely known among the M41S family of adsorbents with
pores arranged in regular hexagonal array, cubic (double gyroid) and lamellar structure,
respectively [41]. A hexagonal array of pores contained in the mesoporous silica MCM-41 are
shown in Figure 1.7. The adsorption capacity of CO> in various unmodified and amine-
functionalized/impregnated mesoporous silica materials, as reported in literature, are listed in
Table 1.4. Due to the attractive properties of these materials, especially regularly arranged, large
tunable pores than can be readily modified, CO> adsorption and separation in mesoporous silica is

the focus of the first half of this thesis.
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Figure 1.7 Atomistic model for hexagonal array of mesoporous silica, MCM-41

1.7 CO: Separation in Mesoporous Silica and MOFs

Currently, capture of CO, from flue gas or for natural gas sweetening involves absorption in
solvents such as monoethanolamine (MEA), methyldiethanolamine and diethanolamine (DEA),
which results in the formation of carbamate intermediate with CO, molecules (chemical
absorption). Further the conversion into bicarbonate or carbonate takes place in water [42—43].
However, current method has several drawbacks such as the issue of equipment corrosion and high
consumption of energy in regenerating the solvent. So, in order to address these issues,
functionalization or impregnation of amine groups onto the porous surface led to an attractive and
environment-friendly alternative to overcome the major disadvantages of amine-based absorption
[51]. For this purpose, various ordered mesoporous materials such as MCM-41 [44,52], SBA-15
[47,48], KIT-6 [49] and MCM-48 [46] have been explored to anchor the amine-containing

compounds on the porous surface.
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Table 1.4 CO: adsorption capacity on pure and modified mesoporous silica adsorbents at

ambient temperature and pressure condition.

. . Adsorption
Adsorbent Functlonallzgtlon/ BET surface  Pressure Temperature (K) Capacity Ref.
Impregnation area (bar) (mmol g-1)
MCM-41 856 1 303.15 0.50 [44]
3-aminopropyl
triethoxysilane
MCM-41 (APTES)  (3.46 27.1 1 298.15 1.74 [45]
mmol of N/g)
APTES (2.3 mmol 1389 (pure
MCM-48 o-1 adsorbent) MCM-48) 1 298.15 1.136 [46]
SBA-15 588.5 1 303.15 0.51 [47]
o 0
SBA-15  DEHA-50% of the 10 1 298.15 237 [48]
total weight
KIT-6 857 1 303.15 0.65 [49]
KIT-6 PEHA (40%) 100 1 303.15 3.0 [49]
SBA-12 APTES 310 1 298 1.03 [50]

These mesoporous materials were found to be good candidate for potential application of CO»
capture because of the relative ease of regeneration, large surface area and high pore volume.
Zelenaka et al. [50] synthesized three different mesoporous materials namely MCM-41, SBA-12
and SBA-15 having average pore diameters of 33 A, 38 A and 71 A respectively, to examine the
potential of CO> capture upon grafting the porous surface with 3-aminopropyl triethoxysilane
(APTES). They found that the adsorption capacity depends on the pore size and different amine
groups at the pore surface. Thus, modification of the pores of these mesoporous silica materials is
a promising way to improve CO> separation behavior. Due to the presence of large, regularly
arranged pores, even large molecules/functional groups can be incorporated in the mesopores.
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Most of the studies on selective CO> capture have been on zeolites, functionalized mesoporous
silica and activated carbon. However, metal-organic frameworks have recently emerged as
promising candidates over other traditional adsorbents. Zongbi et al. [25] successfully synthesized
a MOF named as Mg-MOF-74, and reported a median pore width and surface area of 10.2 A and
1174 m?g™! respectively. They found the adsorption capacity of pure CO2 and CHs gases to be 8.61
mmolg™”! and 1.05 mmol g™! respectively, at 298 K and 1 bar, which is higher than the uptake in
zeolite 13 X adsorbent under same condition of temperature and pressure. Several other MOFs
such as Cu-BTC also show remarkably high CO; loadings (see Table 1.3). Thus, MOFs are ideally
suited for detailed investigation of the effect of pore size, topology and functionalization on the

CO2> separation behavior to identify strategies for improved performance.

1.8 Objectives of the Thesis

The overall objective of this thesis is the computational study of mesoporous silica and
microporous MOFs as candidates for adsorptive CO» capture from gas mixtures and the effect of
adsorbent modifications such as chemical functionalization and physical impregnation on
improvement of CO»-capture performance. The specific objectives addressed in the thesis are

outlined below:

e Development and Evaluation of Molecular Models of Mesoporous Silica MCM-41 for
Adsorption of CO», N2, H>O, CHy and C2Hs and Separation of CO: from Gas Mixtures:
MCM-41, a mesoporous silica material, is considered as promising material in the field of
gas separation, drug delivery and catalysis. Thus, the objective is to develop realistic

atomistic models of MCM-41 and study the selective physical adsorption of gases present
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in representative flue gas compositions, relevant to post-combustion carbon capture using
GCMC simulations.

o [nvestigation of the Effect of Pore Size and Wall Microporosity of Mesoporous Silica on
Adsorption and Separation of CO; from Gas Mixtures: SBA-15 is a mesoporous silica
material that possesses larger mesopores than MCM-41 and has micropores in the silica
walls. This objective deals with the effect of pore size and presence of micropores inside
the silica walls as well as the ratio of micropore-to-mesopore surface area and volume on
CO> adsorption and separation, from the perspective of flue gas and natural gas
purification.

e Modification of Mesoporous Silica by lonic Liquid Impregnation inside the Mesopores for
Enhanced CO; Selectivity over N> and CHy: IL-impregnated porous adsorbents materials
have been investigated for potential application in selective CO2 adsorption. Here we aim
to investigate in detail the separation of CO2 from gas mixtures using ILs loaded in the
regular cylindrical pores of mesoporous silica materials. Two different loadings of ILs
confined in the pores of MCM-41 are considered to examine the effect on CO> adsorption
and selectivity over CH4 and N>. GCMC as well as MD simulations are used to study the
effect of IL confined inside the MCM-41 pores.

o Comparative Study of CO: Adsorption and Separation from Gas Mixtures on Zirconium-
based MOFs UiO-66 and UiO-67: To understand the adsorption behavior in cages and
windows present in MOFs and to evaluate the effect of pore and channel size, we have
selected two different zirconium-based MOFs of the same UiO series. Adsorption of CO»,
CH4, CO and N and separation of CO» from binary gas mixtures has been studied on UiO-

66 and Ui0-67, using GCMC simulations. The two Zr-based MOFs studied in this work,
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although topologically similar, have channels and cages of different sizes, allowing the
effect of pore size on the adsorption and separation of gas mixtures to be explored.

e Evaluation of Functionalized Cu-BTC MOFs for CO; Adsorption and Separation: This
objective focuses on the tailoring of MOF linkers by attaching different functional groups
and evaluating the effect on adsorptive separation of CO,. Cu-BTC was modified by
grafting different functional groups (-1, -CH3) to the linker and effect on CO, uptake and

its selectivity over other gases such as CH4 and N> was studied using GCMC simulations.

1.9 Organization of the Thesis

Brief introduction on research objectives will be discussed in the individual chapters of the thesis.
The thesis can be broadly divided into three parts. In the first part, unmodified mesoporous silica
such as MCM-41 and SBA-15 were modeled and gas adsorption was studied to understand the
adsorption behavior of different guest molecules, in particular CO». In the second part, modified
MCM-41 was modeled by confinement of ionic liquid inside the MCM-41 pores in order to
achieve higher adsorption capacity of CO, as well as improved selectivity of CO> towards other
gases. Effect of pore size and linker functionalization in microporous metal-organic frameworks
on CO; adsorption and separation constitute the third part of the work. The thesis is organized in

eight chapters namely:

1. Introduction
2. Theory and Simulation Methods
3. CO;z Adsorption and Separation from Multicomponent Gas Mixtures using Developed

Models of Mesoporous Silica MCM-41
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4. Effect of Pore Size and Wall Microporosity on CO2 Adsorption and Separation in
Mesoporous Silica

5. Pore Modification of Mesoporous Silica by lonic Liquid Impregnation for Enhanced
CO; Separation

6. CO; Adsorption and Separation on Zirconium-based Metal-Organic Frameworks

7.  Effect of Functional Groups on CO; Loading and Selectivity in Functionalized Cu-BTC
Metal-Organic Frameworks

8. Conclusions and Future Directions

A schematic outline of the thesis is shown in Figure 1.8. A brief overview of the thesis chapters is

presented next.

In Chapter 1, adsorption and separation of CO; using different adsorbents is discussed, having
relevance to post combustion CO; capture and natural gas sweetening. This chapter also includes

relevant literature survey and a statement of the thesis objectives.

In Chapter 2, the simulation methods and computational tools employed in the remainder of the
thesis for conducting the various simulations and analyzing their results are discussed. The theory

behind some of the techniques is also highlighted.
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Figure 1.8: Schematic Outline of the Thesis

In Chapter 3, a detailed adsorption study of CO2, N2, Oz, water vapor and their mixtures has been
reported on three different realistic molecular models of MCM-41 using grand canonical Monte
Carlo (GCMC) simulations. Adsorption of pure gases, binary, ternary and quaternary mixtures has
been studied at different temperatures and mixture compositions to determine the effect of the
presence of water vapor and oxygen in flue gas mixtures on CO; adsorption and CO2/N; separation

in mesoporous silica adsorbents.

In Chapter 4, representative atomistic models of SBA-15 have been generated with varying wall
microporosity and the effect of the micropore-to-mesopore surface area and volume ratios on the
adsorption and selectivity of CO; has been studied. The adsorption behavior on SBA-15 has also

been compared with that on MCM-41 to explore the effect of pore size and wall microporosity.
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In Chapter 5, adsorption and separation of CO; has been studied in MCM-41 impregnated with a
pyrrolidinium-based ionic liquid (IL) at different loadings. Several studies exist in the literature on
amine-functionalization at the surface —OH groups of MCM-41 for enhanced CO: selectivity
towards other gases. Further, CO> separation using IL solvents is also an active area of research.
As only few reports are available on CO; adsorption using IL confined to mesoporous silica pores,
there is ample scope for further work in this area which motivated the studies reported in this

chapter.

In Chapter 6, adsorption of CO», CH4, CO and N and separation of CO> from binary gas mixtures
has been studied on two different zirconium-based metal organic frameworks (MOFs), namely
Ui0O-66 and UiO-67, using GCMC simulations. The two Zr-based MOFs studied in this work,
although topologically similar, have channels and cages of different sizes, allowing the effect of

pore size on the adsorption and separation of gas mixtures to be explored.

In Chapter 7, three different functionalized Cu-BTC MOFs having iodo-, single methyl and two
methyl functional groups on the linker have been studied for selectivity of CO2 over CH4 and No,
and compared with the results for pure CuBTC. Thus, the effect of functionalization on the

adsorptive separation of CO2 in Cu-BTC is discussed.

In Chapter 8, overall conclusions of the thesis are summarized and suggestions for future work in

this area are presented.
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Theory and Simulation Methods
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2.1 Introduction

This chapter discusses the details of the various computational tools and techniques employed in
this thesis. A brief introduction to the grand canonical Monte Carlo simulation technique for
studying gas adsorption is provided. In addition, methods to calculate other quantities relevant to
gas adsorption such as excess adsorbed amount, Henry’s constant, adsorption enthalpy, and
selectivity are described. The ideal adsorbed solution theory, used to predict mixture adsorption
isotherms from pure species adsorption data, is discussed. An insight into molecular dynamics
simulations is also presented, which has been used in this work primarily to equilibrate structures,
and calculate properties such as radial distribution functions and adsorbate distribution in the

porous frameworks.

2.2 Molecular Simulation

Molecular simulations can be employed to obtain fundamental understanding of physical processes
and phenomena at the microscopic level. Such simulations can help us understand the processes
occurring in real experiments at an atomistic level, and provide details that may be inaccessible
via experiments. The term ‘computer experiments’ is also sometimes applied to molecular
simulations. Computer simulations may be employed to qualitatively predict the outcome of a
process at different conditions as a pre-screening tool in order to avoid conducting experiments
that may not generate promising results. In general, to conduct a molecular simulation with
sufficient level of confidence, a good structural model of the material(s) to be simulated is required
along with a suitable force field that describes the various interactions (bonded and non-bonded)

present in the system to an acceptable degree of accuracy. For example, to simulate the
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phenomenon of gas adsorption, which involves interaction of gas molecules with a solid surface,
various interactions such as those between adsorbate and adsorbent, adsorbate and adsorbate, and
(for flexible porous materials) within the adsorbent (intramolecular) need to be described
sufficiently accurately in order to predict the adsorption behavior. The common bonded
interactions include bond stretching, angle bending and dihedral interactions whereas common
non-bonded interactions are the van der Waals interaction (usually modeled by the 12-6 Lennard-
Jones potential) and electrostatic interaction (usually modeled by assigning partial charges and
using Coulomb’s law). Molecular simulation techniques can broadly be classified into two
categories: Monte Carlo (MC) and molecular dynamics (MD). The former technique is
probabilistic is nature where physical time is not explicitly considered whereas the latter is

deterministic and is well-suited to study dynamical properties of a system.

Generally, the number of molecules involved in real experiments for the bulk system is very large
(of the order of ~10% molecules/atoms/ions). In order to study the thermodynamic properties of
bulk systems through computer simulation directly, the number of particle-particle interactions to
be considered will be enormously large to handle through computer-based calculations. The
computational power required to simulate such systems in a reasonable amount of time is well
beyond the capabilities of the fastest supercomputers, making the calculations practically
impossible. The typical system sizes tractable by regular computational clusters are of the order of
a few thousands to a few tens of thousands of particles although powerful supercomputers can now
readily simulate systems with millions of particles. In order to study the bulk properties of systems
using only a small fraction of the actual number of particles, a small simulation box containing

10°-10* particles (box size ~20 to 50 A) is considered and is replicated in one or more directions
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through periodic boundary conditions (PBCs). PBC is applied to the original simulation cell
thereby surrounding it with imaginary replica of itself in the x, y and z directions, thus eliminating
any surface effects and simulating bulk-like conditions. PBC applied on a particle in an orthogonal
simulation cell (with box side lengths Ly, L, and L.) having coordinates Xreas, Vreal, Zreal are related

to the coordinates of image particle by the equation

Ximage = Xreal T nyLx (2.1)
Yimage = Yreal T nyLy (2.2)
Zimage = Zreal + n,Lz (2.3)

Where Ximage» Yimage a0d Zimqge are the coordinates of particle in replica boxes and ny, ny and n:
are the integers including zero. On applying PBC, each particle will have an infinite number of
images and in order to calculate the interactions, considering an infinite number of images is not
feasible. For non-bonded interactions, a cutoff distance is usually employed (especially for short-
range interactions) with particles separated by more than this distance considered not to be

interacting with each other.

2.2.1. Statistical Mechanics

Statistical mechanics allows us to study the macroscopic behavior of a large collection of particles
(around ~10%*) by examining the properties of a much smaller system (around ~10%). MC and MD
simulations are two different approaches to gain the detailed description of a microscopic system
in a given thermodynamic condition. For example, particle positions and velocity distribution are

the two important quantities obtained from MD simulation which are useful to predict macroscopic
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properties such as diffusivity and thermal conductivity. Further, fluctuations in the number of
particles and system energy can be related to properties such as the heat capacity. Thus, statistical
mechanics forms the link that relates the information obtained from molecular simulation of
microscopic systems to macroscopic thermodynamic properties of the system. Statistical
mechanics works on two fundamental postulates: (i) given an isolated system in equilibrium, each
accessible microstate corresponding to the same total energy can be found with equal probability,
i.e. a system in equilibrium does not have any preference for any of its microstates, and (ii) the
ensemble average of a thermodynamic property (i.e., average over the different possible
microstates of the system) is equivalent to the time-averaged macroscopic value of the property
for the real system. The second postulate is also referred to as the ergodic hypothesis, and enables

the use of molecular simulation techniques to calculate macroscopic properties of a system.

Canonical Ensemble: In the canonical ensemble [53], number of particles (N), volume (V') and
temperature (T') are constant for a particular molecular or atomic system. The partition function
[53] Q(N,V,T) is given by

1

f drN exp[—-pU(rM)] (2.4)

where A = \/ h?/(2mnmkgT) is the thermal de Broglie wavelength. 8 is related to temperature
according to the equation B = 1/(kgzT), kg is the Boltzmann constant, U(r") is the potential
energy of the system with particle positions given by V. Canonical ensemble is also known as
NVT ensemble, where sampling of system through MC simulation can be performed according to

the following scheme:
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1. A random particle is selected and energy of the configuration is calculated as U(0).

2. A random displacement is given to the particle: r(n) - r(o) + A(Ranf — 0.5)

Here A denotes a very small displacement, and Ranf is a random number between 0 and 1

(generated by appropriate random number generator).

3. The new configuration can be accepted according to a probability
acc(o » n) = min(1, exp[—B{U(n) — U(0)}]) (2.5)

where U(n) indicates the energy of the new configuration. If the move is rejected then the

configuration of the system is reverted to its old configuration.

Isobaric Isothermal ensemble: Molecular simulations are frequently carried out in isobaric-
isothermal ensemble (also known as NPT ensemble) as many experiments are conducted at
controlled temperature and pressure. Further, if the system density is not known a priori,
simulations in the NPT ensemble may drive the system to its correct density. MC simulation in the
NPT ensemble was first carried by McDonald to calculate the excess properties of binary mixtures
of liquids interacting by the Lennard-Jones (LJ) potential. In the NPT ensemble, simulation box
size is free to relax according to applied pressure and temperature. For a cubic simulation box of

volume ¥, and side length L, the real coordinate 7" is related to scaled coordinate 5" by

T;
S; = z (26)
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Partition function [53] for NPT ensemble is given by

BP

QWN,P,T) = =5y

jal(an)VN+1 exp[—,BPV]fdsN exp[—BU(sM)] (2.7)

and the probability of finding the volume V of a simulation box is given by
NWV;sN) a VNt exp(—BPV) exp[—BU(sV; L)] (2.8)

The distribution can be sampled according to the acceptance rule

acc(o » n) = min <1, exp [—,8 {U(s”, V) —=UGN,V)+PWV' =V)

o)) -

2.2.2. Grand Canonical Monte Carlo Simulation

Grand canonical Monte Carlo (GCMC) simulations [53] are often employed to study the
adsorption of gases on atomistic models of different porous materials. In this thesis, GCMC
simulations have been conducted using the Towhee [54] and RASPA software packages [55] to
calculate the adsorbate loading inside the adsorbent pores as a function of the pressure of the bulk

gas in equilibrium with the adsorbent.

GCMC is a MC simulation technique in which the chemical potential (¢), volume (V) and
temperature (T) is fixed during the simulation. Four different moves are carried out on the
adsorbate molecules for pure gas adsorption, viz. (i) translational, (ii) rotation, (iii) insertion and
(iv) deletion. In the case of adsorption of gas mixtures, an identity exchange (or particle swap)

move is also frequently used. Each type of move is accepted according to Metropolis scheme.
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Translation and rotation moves are accepted when a random number between 0 and 1 is less than

the calculated probability according to equation 2.10.
acc(c = ¢') = min(1, exp{—B[U(c") — U(c)]}) (2.10)

For deletion, the acceptance criterion is

N
acc(c - ¢') = min (1,mexp{ﬁ[U(c’) — U(c)]}) (2.11)

and for insertion,

exp(—BIU() - U(ON) (2:12)

V
acc(c = ¢') = min (1, N+ D

Here ¢ and ¢’ are the old and new configurations after each type of MC move respectively, V is
the volume of simulation box, N is the original number of particle insides the box (before the
move) and P is the pressure. The acceptance criteria for the insertion and deletion moves above
are valid for ideal gases (i.e., at low pressures) for constant y, V and T. For higher pressures, the
species fugacity will have to considered instead of pressure. The fugacity coefficient can be
obtained from an appropriate equation of state such as the Peng-Robinson equation of state. Value

of f is directly dependent on the Boltzmann constant kp and temperature 7" according to ff =

1/(kT).

For multicomponent adsorption, particle swap move [56,57] were taken into account in order to
achieve faster equilibrium inspite of being a non physical move. Therefore, swap move was

accepted with a probability (when component “/”” changed to “i”")
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(c—c) = (1L (B - v 213
acc(c = ¢') = min '(Ni°ld+1)zjexp BlU(c c (2.13)

where N denotes the number of particles, z; and z; is the activity of species i and j respectively.

Activity of species is dependent upon the chemical potential of the species according to equation

2.14.

exp (k‘l:—‘T)

Zi =
3
A;

(2.14)

where A; = h/./2mm;k,T is the de Broglie wavelength.

Interaction Potentials

Mathematical functional form describing the interactions between atoms is referred to as
interatomic potential. The proper selection of interatomic potential is necessary to describe the
behavior of atomic system correctly and to mimic the real experiment theoretically. The non-
bonded interactions between atoms is commonly described by the 12-6 Lennard-Jones potential
(for van der Waals interaction) and Coulomb’s law (for electrostatic interactions), as shown in

equation 2.15

12 6
e |(70) ()] 0w
u;j (1) = 4g;; [(ﬁj) (Tij> ] + Imor, (2.15)

Here u;;(7) , &, 0ij, 7ij, qi, q; and &, are the total non-bonded potential energy, LJ well depth,

LJ size, distance between the two sites i and j, charges on i and ;" site and vacuum permittivity
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respectively. Electrostatic interactions have been calculated in all the GCMC simulations in this

thesis using the Ewald summation technique [58].

Intramolecular potentials describe the interactions between the bonded atoms within a
molecule. Bonded potential includes bond stretch (2-body), bond angle bend (3 body), dihedral
angle torsion (4-body) and inversion term (4-body). Bond stretching and angle bending are usually
described using a simple harmonic oscillator, although the Morse potential and harmonic cosine
form are also sometimes used (for bond stretching and angle bending respectively). Dihedral

interactions are frequently described using a cosine functional form.

Epona = Kp(r — 19)* (2.16)
Eangle = K, (0 - 90)2 (2.17)
ET apea = 3Vbc[1 = cos{ny (9 — 9o} (2.18)

where ET ;.4 is the dihedral interaction for two bonds ab and cd connected with a common bond
bc, ¢ is the dihedral angle (between abc and bed), @p, is the equilibrium dihedral angle and V. is
the barrier to rotation. K5 is the harmonic force constant for stretching of bond. Where r, is the

equilibrium bond length. K, is the bending constant and 6, stands for equilibrium angle.

2.2.3. Analysis Tools

a) Radial Distribution Function

Radial distribution function (RDF), also known as pair distribution function, is an important

quantity used to characterize local order or correlations in the simulated structure.
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The mathematical formulation for finding the RDF between pair of atoms i and j is

N;

|74
gij(r) = mkz_lnk(r,r + AT‘) (219)

Here Ni and Nj are the total number of atoms of type i and j respectively constituting the system,
V' is the volume of the simulation box, subscript of g;; indicates that the number of particles of type
Jj are being counted within a spherical shell of radius r and thickness Ar, centered at particles of
type i. Thus, n,(r,r + Ar) is the number of particles of type j between distance r and r + Ar

from particle number £ of type i.
b) Coordination number

The coordination number (CN) is obtained from integration of the RDF peaks and provides an
estimate of the number of molecules in the vicinity of the reference molecule. In the calculation of
coordination number, density of the system is also accounted for, along with the height and width
of the RDF peaks. Integration of gij(r) in the spherical coordinate to the first minimum of the RDF

will give us the coordination number of a molecule in its first coordination shell.

CN = 4mpy frzigl-j(r)rzdr (2.20)

Here, 7y is the leftmost position starting from » = 0, where g;;(7) is zero, r; corresponds to the first

minimum of gy, and py is the number density of the surrounding atom in a spherical shell.
¢) 3D Spatial Distribution Plots:

The 3D spatial distribution plots give a visual three-dimensional representation of the different

locations in the simulation box where the adsorbate molecules are present. These plots have been
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constructed by considering the location of the adsorbate molecules in the adsorbent framework

over a large number of snapshots (typically 100 or more) at a particular temperature and pressure.
d) Mean-squared Displacement:

Mean-squared displacement (MSD) describes the average of the square of the displacement of an

atom from its initial position with respect to time (t). It is defined as,
MSD = (|7 (t) — 7:(0)]?) (2.21)

where 7;(t) is the position vector of the i particle after time ¢. For d-dimensional motion, the

diffusivity D can be estimated from the Einstein’s equation (2.22)

D = lim SN (Z ri(t+t) — r](t)] ) (2.22)

Here, the expression within the angle brackets (--- ) corresponds to the mean-squared displacement
(MSD) of the molecule. Self-diffusion coefficients can be calculated from the slope of MSD vs.

time curve.
2.3 Adsorption

Adsorption is the adhesion of molecules (typically gas or liquid) to the surface of a solid. It is a
surface phenomenon which possess one extra degree of freedom in addition to bulk phase

equilibrium.
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2.3.1. Equilibrium Adsorption Isotherm

At equilibrium, amount of pure gas adsorbed () on any adsorbent is a function of pressure (P)

and temperature (7),

N =I(P,T) (2.23)

where N is the amount adsorbed, P is the pressure and 7 is the temperature. The adsorbed amount

at constant temperature is then given by

N = I(P) (2.24)

The above equation relating the amount adsorbed to the bulk gas pressure at constant temperature

is commonly known as adsorption isotherm.

At high pressures, gaseous behavior deviates from ideality. In order to mimic the real (non-ideal)
behavior of gases at high pressures, generally the pressure term is replaced by fugacity (f) which
can be calculated using an equation of state such as the Peng-Robinson equation of state. Thus, the

adsorption isotherm is given by equation

N =I(f) (2.25)

Different adsorption isotherms are classified according to their [IUPAC nomenclature, as shown in
Figure 2.1. Type I adsorption isotherm represents the adsorption behavior on microporous
adsorbent. The saturation loading in type I isotherm corresponds to the definite and complete
filling of micropores. Non-porous adsorbent such as macroporous adsorbent shows type II, I1I and
VI isotherms while type IV and V isotherms are exhibited by mesoporous adsorbents, on which

multilayer adsorption may take place at high pressures.
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2.3.2. Henry’s Constant

Henry’s constant is defined as the slope of adsorption isotherm in the limit of zero pressure. It can

be related to amount adsorbed (N) and pressure (P) as shown in equation (2.26)

B = (F)M (2.26)

where f3 is the Henry’s constant.

1 I
A

m v
i
5
Elv VI

Y

Relative pressure

Figure 2.1 IUPAC classifications of adsorption isotherms (taken from [59]).
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2.3.3. Models for Pure Gas Isotherms

The adsorption isotherm models used in this thesis are discussed next.

(a) Langmuir Isotherm [60]: This type of isotherm model is based on the following assumptions:
(1) Adsorption sites are fixed.

(i1) Each site corresponds to one adsorbate molecule.

(i11) All sites are energetically identical.

(iv) There are no lateral interactions between adsorbate molecules.

Based on the above assumption, the Langmuir equation is formulated as

NJ"e* P

N=—
NJ"%* + BP

(2.27)

N{"%* is the saturation capacity, and 8

where N is the excess amount adsorbed, f is the fugacity,
is Henry’s constant. Saturation capacity is considered to be independent of temperature, and the

temperature dependence for Henry’s constant is expressed by

B = Bioexp(B11/T) (2.28)

where T is absolute temperature. The two parameters ;5 and [, are related to entropy and

enthalpy of adsorption at zero loading, respectively.
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(b) Dual-Site Langmuir Isotherm

The dual-site Langmuir (DSL) model [60,61] is based on the assumption that there exist two
different types of adsorption sites on the solid surface. Each site follows a Langmuir adsorption
behavior but the two types of sites are energetically distinct. Thus, a DSL isotherm model is given
by equation (2.29)

_ N["B,P N"B,P
1+ BP  1+B,P

(2.29)

where N is the amount adsorbed, P is the pressure, N{*** and N;*** are the saturation loadings
for sites 1 and 2 respectively, and (; and f, represent affinity parameters for sites 1 and 2
respectively. N{™** and NJ*** represent saturation loadings, and therefore are independent of

temperature. However, the affinity parameter 8, and 3, are functions of temperature. Temperature

dependence of the affinity parameters is given by the equation (2.30)

B1 = Broexp(B11/T); B2 = Bao exp(B21/T) (2.30)

where T is the absolute temperature. Henry’s constant for the DSL model is given by equation

2.31)

B = BN + BoN* (2.31)

where f represents Henry’s constant.

2.3.4. Calculation of Isosteric Heat of Adsorption

Enthalpy of adsorption plays an important role in determining the adsorbate-adsorbent strength
and can be used to characterize the adsorptive behavior of an adsorbent towards different
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adsorbates. Enthalpy of adsorption can be used to relate the adsorbate loading on different
adsorbents at low coverage or in the low-pressure regime. It also dictates the regeneration
capability of the adsorbent after successful selective capture of gaseous adsorbate. For example,
lower adsorption enthalpy at zero coverage will lead to easier regeneration and will result in lower
cost of regenerating the adsorbent. Two different approaches for obtaining the enthalpy of

adsorption are discussed next.

a) The isosteric heat of adsorption can be calculated from GCMC simulation using fluctuations in

the potential energy [62] and the number of particles according to the equation (2.32)

y <UN>H - <U>M(N>u -
Aaas =N2) Ny (MY,

(Ug) — kgT (2.32)

where AH,q4s is the change in enthalpy upon adsorption of a single molecule, (-:-), represents
ensemble average in the grand canonical ensemble, U is the internal energy of the system
containing all interactions between adsorbate-adsorbate and adsorbate-adsorbent, N is the total
number of molecules in the system. Subscript g represents the gas phase, kg is the Boltzmann

constant and 7 is temperature of the system.

b) Enthalpy of adsorption can also be evaluated using the pure component adsorption isotherm

data [61] obtained from the GCMC simulation in conjunction with the equation (2.33)

d(nf)

2 (7)1,

AHygs = —R (2.33)
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where f is the fugacity and R is the universal gas constant. Adsorbate loading is a function of
fugacity and can expressed as such using different isotherm models. The specific expressions for

calculating enthalpy of adsorption for the Langmuir and DSL models are shown in equation (2.34)

and (2.35) respectively.
AHguqs = _R(,Bll) (2.34)
_ (BN B (X + Baf)? + BaoN3"* B2 (1 + B f)?
AHads - _R< N1max:81(1 a ﬁzf)z + szaxﬂz(l ™ ﬁlf)z ) (235)

2.3.5. Conversion of Absolute Adsorbed Amount to Excess Amount

Total number of adsorbate molecules obtained from GCMC simulations is the absolute adsorbed
amount, which includes both adsorbed phase and bulk phase adsorbate molecules. In contrast, the
number of molecules present only in the adsorbed phase is known as the excess amount adsorbed,
which is what experiments measure. In order to compare the GCMC results and the experimental
results, absolute amounts obtained from simulations must be converted to excess amounts. The
number density of adsorbate gas molecules in the bulk phase at a given temperature and pressure
is obtained either from an equation of state such as the Peng-Robinson equation of state or from
MC simulations in the NPT ensemble at the process temperature and pressure. Thereafter, the

excess amount adsorbed is obtained from the absolute amount according to the equation (2.36)

Nex = Ngps — (P X € X Vtot) (2-36)

where N,, is the excess amount adsorbed, Naxs is the absolute amount from GCMC simulation, p
is the number density of adsorbate molecules in the bulk gas, V;,, is the total volume of simulation

box and € is the helium void fraction for accessible volume present inside the unit cell of simulation
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box. In this thesis, the helium void fraction is generally obtained from the surface and volume tool

present in the Materials Studio 7.0 software package [63].

2.3.6. Ideal Adsorption Solution Theory

Ideal adsorbed solution theory (IAST) by Myers and Prausnitz [64] permits the theoretical
prediction of multi-component adsorption isotherms and selectivities from adsorption equilibrium
data of pure species. The adsorbed gas mixture is treated as an ideal solution and no energetic

heterogeneity of adsorption sites is assumed to be present. The spreading pressure,

RT (P=F
T=— n)(P) XdInP (2.37)
A P=0

where T is the temperature, R is the universal gas constant, A is the surface area of the adsorbent,
P/ is the pure component pressure and n?(P) is the amount of pure component adsorbed at
pressure P. For binary mixtures, [AST gives a complete set of equations (2.38-2.40) that need to

be solved together in order to find the amount of each component in the adsorbed phase.

) = @, (PD) ,md = ¢,(P) (2.38)
Py, = P? X x; ,Py, = P} X x, (2.39)
m=nd , xtx,=1 y+y, =1 (240 a,b,¢)

In equations (2.40 a,b,c), x and y are the adsorbed and bulk gas phase mole fractions respectively,
and the subscripts denote the species constituting the binary mixture. The parameters of the
Langmuir/DSL model are determined by fitting the model to the pure species adsorption data

(obtained from GCMC simulations). The resulting model equation is used to evaluate the integral

46

TH-1954 126107006



in equation (2.37); solving equations (2.38) and (2.39) simultaneously then gives the adsorbed

phase mole fractions at any given temperature, pressure and bulk gas composition.

2.3.7. Selectivity

The adsorptive selectivity for binary mixture adsorption of species A and B is defined as

(**/x5)

App = o (2.41)
Yl

where ay/p is the selectivity of species A over species B, x represents the mole fraction in the
adsorbed phase, y represents the mole fraction in the bulk gas phase, and subscripts A and B denote

the corresponding species.
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CHAPTER 3

CO: Adsorption and Separation from Multicomponent Gas

Mixtures using Developed Models of Mesoporous Silica MCM-41
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3.1 Introduction

Adsorptive separation of CO> using porous materials such as zeolites, mesoporous silicas, metal
organic frameworks, porous carbons etc. is an attractive alternative to conventional amine
scrubbing due to lower regeneration energy requirements. The surface area, pore texture, and pore
size distribution of an adsorbent play a vital role in effective and efficient separation. The M41S
family of mesoporous silica materials, discovered by researchers at Mobil Corporation in 1992,
have large pores, uniform pore size and structure, and high surface area. MCM-41 belongs to M41S
family of mesoporous silica materials and possesses high surface area, tunable pore size (by
varying chain length of the surfactant during synthesis), uniformly aligned, ordered hexagonal
arrangement of cylindrical pores, and considerable surface silanol groups. The surface area and
pore volume are typically in the range of 700-1500 m?g!, and 0.7-1.0 cm’g! respectively
[40,65,66]. The pore size of MCM-41 is highly tunable and ranges from 15-100 A. The pore walls
consist of disordered network of siloxane bridges having skeletal density of 2.2-2.4 g cm™ [65].
These remarkable features of MCM-41 make it suitable for applications such as catalysis, gas

adsorption and separation, drug delivery etc.

MCM-41 was first synthesized by Kresge et al. [40] using aluminosilicate gels in the presence of
surfactants having ordered array of pores arranged in hexagonal fashion with pore size in the range
of 16 A-100 A. BET surface area and pore volume were found to be >1000 m*g™" and 0.7-1.2
cm’g! respectively [40]. Zhaohua et al. [67] prepared aluminosilicate molecular sieves by
following a synthesis procedure similar to that used for MCM-41. Two different raw materials
namely Catapal alumina or sodium aluminate and aluminum sulfate were used as aluminum source

to achieve 6- and 4-coordination number of aluminum respectively. They showed through XRD
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analysis and TEM images that hexagonal mesopore arrangement ceases to exist on increasing Si/Al
ratio in the solid wall of the pore. They also confirmed that calcination at 550°C for 24 hours
enhances the mesopore formation. Catalytic activity of pure MCM-41 can be enhanced by
substituting the silicon sites in the pore walls of MCM-41 with metal atoms. For example, Placidus
et al. [68] modified pure MCM-41 by substituting silicon sites with Fe metal to obtain Fe-MCM-41

which was used as a catalyst for the production of carbon nanotubes by acetylene pyrolysis.

Yun et al. [69] studied the adsorption of methane, ethane and their binary mixtures on MCM-41
through molecular simulation using a simple model for cylindrical MCM-41 pores. He and Seaton
[65,66] conducted molecular simulation study of pure gas and mixture adsorption behavior of
methane, ethane and carbon dioxide in MCM-41 using the same simple model. This model of
MCM-41 consists of three concentric, cylindrical layers of oxygen atoms made infinitely long by
applying periodic boundary condition in the axial direction of the cylinders. The simple model
represented a single, isolated pore and was not a very realistic representation of the hexagonally
arranged pore network observed in real MCM-41. Zhuo et al. [70] performed molecular simulation
studies on binary adsorption of CO2/N; mixtures in mimetic MCM-41 models at representative
flue gas composition but did not consider the effect of the presence of other gases such as water
vapor in the flue gas. Builes and Vega [71] investigated the adsorption of pure CO> on a realistic
model of amine functionalized MCM-41 by simulation studies. Jing et al. [72] studied the
adsorption of CO2, Nz and their mixtures on MCM-41 material but did not investigate the effect
of water vapor on the adsorption behavior. Pajzderska et al. [73] studied the behavior of water
confined in the pores of MCM-41 material using "H NMR and molecular dynamics simulation.

They observed that at low filling, water molecules remained close to the pore surface and whereas
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at higher fillings, water molecules were present away from the surface as well; however, the
dynamics of water molecules was much slower than in bulk water. Coasne et al. [74] used grand
canonical Monte Carlo (GCMC) simulations to study the solubility of CO», N2 and CH4 in water
confined in pores of ZSM-5, MCM-41 and MIL-100. They observed significant enhancement in
the solubility of the gases in confined water over that in bulk water. Mason et al. [75] studied the
adsorption of gaseous mixture of CO2, N2 and H>O in several microporous and mesoporous
adsorbents, including amine-grafted MCM-41, using high-throughput analyzer. In amine-grafted
MCM-41 samples, although the presence of water was observed to affect the amount of CO2

adsorbed, the exact behavior depended on the type of amine.

In the present work, a detailed adsorption study of CO2, N2, O, water vapor and their mixtures has
been carried out on three different realistic molecular models of MCM-41 using grand canonical
Monte Carlo (GCMC) simulations. Adsorption of pure gases, binary, ternary and quaternary
mixtures has been studied at different temperatures and mixture compositions to determine the
effect of the presence of water vapor and oxygen in flue gas mixtures on CO> adsorption and

CO2/N; separation in mesoporous silica adsorbents.

3.2 Model and Simulation Details

Three different molecular models of MCM-41, henceforth referred to as model 1, model 2 and
model 3, have been investigated in this work to study gas adsorption and separation. Model 1 was
constructed by carving cylindrical pores (approximately 36 A in diameter) in a block of amorphous
silica matrix (taken from the database of structures available in the Materials Studio 7.0 software

[63]) while maintaining the regular hexagonal arrangement of the pores, as shown in Figure 3.1
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(d). Creation of pores resulted in unsaturated Si and O sites on the pore surface. In order to saturate
these dangling bonds, a simple rule was followed which involved identifying the atoms having one
or more dangling bond(s). Silicon atoms with exactly three dangling bonds were replaced with
hydrogen atoms whereas those having less than three dangling bonds were saturated with
appropriate number of hydroxyl (~OH) groups (one or two). Similarly, dangling bonds of oxygen
atoms were saturated with H atoms. Si—O and O—H bond lengths were taken to be 1.61 A and 1.1
A respectively [76] for addition of H atoms and —~OH groups. The geometry of the MCM-41
structure thus obtained was optimized. Figure 3.1 (a) shows the initial amorphous silica block,
Figure 3.1 (b) shows the principal cylindrical pore, and Figure 3.1 (c) shows the simulation box
containing the principal pore and four quarter pores, where the dangling bonds on the pore wall
have been saturated and geometry has been optimized. Hexagonal arrangement of the cylindrical
pores is obtained by application of periodic boundary condition in all three direction (x, y and z),
as shown in Figure 3.1 (d) where the simulation box has been replicated three times in the x and y
directions. Model 2 was derived from purely crystalline silica framework of cristobalite (structure
taken from the crystallographic database [77]). The crystobalite unit cell was replicated 6x6x9
times in X, y and z direction to create a crystalline cuboidal block. Molecular dynamics (MD)
simulations were carried out on the cristobalite block at high temperature using Materials Studio
7.0 software [63] to disrupt the crystalline structure and generate disorder in the regular
arrangement. Cylindrical pores having diameter of approximately 36 A were then carved in the
framework, dangling bonds were saturated and geometry was optimized. The methodology used

for saturating the dangling bonds was identical to that employed during generation of model 1.
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(c) (d)

Figure 3.1 (a) Amorphous block of silica matrix, (b) principal pore, (c¢) unit simulation box
with hydroxyl group attached after geometry optimization, (d) periodic replication to
obtain hexagonal array of pores.

Model 3 of MCM-41 has been taken from the work of Ugliengo et al. [78], which was developed
by inducing disorder in a hexagonal supercell of a-quartz through classical molecular dynamics at
high temperature, cutting the pore, appropriately saturating the dangling bonds with H atoms or
—OH groups, and optimizing the obtained structure using density functional theory (DFT). Pore
diameters in all the models considered here lie in the range typically observed in real MCM-41
adsorbents [79]. Unit simulation boxes of the three models used in this work are shown in Figure
3.2. For models 1 and 2, Forcite module of Materials Studio 7.0 software [63] was used to carry
out geometry optimization employing the DREIDING force field [80] which includes both bonded

and non-bonded interaction terms. Non-bonded interactions were computed as the sum of Lennard-
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(c)
Figure 3.2 Simulation box of a) Model 1, b) Model 2, ¢) Model 3.

TH-1954 126107006

56



Jones (LJ) potential and Coulombic interaction. The van der Waals interactions were computed
using a cutoff distance of 12.5 A and the Coulombic interactions were calculated using the Ewald
sum method [58]. Charges on individual atoms were estimated from the charge equilibration (QEq)
method [81]. Geometry optimization was not carried out for model 3 because the structure taken

from [78] was already optimized using DFT calculations.

The three MCM-41 models were characterized by determining the X-ray diffraction (XRD)
pattern, surface area, accessible pore volume and radial distribution function (RDF). XRD pattern,
Connolly surface area [82] and accessible pore volume for all the models were calculated using
the Materials Studio 7.0 software. XRD patterns of MCM-41 models were simulated using Cu Ka
(L = 1.5406 A) radiation. Diffraction data were recorded in the 26 range of 1-8° with a step size
of 0.05. Connolly surface area and accessible pore volume were calculated by rolling a spherical

probe having a radius of 1.4 A on the surface of the adsorbent pores. The accessible surface area

was calculated using nitrogen probe of radius 1.82 A. RDF is the probability distribution of finding
particles/atoms of a certain type in a spherical region around another central particle/atom of same
or different type. Thus Si—Si RDF in the MCM-41 framework provides a measure of how Si atoms
are spatially distributed with respect to each other whereas Si—O RDF indicates how O atoms are
distributed with respect to the Si atoms. The Si—Si, O-O, Si—O, O-H and H-H RDFs were
calculated for all three MCM-41 models considered. In addition, the adsorbent-adsorbate (Ccox—
Owmcm-41) and adsorbate-adsorbate (Cco>—Cco2) RDFs were calculated to study the distribution of

adsorbed CO; in the MCM-41 pores.

GCMC [83] simulations were performed using the Towhee software package [54] to study the

adsorption of CO», N2, Oz, H>O and their mixtures in the MCM-41 models. In this work, N> [84]
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and O [85] were modeled as having two LJ interaction sites at the respective atom positions and
three sites with partial charges (two sites at the two atom positions and one at the center of mass)
to capture the effect of quadrupole moment of these small molecules. A three-site model was
employed for CO;, with the sites located at the respective atom positions and having an LJ
interaction center and partial charge. The detailed force field parameters for the adsorbate gases as

well as the adsorbent (MCM-41) have been taken from literature and are summarized in Table 3.1.

Table 3.1 LJ potential parameter, charges and bond lengths in adsorbent and adsorbate

molecules

Molecule Site a(h) &(K) q(e) Bon((l gngth

MCM-41 [72] Si 3.804 155.858 0.1222
0) 3.033 48.115 -0.0615
H 2.846 0.050 0.0318

CO,[72] C 3.473 47.813 0.6040 1.152 (C=0)
0) 3.033 48.115 -0.3020

N, [84] N 3.310 36.000 -0.4820 1.10 (N=N)
N(COM)f 0.000 0.000 0.9640

0,[85] ) 3.020 49.000 -0.1130 1.210 (O=0)
O(CoOM)* 0.000 0.000 0.2260

H,O [86] H 0.000 0.000 0.4238 1.0 (O-H)
0) 3.166 78.197 -0.8476

fCOM stands for center of mass; "'H-O-H angle (water model SPCE [86]*) = 109.47°

The chemical potential values of the adsorbate gases, provided as input to the GCMC simulations,
were calculated for each pure adsorbate species as well as mixture of adsorbate molecules by
carrying out Monte Carlo (MC) simulations on the bulk gas (pure or mixture) in the isothermal-

isobaric (constant NPT) ensemble using the Towhee software package at the appropriate
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temperature and pressure. For this purpose, a simulation box containing only the gas molecules (of
one or more type depending on whether pure gas or mixture is being considered) is first
equilibrated at the desired temperature and pressure (at which we seek to obtain the adsorption
loading) by carrying out MC simulations in the constant NPT ensemble. After the density of the
simulation box becomes relatively constant, the gas or gas mixture in the box is representative of
the bulk gas phase at the temperature and pressure of interest. The chemical potential of the gas
(or gases, if we are studying mixtures) is then calculated using the Towhee software by performing
several trial insertions of gas molecules in the box and averaging the values of chemical potential
obtained for each insertion. The force field employed for the gas molecules during equilibration
and calculation of chemical potential is identical to that employed during the subsequent GCMC

simulations.

Framework of MCM-41 was maintained rigid and frozen during the GCMC simulations and thus,
stretching, bending, torsion and inversion interactions were not considered within the framework.
GCMC simulation was basically carried out by applying four different types of GCMC moves [83]
viz. insertion, deletion, translation and rotation. Insertion and deletion moves were assigned equal
probability of 0.3 each, and rotation and translation were given equal probability of 0.2 each. In
the case of mixture of two or more adsorbate species, particle swap moves (or identity exchange
moves) [56,57] were performed in addition to the other four types of move to achieve faster
equilibrium. Identity exchange move was assigned a probability of 0.05; the probabilities for
carrying out the insertion and deletion moves were changed to 0.275 each while keeping the
probability of rotation and translation moves unchanged (at 0.2 each). Non-bonded interactions

were computed as the sum of LJ potential and Coulombic interactions. A cutoff of 12 A was used
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the LJ potential along with tail correction. Lorentz-Berthelot mixing rules (equations 3.1 and 3.2)
were applied for calculation of LJ potential parameters between unlike species.

_ Gii t 0j;

fij =& X 8” (32)

Electrostatic interactions were calculated by the Ewald summation technique [58]. Five million
GCMC steps were run and data from the last 2.5 million steps were used for calculating the average
adsorbed amounts for adsorption simulation of pure gases and mixtures not containing water.
Adsorption simulations of mixtures containing water vapor as one of the components were carried
out for eight million steps; again, data from the last four million steps were used for averaging.
GCMC simulations provide the absolute amounts adsorbed in the simulation box, which were
converted to excess adsorbed amounts for direct comparison to experimental isotherms. Excess
number density in the adsorbed phase was computed by subtracting the bulk number density from

the absolute number density obtained from simulation, as given in using equation 3.3

Nex-aa = Nsim — Vb X Pear (3'3)

where N,,_,q4 1s the excess adsorbed amount, Ng;,,, 1s the absolute number of adsorbed molecules
obtained from GCMC simulation, V}, is the solvent (helium) accessible pore volume in the
simulation box, and p.,; is the bulk number density of the adsorbate in the gas phase. p.4; 1S
obtained by carrying out constant NPT MC simulations on only the adsorbate species at the same

temperature and pressure as that of the respective GCMC simulation. After constant NPT MC
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equilibration of the adsorbate species in the bulk gas phase at constant temperature and pressure,

the system attains the appropriate density, which is used as p.,; in equation 3.3.

For binary, ternary and quaternary mixtures, the appropriate molar ratio of the different
components in the gas mixture was ensured by providing the corresponding chemical potential
value of the component as input to the GCMC simulation. MC simulation of the bulk gas mixture
was first carried out in the constant NPT ensemble where the molar content of the different species
in the gas mixture was maintained by ensuring correct ratio of the number of molecules of each
species in the simulation box. For example, to simulate an equimolar (50:50) binary mixture of
200 molecules in the simulation box, the number of molecules of each species was maintained at
100. After equilibration, chemical potentials for each species in the gas mixture were calculated
using the Towhee software package. These chemical potential values, which correspond to the
temperature, pressure and molar composition of the simulated bulk gas phase, were then used in

the GCMC simulations for adsorption in the MCM-41 models.

3.3 Results and Discussion

3.3.1. Characterization of MCM-41 Models

The structural characteristics of the MCM-41 models were carried out by calculating the specific
surface area, pore volume, skeletal density and surface hydroxyl group density. In order to compare
the experimental BET surface area of MCM-41 with the corresponding surface area of the
MCM-41 models, a spherical probe of diameter 3.64 A (representative of nitrogen molecule) was
rolled over the surface of the pores of the models. The surface area thus obtained compare

favorably with the reported experimental values of BET surface area of MCM-41 in the range
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1090-1150 m?/g [87,88]. The slight discrepancy between the calculated accessible surface areas
and the experimental surface areas could possibly be due to the fact that actual MCM-41 material
shows a distribution of pore sizes whereas in the models we have considered a single pore size, at
a value representative of the average pore size of real MCM-41 materials. Further, the exact
roughness and atomic arrangement of MCM-41 pore surface is not known experimentally, and the
models just attempt to capture the pore wall roughness to a reasonable accuracy. Nevertheless, all
models show reasonably good agreement with experimental data, with the agreement being best

for Model 1. Table 3.2 lists the various structural characteristics of the three MCM-41 models.

Table 3.2 Structural characteristics of the MCM-41 models.

Properties Model 1 Model 2 Model 3 MCM-41
(Experimental)

Simulation box 42.8,42.8, 42.96,42.96, 40.60, 40.60,

dimensions (A) 64.2 64.44 36.60

Simulation box angles 90, 90, 90 90, 90, 90 90, 90, 120

)

Specific surface area 1225.71 1260.51 1386.36 1090-1150

(m?/g) (from [87,88])

Accessible pore 0.547 0.490 0.499

volume (cm?®/g)

Skeletal density 2.48 2.345 2.26 2.2 (from [65])

(g/cm®)

OH group density 4.79 4.45 4.68

(/nm?)

Powder XRD patterns for all the three models were simulated using Materials Studio 7.0 [63] and
are shown in Figure 3.3 along with an experimental XRD pattern for real MCM-41 sample

(adapted from [79]). The location of the first low-angle XRD peak of the MCM-41 models,
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indicating the (100) plane, matches well with that of the experimental XRD pattern; however, the

experimental XRD peak is much broader due to the more amorphous nature of the actual material.

- Experimental
El
T pan Y A Model 1
i1
7
=
2 4
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J | Y I y T ¥ T J | ¥ I '
1 2 3 4 5 6 7 8

20 (degree)

Figure 3.3 Powder XRD diffraction pattern of the three models compared with experiment
(data from Loganathan et al. [79]).

Figure 3.4 (a) to (e) show plots of the RDFs for Si—O, O—H, O—0, Si—Si and H—H in the three
models. RDF is a measure of the probability of finding atoms of a certain type in the neighborhood
of a central atom (of same or different type). Thus, the sharp first peaks in the Si—O (Figure 3.4(a))

and O—H (Figure 3.4 (b)) RDFs indicate a very narrow distribution of the Si—O and O—H bond
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lengths in the three MCM-41 models. The Si—O bond lengths in the models are in good agreement
with the Si—O bond lengths observed in quartz and a-cristobalite [89]. The absence of any small
peaks before the first prominent sharp peak also confirms that no strained bonds or significant
structural overlaps are present. Figure 3.4(b) also indicates the possible presence of hydrogen
bonding in 3 (and to some extent, in model 1), where a second broad peak is observed at ~2 A.
The first peaks in Figure 3.4 (c) and (d) correspond to the O—O and Si—Si distances of the
O—-Si—0 and Si—O-Si linkages respectively in the model frameworks. These next-bonded-
neighbor peaks are in general broader than the bonded-neighbor peaks shown in Figure 3.4 (a) and
(b), due to the disordered nature of the MCM-41 wall. Peaks for model 1 are broader than the
corresponding peaks for the other two models, which suggests that model 1 is more disordered.
The hydrogen atoms present in the hydroxyl groups on the pore surface are well-separated and do

not show any significant overlap, as is evident from Figure 3.4 (e) which shows that no other

hydrogen atoms are present within 2 A of a given hydrogen atom.
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Figure 3.4 Radial distribution functions of the three models for the atomic pairs a) Si-O
b) O-H ¢) O-O d) Si-Si and e) H-H. In (b), all three models show strong peaks at ~1 A,
and the peak of model 3 almost completely overlaps with the peaks of the other models.
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3.3.2. Adsorption of Pure Gases

Adsorption of pure CO> on all three models was studied by GCMC simulation and the results were
compared with the experimental results of Seaton et al. [65] at two different temperatures, namely
273.2 K and 303.2 K . At both the temperatures the simulated adsorption isotherm for model 1 was
found to be in good agreement with the experimental results over the entire pressure range
considered, as shown in the Figure 3.5a and b. CO> isotherms for model 3 also show reasonable
agreement with experimental results for low to moderate pressures but deviate at high pressures.

However, model 2 underpredicts the amount of CO; adsorbed over the entire pressure range.

st

The isosteric heats of adsorption, AH,;,, of CO:2 on the different models were calculated [62,90]
using equation 2.32 as shown in section 2.2.4. Figure 3.6 shows the isosteric heats of adsorption
of CO; on the three models and experimental data from He and Seaton [66]. The values for model
1 show good match with experiment over the entire loading range whereas the values for models
2 and 3 compare less favorably. Model 1 also shows a decreasing trend in AH: values with
increasing loading, consistent with experimental results. The decrease in the number of available
sites for adsorption unfavorably affects the adsorbent-adsorbate interactions leading to decrease in

AHZL values. Model 2 slightly underpredicts the isosteric heat values while model 3 overpredicts

the values.
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Figure 3.5 Pure CO2 adsorption isotherm at a) 273.2 K and b) 303.2 K for the three models

compared to experiment (experimental data from He and Seaton [65]).
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Figure 3.6 Isosteric heats of adsorption of CO: in the three MCM-41 models compared
with experimental values (from He and Seaton [66]) at 298 K.

RDF was also calculated for adsorbate carbon atoms with respect to the adsorbent oxygen atoms
(C—0ads) and the carbon atom centers of other adsorbate molecules (C—C) to investigate the spatial
arrangement of the CO; molecules inside the pore. The RDFs shown in Figure 3.7 for CO»
adsorption in model 1 suggest that even at high loading CO2 molecules do not show any
preferential arrangement about the oxygen atoms of the framework. The RDF of CO2 molecules
around oxygen atoms has been calculated by averaging over all the oxygen atoms in the MCM-41
framework. RDF of CO; molecules may show some peak if only the oxygen atoms on the pore
surface are considered; however, CO; will definitely not show any preferential arrangement with
respect to the oxygen atoms located deep in the pore walls of the framework (away from the
surface). Therefore, the average RDF of CO2 considering all oxygen atoms in the framework also
does not show any noticeable peaks. It may be noted from Table 3.1 that the value of the LJ well

depth (¢) of silicon atoms is much higher than that of the framework oxygen atoms. Hence, the
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framework silicon atoms are expected to have much stronger van der Waals interactions with the
adsorbate gases than the framework oxygen atoms. Figure 3.7 also shows the C—C RDF for the
adsorbed CO2 molecules. The first peak position of this RDF suggests that the carbon centers of
the nearest CO> molecules are separated by ~4 A. Orientation profile for the CO, molecule inside
the pores was obtained by calculating the angle between the CO2 molecules and the radial direction
(normal to the pore wall surface), as shown in the Figure 3.8. It is evident from the orientation
profiles at three different pressures shown in the Figure 3.9 that a large fraction of CO2 molecules

are aligned perpendicular to the radial direction and hence, parallel to the pore surface of MCM-41.

4
4 C-C)ads
—-—- C-C
3 4
T 27
=]
1 -
0

r(A)
Figure 3.7 Adsorbate(C)-adsorbent(O) and adsorbate(C)-adsorbate(C) RDFs at 10 bar
and 303.2 K for CO: adsorption in model 1.
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Figure 3.8 Schematic diagram for calculating orientation profile
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Figure 3.9 CO: orientation profile inside the pores of MCM-41 at three different pressures
and a temperature of 298 K. Note: angle on the x-axis is between normal to the surface of

pore and vector of CO2 molecule as shown in Figure 3.8
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3.3.3. Binary, Ternary and Quaternary Gaseous Mixture Adsorption

Binary mixture adsorption simulations were performed on models 1 and 3, which showed
acceptable agreement with the pure CO> experimental adsorption data (see previous section),
whereas model 2 was not considered further. Binary CO2/N> gas mixtures were studied at two
different molar compositions, namely 0.5:0.5 and 0.15:0.85 (CO2:N»). Figure 3.10a—c show the
plots of binary gas adsorption isotherms on the two models at the two compositions. Due to its
larger quadrupole moment and stronger van der Waals interactions, CO; interacts more favorably
with the MCM-41 framework than N> resulting in higher loading of CO> at both bulk gas
compositions. Even at flue gas composition (with 85% N2), amount of CO» adsorbed was found to
be higher than that of N> in both the models (Figure 3.10a and b). Figure 3.10c shows that the

adsorption loadings of both CO2 and N> are higher in model 1 than in model 3.
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Figure 3.10 Adsorption isotherms for binary CO2/N2 mixture of composition 15:85 at
303.15 K in a) model 1 and b) model 3. (c) Adsorption isotherms for equimolar binary

CO2/N2 mixture in models 1 and 3 at 303.15 K (lines are drawn only to guide the eye).
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Selectivity of CO2 over N2 (S¢o,/n,) 1s calculated using equation (2.41), which is discussed in
section 2.2.7. Selectivities of COz over N2 for adsorption of equimolar bulk gas mixture in model
1 at two different temperatures are shown in Figure 3.11. The selectivities at both the temperatures
lie primarily in the range of 4-8, and show a general decreasing trend with increasing pressure,
although the reduction is not very pronounced. Further, the selectivities show a decreasing trend
with temperature in general, which is consistent with the fact that the factor primarily responsible
for higher selectivity of CO2 over N2 (i.e., their relative strengths of interaction with MCM-41)

becomes less dominant as the temperature (and hence the kinetic energy) is increased.
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Figure 3.11 Selectivity of CO2 over N2 for adsorption of equimolar binary CO2/N2 mixture
on model 1 of MCM-41 at two different temperatures (in K).

The observed COo/N> selectivity is comparable to values reported in literature for other
unfunctionalized porous materials such as nanoporous carbon [91] and ordered mesoporous carbon
[92]. Zhou et al. [91] reported CO2/N> selectivity of ~4 at 298 K, 100 kPa for unfunctionalized
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nanoporous carbon having a surface area of 3191.09 m*/g using GCMC simulations whereas Yuan
et al. [92] reported CO2/N> selectivity of ~8 at 318 K, 100 kPa for synthesized ordered mesoporous
carbon having a surface area of 2255 m?%/g. In comparison, the CO2/N> selectivity of MCM-41
model 1 is ~7-8 at 100 kPa, 313 K (see Figure 3.11). The CO: loading reported by Zhou et al. [91]
for the nanoporous carbon at 298 K and 1 bar is less than 1 mmol/g and at 10 bar is ~5 mmol/g.
These values are comparable to those observed for Model 1 of MCM-41 in our study, i.e., ~0.8
mmol/g at 1 bar, 303.15 K and ~4 mmol/g at 10 bar, 303.15 K (see Figure 3.5). CO; loading
reported by Yuan et al. [92] in ordered mesoporous carbon at 1 bar and 298 K is higher (~ 2
mmol/g). Microporous metal-organic frameworks such as Cu-BTC have been reported to exhibit
somewhat higher CO2/N; selectivity (~20 at 298 K and 100 kPa for Cu-BTC [93]). The CO>
loading reported for Cu-BTC at 1 bar and 298 K is ~ 5 mmol/g [27] which is significantly higher

than that in MCM-41.

Figure 3.12a and b show the distribution of the adsorbate molecules inside the pore of MCM-41
(model 1) at different pressures. To calculate the distribution, the pore was divided into concentric
annular cylindrical bins of thickness 0.5 A centered at the pore axis, and for each bin the number
of adsorbate molecules whose center of mass was inside the bin was counted. The resulting number
of adsorbate molecules in each bin was plotted against the radial distance of the bin from the center
of the pore. As expected, the number densities of both the adsorbates show peaks close to the pore
wall at both pressures. As CO; interacts more strongly with the pore wall, its peak intensity is
significantly higher than that of N>. Further, as the pressure is increased from 1 to 10 bar, the
amount adsorbed increases significantly resulting in higher peaks for both the adsorbates at the

higher pressure. Figure 3.12a shows that at 1 bar pressure, adsorption primarily takes place very
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close to the pore wall (within a distance of ~5—6 A from the pore wall). In contrast, at a higher
pressure of 10 bar, the distribution is broader for both the adsorbates with an elongated tail that
extends up to ~9 A from the pore wall. The favorable adsorption sites on the pore wall are almost

completely occupied, and onset of multilayer adsorption is observed.

Figure 3.13a—d show snapshots of binary CO2-N> equimolar adsorption in model 1 over the
pressure range of 0.5—12 bar. At 0.5 bar, the pore wall is mostly uncovered and adsorption of CO>
is strongly preferred over N>. As the pressure is increased, the wall coverage progressively
increases; at 12 bar, almost the entire pore surface is covered and evidence of adsorption in a

second layer can be seen (Figure 3.13d).

The ternary and quaternary mixture adsorption were carried out only for model 1 as this model
showed the best agreement with experimental data for pure CO> adsorption . Presence of unburnt
oxygen gas in the flue gas [94] was investigated at a CO2:N2:02 composition of 15:80:5.
Adsorption and separation was studied at two different temperatures, namely 303.15 and 323.15
K. Partial charges were assigned to the O; molecule to account for the small quadrupole moment
of O2 (see Table 3.1). Figure 3.14a and b show the adsorption isotherms of ternary mixture of
CO2/N»/O; at two different temperatures. Comparison of Figure 3.14a with the binary CO2/N»
adsorption isotherm in Figure 3.10a shows that the presence of Oz does not have any significant
effect on adsorption capacity of CO>. The size of O, molecules and their interactions with the
adsorbent (MCM-41) are quite similar to those of N2 molecules due to which the presence of O>
in the ternary mixture does not significantly change the CO> loading from that of CO2/N; binary

mixture.
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As water vapor is invariably present in flue gas, we studied the effect of water vapor on the
adsorption and separation of CO2/N> mixture. Adsorption simulations were carried out at two
different temperatures (303.15 and 348.15 K) and an at two different mole fractions of water vapor
(5% and 10%) in the ternary CO2/N2/H>O mixture. As water is more polar than the other two
adsorbates, it is expected to interact more strongly with the surface hydroxyl groups on the pore
walls of MCM-41. Figure 3.15 shows the adsorption isotherms of CO2/N2/H20O mixtures at the two
different temperatures, namely 303.15 K and 348.15 K. In all the adsorption simulations of
mixtures containing water vapor, the partial pressure of water vapor in the gas mixture was kept
below its saturation pressure at the corresponding temperature. Adsorption simulations were
conducted for two different compositions—one with low water vapor content (5 mol%) and the
other with higher fraction of water vapor (10 mol%)—to explore the effect of water vapor content
on CO; loading and CO2/N; selectivity. It is evident from Figure 3.15a—d that the amount of water
vapor adsorbed on MCM-41 in the pressure range studied is not significant. Although the polar
water molecules are expected to interact strongly with the surface silanol groups of MCM-41, it
appears that the surface density of silanol groups is not large enough to effect any significant
adsorption of water at the low water vapor content in the gas phase and in the presence of other
adsorbates, especially CO2, which will compete for the adsorption sites. Further, a comparison of
the low-pressure region of Figure 3.10a with Figure 3.15a shows that the presence of water vapor
in the gas mixture does not have a substantial effect on the amount of CO2 adsorbed as well as on
CO2/N2 selectivity. Thus, CO2/N2 mixture adsorption behavior in MCM-41 is not significantly
affected in the presence of up to 10 mol% water vapor in the gas mixture over a temperature range

of 303.15-348.15 K (30°C to 75°C).
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Figure 3.12 Number density of adsorbate molecules in the principal pore of model 1 of
MCM-41 for adsorption of equimolar binary CO2/N2 mixture at (a) 1.0 bar, and (b) 10 bar

at 303.15 K.
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© | @

Figure 3.13 Snapshots of adsorbed CO: and N2 molecules in model 1 of MCM-41 for
adsorption of equimolar mixture at (a) 0.5 (b) 2.0 (¢) 6.0 and (d) 12.0 bar at 303.15 K.

Flue gas may contain O in addition to CO», N2, and H>O. Therefore, the adsorption of a quaternary
mixture of CO2, N2, Oz and H>O was considered at a composition consistent with those observed
in post-combustion carbon capture [95]. Adsorption of a quaternary mixture of CO2, N2, Oz and
H>O in the proportion 15:75:5:5 (by mole) respectively was studied at two temperatures (303.15
K and 323.15 K). Adsorption isotherms at the two temperatures, shown in Figure 3.16a and b,
reveal that the presence of Oz and H>O did not significantly affect the adsorption behavior of CO»
and N. Further, the amount of H>O adsorbed is slightly less than that of O, adsorbed (for identical

gas-phase mole fractions) indicating the overall hydrophobic nature of MCM-41 pores. The
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surface density of silanol groups on MCM-41 pore walls is not high enough to cause significant

adsorption of water.
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Figure 3.14 Adsorption isotherms of CO2, N2 and O: for ternary mixture adsorption of

composition 15:80:5 (CO2:N2:02) in model 1 of MCM-41 at a) 303.15 K and b) 323.15 K
(lines are drawn only to guide the eye).
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Figure 3.15 Adsorption isotherms of CO2, N2 and H2O for ternary mixture adsorption of
composition 15:80:5 (CO2:N2: H20) at (a) 303.15 K, (b) 348.15 K, and for composition
15:75:10 (CO2:N2:H20) at (c) 303.15 K, (d) 348.15 K in model 1 of MCM-41.
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Figure 3.16 Adsorption isotherms of CO2, N2, O2 and H20 for quaternary mixture
adsorption of composition 15:75:5:5 (CO2:N2:02:H20) at (a) 303.15 K, (b) 323.15 K in

model 1 of MCM-41.
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3.4 Conclusions

The present work compares realistic molecular models MCM-41 for studying adsorption of
multicomponent gas mixtures representative of flue gas, and separation of CO: from such
mixtures. The MCM-41 models were characterized by calculating the XRD pattern, RDF and
surface area, and validated by comparing the results obtained with those reported for real MCM-41
samples. The pure CO> adsorption results predicted by model 1, prepared from a block of
amorphous silica matrix with Si:O ratio of 1:2, were found to be in better agreement with
experimental results than those predicted by the other models. The adsorption of binary mixtures
of CO; and Ny, ternary mixtures of CO», N2 and H,0 and CO», N> and O, and quaternary mixture
of CO2, N2, Oz and H>O was studied at different temperatures on MCM-41 model 1. Adsorption
study of binary mixture of CO; and N2 shows that CO; is preferentially adsorbed over N> at all the
temperatures considered owing to the stronger dispersion interactions and larger quadrupole
moment of CO,. Presence of small amounts of Oz in the CO2/N> mixture, whose size and
interactions with MCM-41 are similar to N2, does not affect the CO2/N; selectivity. Further, ternary
mixture simulations of CO»/Ny/water vapor mixtures establish that up to 10 mol% of water vapor
in the gas mixture does not have a significant effect on CO> adsorption and CO2/N> separation
over a temperature range of 30-75°C. Finally, adsorption studies of quaternary mixtures of
CO2/N2/Oy/water vapor on MCM-41 do not reveal any significant effect of the simultaneous
presence of Oz and H20 on the CO2/Nz adsorption behavior. Despite the presence of surface silanol
groups on the pore walls, MCM-41 does not show any clear preference for the adsorption of the

polar water molecules over O (or N2) molecules.
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CHAPTER 4

Effect of Pore Size and Wall Microporosity on CO2 Adsorption and

Separation on Mesoporous Silica
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4.1 Introduction

SBA-15 considered to be a potential material for adsorption of light hydrocarbon, volatile organic
compounds because of its large pore diameter in the range of 7-10 nm [96-99]. Several, catalytic
activity were supported by the SBA-15 type of material because of its high surface area and
presence of large number of hydroxyl group. Triblock copolymer poly(ethylene glycol)-block-
poly(propyleneglycol)-block-poly(ethylene glycol) (EO20PO70EO20; average molecular weight,
5800) was used as a surfactant, which was dispersed in acidic aqueous solution of hydrogen
chloride (HCI) [50]. Tetra ethyl orthosilicate was used as a silica source, which was added to the
solution under constant stirring for some hours followed by thermal treatment at 100 degree
Celsius. The resulting solution was therefore calcined in order to remove the surfactant and other

volatile material to obtain the pure SBA-15 material [47,50].

Martin et al. [100] confirmed that SBA-15 contains hexagonal array of large mesopores in addition
to significant volume of micropores. Presence of micropores in the SBA-15 was justified by BET
analysis and BJH pore distribution analysis, Which can be tuned upon tuning the synthesis
temperature. SBA-15 synthesized at higher temperature than 120 degree Celsius contains almost
no micropores. Pore size distribution was seen to be broader when the synthesis temperature is
higher than compared to SBA-15 materials prepared at low temperature [100]. Texture, geometry,
wall thickness and microporosity of SBA-15 mesoporous material remained unexplored till the
year 2000. Peter et al. [96] in 2001 explained the various theoretical and experimental approach
like Nonlocal Density Functional Theory (NLDFT) Method, geometrical consideration and X-ray
diffraction to insight into the microporosity, wall thickness, microchannel volume of SBA-15

material. SBA-15 posses a regular cylindrical channels in hexagonal arrangement containing
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mesopore. Intrawall pores contributes about 30% of the total porosity unless the sample is
specially treated at higher temperature. The structural parameter was obtained by nitrogen
adsorption isotherm, which was in a good agreement with the geometrical considerations and X-
ray diffraction [96]. Adsorptive separation of light hydrocarbon such as CH4, CoHs, C2Ha, C2Ha,
C3Hg and C3Hg on SBA-15 was studied by Newalkar et al. [98] in order to explore and understand
the potential application [99]. Adsorption of volatile organic compounds (VOCs) such as benzene,
n-heptane, n-hexane, c-hexane, 3-methylpentane, 1-hexene and toluene on the as-synthesized
SBA-15 were also studied to explore the applicability in separation industries [100-102]. Because
of having large mesopores in SBA-15, these materials are modified upon amine functionalization
in order to selectively capture the guest molecule. Apart from the above mentioned application,
modified SBA-15 have been utilized for CO; capture and separation. Wang et al. [103] followed
two different protocol to create porosity in the mesoporous silica (SBA-41) to achieve higher
silanol surface density. Surface silanol group was found to increased, when ethanol extraction
process was employed than normal calcination process. Therefore, hydroxyl group density was
increased from 3.4 OH/nm? to 8.5 OH/nm?. This increased silanol surface density is attributed to
higher CO: loading and selectivity of CO2 was found to be increased from 46 to 131 [103]. It was
noticed that, there is ample scope to investigate the microporosity of SBA-15 at an atomic level to

understand the mechanism of CO> capture and diffusion inside the narrow pores.

Therefore, in this chapter, we discussed the role of micropores for the selective capture of CO»
from CH4 and N> mixture at atomic level. Pure gas isotherm from GCMC was calculated and
compared with the literature reported experimental data. Binary mixture adsorption of CO2, N2

and CH4 were studied to evaluate the selectivity of CO2 over N> and CHa.
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4.2 Models and Simulation Details

4.2.1. Mesoporous Silica Models:

In this chapter, the effect of wall microporosity on adsorption capacity and separation of CO»
inside the mesoporous silica SBA-15 has been studied to understand the role of interconnected
micropores at atomic level. Four different models of mesoporous silica have been considered,
spanning a range of micropore-to-mesopore volume ratios. First of all, a unit cubic amorphous
silica slab of dimension 21.395 A (same as that taken to generate model 1 in chapter 3) is replicated
7, 5 and 2 times in x, y and z directions respectively to generate a large amorphous silica block
from which the SBA-15 models can be carved. A cylindrical mesopore of diameter 74.88 A was
carved from the centre of the replicated slab while quarter pores of the same diameter were cut at
the four corners of the slab. The pore diameter selected to model the SBA-15 material is
representative of the values reported in literature for experimental SBA-15 samples [96], which
depict a range of pore diameters between 5—30 nm [96],. The model generated contains only
mesopores and is representative of a pore-expanded MCM-41 material [79], without wall
microporosity. This model is referred to as SBA-15-np hereafter (where suffix ‘np’ is short for no-
pore, signifying the absence of micropores in mesopore walls). To incorporate varying degrees of
wall microporosity, multiple parallel, cylindrical micropores of diameter 10 A each were carved
across the mesopore walls along the y-direction. Attempt was made to ensure that any two adjacent
micropores were separated by at least 10 A along the x-direction. Three models were generated
following this method: SBA-15-2p, SBA-15-4p and SBA-15-8p, having two, four and eight
micropores respectively running across the pore walls in the y-direction. After carving out the

pores from the slab, dangling bonds were saturated in the following manner: silicon atoms having
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more than two dangling bonds were replaced by hydrogen atoms, silicon atoms having one or two
dangling bonds were connected to the appropriate number of hydroxyl groups to satisfy the valence
requirement, and oxygen atoms having one dangling bond were connected to single hydrogen
atoms. After the complete saturation of the dangling bonds, the models possess strained bonds and
angles at the pore surface due to the addition and deletion of atoms. Thus, models were subjected
to geometry optimization using the Forcite module available in Materials Studio 7.0 software [63].
The front (x-y plane) and top (x-z plane) views of SBA-15-np are shown in Figure 4.1(a) and
Figure 4.1(b) respectively whereas the top views (x-z plane) of SBA-15-2p, SBA-15-4p and SBA-

15-8p are shown in Figure 4.1(c), (d) and (e) respectively.

4.2.2. Force Field:

In this work, the non-bonded van der Waals interactions were modeled using the 12-6
Lennard-Jones (LJ) potential for all the adsorbates. N> was modeled with two LJ sites at the atoms
(N-N bond length of 1.1 A) and three partial point charges, one each on the two nitrogen atoms
and the third at the center of mass. LJ parameters and partial charges for N> molecule were taken
from transferrable potentials for phase equilibria (TraPPE) force field [84]. CO, was modeled as a
rigid linear molecule with three LJ sites and partial charges on the respective atoms. The C=0
bond length (of 1.16 A), the LJ parameters and the partial charges on the CO2 molecule were taken
from the EPM2 model [104]. A united atom approach was used to model CH4 using the TraPPE
united atom (TraPPE-UA) force field, proposed by Martin and Siepmann [105]. The detailed force
field parameters for the adsorbate gases as well as the adsorbent (SBA-15) have been taken from

literature and are summarized in Table 4.1.
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Figure 4.1 Mesoporous silica models: (a) Front view, and top views of (b) SBA-
15-np, (¢) SBA-15-2p, (d) SBA-15-4p and (e) SBA-15-8p.
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Table 4.1 LJ potential parameters, charges and bond lengths in adsorbent and adsorbate

molecules

Molecule Site a(h) e(K) q(e) Bond length

SBA-15[72] Si 3.804 155.858 0.1222 =
O 3.033 48.115 -0.0615
H 2.846 0.050 0.0318

CO,[104] C 2.757 28.129 0.6512 1.152 (C=0)
O 3.033 80.507 -0.3256

N2 [84] N 3.310 36.000 -0.4820 1.10 (N=N)
N(COM)* 0.000 0.000 0.9640

CH4[105] CH4 3.730 148.00 0.0000

TCOM stands for center of mass

Simulation Details: Framework of the SBA-15 models was maintained rigid and frozen during
the GCMC simulations neglecting any stretching, bending, torsion and inversion interactions
within the framework. Four different types of GCMC moves [53] viz. insertion, deletion,
translation and rotation were employed for pure gas adsorption (except for CH4 where no rotation
moves were used). Insertion and deletion moves were assigned equal probability of 0.3 each, and
rotation and translation were given equal probability of 0.2 each. In the case of mixture of
adsorbate species, particle swap moves (or identity exchange moves) [56,57] were performed in
addition to the other four types of move to achieve faster equilibrium. Non-bonded interactions
were computed as the sum of LJ potential and Coulombic interactions. A cutoff of 12 A was used
the LJ potential along with tail correction. Lorentz-Berthelot mixing rules were applied for
calculation of LJ potential parameters between unlike species. Electrostatic interactions were

calculated by the Ewald summation technique [58]. Two million GCMC steps were run and data
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from the last one million steps were used for calculating the average adsorbed amounts for
adsorption simulation of pure gases and mixtures. GCMC simulations provide the absolute
amounts adsorbed in the simulation box, which were converted to excess adsorbed amounts for

direct comparison to experimental isotherms.

4.3 Results and Discussion

The structural properties and other details of the four mesoporous silica models are listed in Table
4.2. The mesopore and micropore diameters listed correspond to the size of the pores originally
carved out of the amorphous silica block. After saturation of dangling bonds, these values may
decrease by 1-2 A. As the pore wall thickness is not uniform throughout, the listed pore wall
thickness corresponds to a particular location, measured perpendicular to the x-z plane along the
centre of the simulation box. The micropore and mesopore volumes listed in Table 4.2 have been
calculated purely from geometric considerations; the actual volume accessible to a particular probe
molecule will be different and depend on the pore wall roughness and probe size. Based on the
geometrical pore volumes, the ratio of the micropore and mesopore volumes in the different
models ranges from 0 to 5.5% (SBA-15-np to SBA-15-8p). The accessible surface areas,
calculated using the Poreblazer 3.0.2 software [ 106], show an increasing trend with increase in the

degree of microporosity, as expected.

The adsorption isotherms of pure CO» for different mesoporous silica models considered are
compared in Figure 4.2. Compared to the pure CO; isotherms for MCM-41 reported in chapter 3
(see Figure 3.5), the CO> uptake (per unit mass) in the large-pore SBA-15 models is much lower.

This can be attributed to the smaller surface area (per unit mass) of these models compared to the
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models of MCM-41 in chapter 3. At low pressures (up to 1 bar), the model without any micropores
(i.e., SBA-15-np, corresponding to pore-expanded MCM-41) shows somewhat lower uptake than
the model with eight micropores, i.e., SBA-15-8p. However, at higher pressures, the adsorption
in SBA-15-np is seen to be the highest. At low pressures, the micropores are expected to be
preferred due to the stronger interactions in the confined environment. However, as the pressure is
increased and the micropores start filling up, the available mesopore surface area becomes the
dominant factor, which is highest for SBA-15-np. Further, as the number of micropores increases,
the CO> uptake initially goes down (at pressures above 1 bar) and then increases. Thus, as we go
from two to four and finally eight micropores, amount of CO> adsorbed decreases first and then
increases. Thus, as the micropore volume in increased, at first the extra adsorption in the
micropores is not able to compensate for the loss in mesopore surface area (at the mouths of the
micropore). However, when higher microporosity is present (as in the case of SBA-15-8p), the
contribution from micropore adsorption nearly balances the lower adsorption in the mesopores. It
is expected that models with even higher microporosity may lead to higher adsorption than the

SBA-15-np model.

Snapshots of CO; adsorption in the four models at 298.15 K and 1 bar, shown in Figure 4.3 and
4.4, provide a visual confirmation of the discussion above. In SBA-15-np, in the absence of wall
microporosity, adsorption primarily takes place on the mesopore surface. However, as the wall
microporosity is increased, adsorption of CO> increasingly takes place more in the micropores and
less on the mesopore surface. This is clearly evident by comparing SBA-15-np and SBA-15-8p

(Figure 4.3(a) and Figure 4.3(d) respectively). The adsorption in SBA-15-8p mostly takes place
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inside the walls (in the micropores) while that in SBA-15-np takes place almost entirely on the

mesopore surface at 1 bar.

Table 4.2 Structural properties of the different mesoporous silica models

Properties SBA-15- SBA-15-2p SBA-15-4p SBA-15-8p experiment
np
Mesopore diameter’ (A) 74.88 74.88 74.88 74.88 71 [47]
Micropore diameter’ (A) . 10 10 10
Number of micropores 0 2 4 8
(along y-axis)
Pore wall thickness' 32.1 32.1 32.1 32.1
(at centre of box, along y-
axis)
Micropore volume' (A3) 0 5038.5 10077.1 20154.2
Mesopore volume’ (A3) 376705.0 376705.0 376705.0 376705.0
No. of oxygen atoms 14328 14162 13875 13395
No. of silicon atoms 6810 6699 6509 6181
No. of hydrogen atoms 1452 1560 1736 2069
Mass of framework (g/mol)  4,21,959 4,16,295 4,06,544 3,89,988
Surface area” (m?/g) 320 330 337 385 452.0 [48]
588.5 [47]

tdenotes values from geometric calculations; *denotes values obtained from Poreblazer [106]
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Figure 4.2 Adsorption isotherms of pure CO: in the different models at 298.15 K.

The effect of adsorption pressure on the adsorption locations of CO> molecules in the models can
be visualized through the snapshots shown in Figure 4.5. Here, CO; adsorption in SBA-15-np and
SBA-15-8p is shown at a low pressure (0.2 bar) and a high pressure (10 bar) value. At low
pressures, Figure 4.5(b) shows that the adsorption in SBA-15-8p occurs primarily in the
micropores and the number of CO, molecules adsorbed on the mesopore surface is smaller than
that in SBA-15-np (Figure 4.5(a)). At high pressure (10 bar), the adsorption sites on the walls of
the mesopores of SBA-15-np are completely occupied and multilayer adsorption can be seen to
begin in Figure 4.5(c). The micropores of SBA-15-8p are almost completely filled at this high
pressure and significant adsorption on the mesopore surface can also be observed. Thus, at low
pressures, the micropores start filling first and as the pressure is increased, the mesopore surface

begins to get saturated as well.
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Figure 4.3 Snapshots (xy plane) of pure CO: adsorption at 298.15 K and 1 bar in (a) SBA-
15-np (b) SBA-15-2p (c¢) SBA-15-4p, and (d) SBA-15-8p models. The locations of the
micropores in (b), (¢) and (d) correspond to those shown in Fig. 1(c), 1(d) and 1(e)
respectively.
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Figure 4.4 Snapshots (xz plane) of pure CO:2 adsorption at 298.15 K and 1 bar in (a) SBA-
15-np (b) SBA-15-2p (c¢) SBA-15-4p, and (d) SBA-15-8p models.

Adsorption of pure N, and CH4 was also carried out on the four mesoporous silica models. The
interaction of N2 with the silica framework is weaker than that of CO: as is evident from the lower
uptakes of N> shown in Figure 4.6(a), compared to CO: (see Figure 4.2). The model with no wall
microporosity (i.e., SBA-15-np) shows the highest uptakes and as in the case of CO» adsorption,
increasing the wall microporosity leads initially to decrease in the amounts adsorbed (from
SBA-15-2p to SBA-15-4p) followed by an increase (from SBA-15-4p to SBA-15-8p). For pure
CHa, the adsorbed amounts lie in between that of pure N> and pure CO», as shown in Figure 4.6(b).
This can be attributed to the stronger van der Waals interactions that CH4 molecules have with the
adsorbent compared to N> but negligible electrostatic interactions (due to being non polar) in
contrast to CO». The adsorption of CH4 follows a trend SBA-15-np =~ SBA-15-8p > SBA-15-2p >

SBA-15-4p between 1 and 8 bar above which SBA-15-np > SBA-15-8p. Thus, for the case of CH4
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too, as the degree of wall microporosity is progressively increased, there is first a decrease in

uptake followed by an increase.

Isosteric heat of adsorption of CO; in the four different models of SBA-15, obtained from the
GCMC simulations, are shown in Figure 4.7. Although the data is somewhat scattered, it is evident
that the 8-pore model (SBA-15-8p) shows the highest isosteric heats in general due to the presence

of high wall microporosity.

Adsorption of binary mixtures of CO2/CH4 and CO2/Nz has also been studied on the different
representative SBA-15 models using GCMC simulations. All the simulations have been carried
out at 298.15 K and at a molar composition of 10:90 for CO2/CH4 and 15:85 for CO2/N2 where
10% and 15% are the amounts of CO» present in the respective mixtures. Figure 4.8 shows the
adsorption isotherms of CH4 and CO; for adsorption of CO2/CH4 mixture on the four models. At
higher total pressures (above 5 bar), adsorption of CH4 follows the trend SBA-15-np > SBA-15-8p
~ SBA-15-2p > SBA-15-4p whereas that of CO2 shows SBA-15-np =~ SBA-15-8p > SBA-15-2p >
SBA-15-4p. These trends are similar to those exhibited by the corresponding pure component
adsorption isotherms. The adsorption isotherms of N> and CO; for the 15:85 CO2/N2 mixture are
shown in Figure 4.9. Although the amount of N> in the bulk gas is almost 6 times that of N», the

adsorbed amounts are comparable indicating good selectivity of the models for CO» over N».

The selectivities of CO2 over CHs and N> in the different models are shown in Figure 4.10. The
CO2/CHjs selectivities are in the range of 4-8 at low pressures (up to 1 bar). At the low pressure
values, the SBA-15 models with microporosity clearly show higher selectivity for CO; as the
strong confinement in the micropores is more favorable to CO> due to its stronger interactions with
the framework and possible also due to its slightly smaller size. Even at higher pressures, all
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models have selectivities above 2.5, with SBA-15-4p and SBA-15-8p showing higher values than
the other two. The CO2/N> selectivities (see Figure 4.10(b)) also show a similar behavior, with
high values at low pressures which progressively decrease with increasing pressure. At 1 bar, the
selectivities are in the range 7-10 and even at higher pressures, the selectivities are lie between 4
and 6. The higher selectivities at lower pressures, especially in models with wall microporosity,
can again be attributed to the preferred adsorption of CO», particularly in the micropores. Thus,

based on the different models studied, wall microporosity is seen to have an effect on CO>

adsorption and separation, especially at low pressures.

Figure 4.5 Snapshots of pure CO: adsorption at 298.15 K and 0.2 bar in (a) SBA-15-np (no
micropores) (b) SBA-15-8p (8 micropores), and at 10 bar in (¢) SBA-15-np, and (d) SBA-15-8p.
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the different models at 298.15 K, and (b) CO2/Nz: selectivities for adsorption of 15:85 mixture of
CO2 and N: in the different models at 298.15 K.

4.4 Conclusions

The effect of wall microporosity in large-pore mesoporous silica materials, representing SBA-15
and pore-expanded MCM-41, on the adsorption and separation of CO> and its mixtures with CHy
and N2 was studied using GCMC simulations. The amount of CO; adsorbed was found to be lower
in SBA-15-np (the model with no wall microporosity, representing pore-expanded MCM-41) than
corresponding the MCM-41 model with smaller pores (studied in chapter 3) due to lower specific
surface area. Further, with increase in wall microporosity, the uptake of CO> was observed to first
decrease and then increase. At low pressures, the COz uptake in the SBA-15-8p model (having the
highest microporosity among the models studied) was the largest due to the CO2 molecules

preferentially adsorbing in the micropores at low pressures. However, at higher pressures, CO>
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adsorption in SBA-15-np was observed to be somewhat larger, possibly because of the micropores
getting filled. Adsorption simulation of the binary mixtures CO2/CH4 and CO2/N; revealed that
the frameworks have good selectivity toward CO> over CH4 and N>, especially at low pressures,
with CO2/CH4 and CO2/N; selectivities in the range of 2.5-8 and 4-10 respectively. At low
pressures, the selectivities in the models with wall microporosity is in general higher, probably

due to the preferential adsorption of COz in the micropores.
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CHAPTER 5

Pore Modification of Mesoporous Silica by Ionic Liquid

Impregnation for Enhanced CQO: Separation
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5.1 Introduction

In recent years, there has been considerable interest in porous materials modified through
functionalization and physical impregnation for the efficient capture and separation of COx,.
Separation of CO; from gas mixtures is of interest in several operations, most important of which
may be CO; capture from flue gas, as the release of large amounts of CO:> into the atmosphere has
been identified as contributing to global warming through greenhouse effect. Some of the
industrially relevant gas separation operations involving CO; are: a) CO; capture from flue gas
containing CO, N2, CO, NOx, SO, O> etc., b) CO; separation from blast furnace gas containing
COy, CO, CiHy, H2S, N2, Oz, and NOx, ¢) production and separation of CO; from landfill gas
containing CO2 and CHa, d) separation of CO2/CH4 for natural gas upgradation and high purity

methane [11,12,92,107—109].

Many studies on metal-organic frameworks (MOFs), consisting of microporous channels and
cages, have been conducted as they are considered to be promising materials for efficient gas
storage and separation applications owing to their large surface areas and pore volumes as well as
tunable pore size [110]. Functionalized MOFs are also being actively explored to enhance the
separation and capture of different gases of interest [111-115]. However, covalently grafted long
chain functional groups inside MOFs require large pore diameters and cages, which are difficult
to synthesize because of their low thermal stability [116—118]. On the other hand, mesoporous
materials are well suited for pore-modification through covalent functionalization or physical
impregnation of larger groups/molecules because of their large pore diameter, pore volume and

surface area [66,73,79,119-121].
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MCM-41 belongs to a family of mesoporous silica materials and has been extensively studied for
applications in drug delivery [119], separation and capture of gases [79], and catalysis [122]. Pore
size of these materials can be tuned during their synthesis by using appropriate surfactant and
increasing the pH level [79]. Regular hexagonal arrangement of one-dimensional cylindrical pores
in MCM-41 makes this material suitable for understanding gas adsorption at the molecular level.
Although numerous studies involving metal doping, drug loading, capturing small organic volatile
compounds, and surface functionalization (e.g. for enhanced CO; selectivity towards other gases)
have been conducted experimentally on MCM-41 [119,122-128], very few reports on
incorporation of ionic liquids (IL) inside the mesopores of MCM-41 are available in literature
[129-133]. In contrast, impregnation of IL. molecules inside MOFs have been reported by several
researchers and found to be effective in CO, capture and separation [134—136]. Computational
exploration of ionic liquid-assisted IRMOF-1 at different IL loadings was carried out by Chen et
al. [134] which revealed the composite adsorbent to be an efficient system for capturing CO; over
N2. Moreover, MOFs with IL molecules confined in their pores were found to be more promising
in H>S removal from natural gas (mainly CH4) in the computational study by Li et al. [135].
Computational and experimental studies of CO2 + IL systems have also been carried out in recent
years. Clyde et al. [136] conducted experimental as well as computer simulation investigation of

CO; vibrational frequencies in an IL environment.

IL molecules can be incorporated into the pores of mesoporous materials by either chemical
grafting or physical impregnation. Vangeli et al. [129] prepared immobilized imidazolium-based
ionic liquid inside the pores of MCM-41 and Vycor silica, and successfully grafted the cationic

part of the IL in order to further investigate the physicochemical and thermodynamic properties of
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the grafted material. In addition, they found the selectivity of CO2 over CO to be higher for IL-
grafted porous materials. Stefanopoulos et al. [130] conducted small-angle neutron scattering
(SANS), contrast-matching SANS, and nitrogen adsorption on the IL [BMIM][PF6] confined
inside the pores of MCM-41 and SBA-15. Nitrogen adsorption at 77K in both the IL-loaded
materials was lowered significantly compared to the respective pure MCM-41 and SBA-15.
Tripathi et al. [132] synthesized MCM-41 with the IL 1-ethyl-3-methyl imidazolium
tetrafluoroborate [EMIM][BF4] confined in the mesopores, and studied the thermal, electrical and
structural properties of synthesized material. They confirmed the interaction of oxygen atoms on
pore wall of MCM-41 with the cationic part of IL from Fourier-transform infrared spectroscopy
vibrational bands. Thus, it is evident that there is ample scope to investigate the capabilities of IL-
loaded mesoporous materials such as MCM-41 for adsorption and separation of gases. Molecular
simulation techniques can be employed to determine the extent of enhancement in CO> adsorption
and separation, and computationally identify the optimum IL loadings in the mesopore, to screen

the more promising combinations for subsequent experimental investigation.

In the present work, computational exploration of different loadings of the pyrrolidinium-based IL
I-methyl-1-butyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide ([C4PYR][TF2N])
confined in the pores of MCM-41 was carried out in order to study the capture and separation of
CO; from N> and CH4. Pure component adsorption study for CO2, N> and CH4 was carried out at
three different temperatures on pristine and IL-loaded MCM-41. Three-dimensional spatial
distribution maps and radial distribution functions (RDFs) of CO» were calculated to identify the

locations preferred by CO: inside the adsorbent pores. Further, grand canonical Monte Carlo
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(GCMC) simulations of CO2/N2 and CO2/CH4 binary mixtures were performed to establish the

enhancement of COz selectivities in IL-loaded MCM-41.

5.2 Model and Simulation Details

5.2.1. Structures of MCM-41 and Ionic Liquid

Molecular model of MCM-41 was constructed by carving cylindrical pores in an amorphous silica
block, ensuring that the pore arrangement is hexagonal and keeping the pore diameter similar to
that observed in realistic MCM-41 samples. The dangling bonds of silicon and oxygen atoms on
the surface of the pores were saturated with hydroxyl groups and hydrogen atoms respectively.
The constructed model was further subjected to geometry optimization using Forcite module of
Materials Studio 7.0 software package [63]. The MCM-41 model thus obtained has unit cell
dimensions of 42.8 A x 42.8 A x 64.2 A and an average pore diameter of 32.8 A, calculated from
the average distance between the center of the pore and all the surface hydrogen atoms. The
simulation box containing one central principal pore and four quarter-pores at the four corners of
the box is shown in Figure 5.2(a). The accessible surface area, computed using nitrogen probe
molecule of radius 1.82 A, was found to be 951.30 m?/g which is in a good agreement with the
experimental values of BET surface area in the range 1090-1150 m?/g for MCM-41 [87,88].
Geometry of IL pair of  methyl-1-butyl-pyrrolidinium [C4PYR]" and
bis(trifluoromethanesulfonyl)imide [TF2N]™ was optimized using density functional theory (DFT)
at B3LYP/6-311++G** level of theory using GAUSSIAN 09 software [137]. The structure of the

cation and anion of the IL is shown in Figure 5.1.
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. TF2N
C4PYR

Figure 5.1 Molecular structures of the cation (C4PYR™) and the anion (TF2N") of the IL.

Two separate IL-impregnated MCM-41 models having different loadings of the IL were then
prepared by inserting 16 and 32 cation-anion pairs of the IL respectively into the central pore of
the MCM-41 model using the Packmol software package [138]. An equal number of IL molecules
was also inserted in the four quarter-pores of the MCM-41 models using Packmol so that the total
number of IL molecules (cation-anion pairs) present in the simulation box in the two models is 32
and 64 respectively. The MCM-41/IL system was equilibrated by conducting molecular dynamics
(MD) simulations in the NVT ensemble. The equilibrated IL-impregnated MCM-41 models,
referred to as MCM-41-IL1 and MCM-41-1L2 henceforth and shown in Figure 5.2(b) and 2(c)

respectively, were used for adsorption simulations using GCMC technique.

5.2.2. Force Fields

Adsorbates: In this work, the non-bonded van der Waals interactions were modeled using the 12-
6 Lennard-Jones (LJ) potential for all the adsorbates. N> was modeled as having two L1J sites at the
two nitrogen atoms with N—N bond length of 1.1 A and three partial point charges, one each on the
two nitrogen atoms and a third at the center of mass of the nitrogen molecule, in order to effectively
capture the effect of quadrupole moment. LJ parameters and partial charges for N> molecule were

taken from transferrable potentials for phase equilibria (TraPPE) force field [84]. Three LJ sites
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were used to represent the rigid CO; linear molecule with partial charges on the respective atoms.
The C=0 bond length (of 1.16 &), the LJ parameters and the partial charges on the CO2 molecule
were taken from the EPM2 model [104]. A united atom approach was used to model CH4 where
only one LJ site was considered. TraPPE united atom (TraPPE -UA) force field, proposed by

Martin and Siepmann [105], was used to model the CH4 molecule.

Figure 5.2 Molecular models of (a) pure MCM-41, (b) MCM-41-IL1, and (c) MCM-41-
IL2.

Adsorbents: Several studies on ILs have used optimized potentials for liquid simulations (OPLS)
force field [139-142] and satisfactorily reproduced experimentally determined properties of ILs.
In the present work, we have used OPLS force field for the studied IL. To test the validity of the
employed force field for ILs, density of the IL was simulated using the forcefield and compared
with literature data. First, 250 cation-anion pairs of the ILs were packed in a cubic box of size
50 A x 50 A x 50 A and MD simulation was carried out in the NVT ensemble for 5ns followed

by MD simulation in the NPT ensemble for 40 ns with a timestep of 1 fs. Configurations of the
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simulation run were saved for the last 2000 frames and were used to obtain average of the system.
The simulated density is found to compare well with the reported by Haskins et al. [143] over the
range of temperatures, as shown in the Figure 5.3. Thus the forcefield selected for the IL is
acceptable. MCM-41 was modeled as a rigid, frozen framework and force field parameters were
taken from the work of Jing et al. [72]. During MD equilibration of the IL-loaded MCM-41
structures, the IL cations and anions were modeled as flexible ions moving inside the rigid, frozen
MCM-41 framework. However, during GCMC simulations of gas adsorption in the MCM-41-IL
structures, both the MCM-41 framework and the IL molecules were maintained rigid and fixed.
Only non-bonded interactions were considered between the framework atoms, IL ions and the
adsorbed gas molecules. To ensure that considering the IL molecules immobile during the GCMC
simulations did not have a significant effect on the adsorption behavior, we calculated the
accessible surface areas and pore volumes of five independent configurations of the IL-loaded
MCM-41, taken from the last 10 ns of the MD equilibration, spaced 2 ns apart. The properties
listed in Table 5.1 vary by less than 5% between the different MCM-41-IL1 configurations
indicating that variation in arrangement of IL molecules in the mesopore does not have a
significant effect on the accessible surface area and pore volume. As these properties are important
characteristics of an adsorbent, it is expected that different MCM-41-IL1 configurations will show
similar adsorption behavior. We also carried out pure CO> adsorption simulations on the five
configurations of MCM-41-IL1 and MCM-41-1L2 systems, the results of which are shown in the
Figure 5.4. The CO; adsorption isotherm for the different configurations are close to each other
for both the MCM-41-IL1 and MCM-41-IL2, further suggesting that neglecting the mobility (and

flexibity) of ILs does not have strong effect on the adsorption behavior. Thus, considering only a
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single configuration of IL-loaded MCM-41 and assuming IL molecules to be immobile should not

result in significant errors.

1600

Simulation (Haskins et al.)
Experiment (Haskins et al.)
This work

1500

>

1400 - "

)

@

o

o

1 1
(]
@

Density(kg/m®
s B
o o

1000 ~

900 ~

800 Y T Y T v T . T Y T v T
280 300 320 340 360 380 400
Temperature (K)

Figure 5.3 Density calculation of pure ILs at different temperatures, and comparison with
the simulation and experimental data of Haskins et al. [143]

Table 5.1 Accessible surface areas and pore volume fractions of different configurations of

MCM-41-1L1.
Adsorbent Accessible pore Accessible pore Surface areain ~ Surface area in
Configurations volume fraction volume fraction m?/g (probe m?/g (probe
(probe radius 1.4 A)  (probe radius 1.82 &)  radius 1.4 A) radius 1.82 &)
Configl 0.2814 0.2199 1491.05 1216.83
Config2 0.2859 0.2237 1448.41 1199.93
Config3 0.2852 0.2254 1431.27 1170.53
Config4 0.2833 0.2201 1487.22 1222.58
Config5 0.2812 0.2178 1492.77 1217.57
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Figure 5.4 CO: adsorption capacity in five different configurations of MCM-41-IL1 and
MCM-41-1L2.

The detailed LJ parameters and partial charges for the adsorbate gases as well as the adsorbent

material (MCM-41 and IL) are listed in Table 5.2.

5.2.3. Simulation Details

MD equilibration of the ionic liquid confined inside the pores of MCM-41 was carried out using
the large-scale atomic/molecular massively parallel simulator (LAMMPS) software package [144]
. MD simulation of CO; inside IL-impregnated MCM-41 was also carried out using LAMMPS to
determine the spatial distribution of CO; and RDFs between different atom types. The SHAKE
algorithm [145] was used to constrain the C=0O bond length. The particle-particle particle-mesh
(PPPM) solver implemented in LAMMPS was used to calculate the non-bonded Coulombic

potential.
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Table 5.2 LJ potential parameter and charges in adsorbent and adsorbate molecule

Molecule Site o (h) £ (K) q (e) Bond length (A)
MCM-41 Si 3.804 155.858 0.12242285

O 3.033 48.115 -0.0614741

2.846 0.05 0.0318

IL [C4PYR]* C1 3.465 26.5682 -0.08

C2 3.465 26.5682 -0.288

C3 3.465 26.5682 -0.288

C4 3.465 26.5682 -0.432

CC 3.516 28.18 -0.28

CN 3.516 28.18 -0.096

CI1T 3.465 26.5682 -0.24

H1 2.394 12.07536 0.16

H2 2.475 12.07536 0.144

H3 2.475 12.07536 0.144

H4 2.475 12.07536 0.144

HA 2.394 12.07536 0.16

HF 2.394 12.07536 0.16

N1 3.216 68.435 -0.208
IL [TE2N]- C 3.465 26.5682 0.28

F 2.919 21.34837 -0.128

S 3.516 100.71619 0.816

O 2.929 84.599 -0.424

N 3.216 68.435 -0.528
CO; C 2.757 28.129 0.6512 1.152

0O 3.033 80.507 -0.3256 (C=0)
N> N 3.310 36.0003 -0.4820 1.1

N(COM)  0.000 0.000 0.9640 (N=N)
CH4 CH4 3.730 148.00 0.0000
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A cutoff of 12.5 A was used for both the LJ potential and the real part of the Coulombic
interactions. The MCM-41/IL system was equilibrated for 40 ns using MD simulation in the
constant NVT ensemble with a time step of 1 fs. The final configuration of the IL confined in
MCM-41 obtained at the end of the MD equilibration was used to conduct the GCMC simulation

of gas adsorption.

All the GCMC simulations were carried out using RASPA software package developed by
Dubbeldam et al. [55]. This package has been extensively tested for a large number of systems and
validated against experimental data [62,133,146]. Insertion, deletion, translation and rotation
moves were employed in all GCMC simulations. In the case of mixture adsorption simulations,
identity exchange trial moves were also used [56,57]. For pure gas adsorption, the four types of
moves are assigned a probability of 0.25 each. For mixture adsorption, identity exchange move is
assigned a probability of 0.05 by reducing the probabilities of translation and rotation moves
equally and maintaining the probabilities of insertion and deletion moves unchanged at 0.25.
During each MC cycle, one MC trial move (of any type) is attempted on all the N adsorbate
molecules in the simulation box if the number of adsorbed molecules, N = 20. However, if N <
20, the number of trial moves attempted in each cycle is equal to 20. A total of 2.5 X 10® MC
cycles were carried out for equilibration followed by another 2.5 X 10® MC cycles for production
of adsorption data. The results obtained from the GCMC simulation are the absolute amounts
adsorbed which were converted to excess adsorbed amounts using equation (2.36), which is

provided in the section 2.2.5.

Dual-site Langmuir (DSL) model was used to fit the isotherm data for pure CO2, CHs and N>

isotherms. Adsorption isotherm modelling was done at three different temperatures for pure gases.
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The equations describing the Langmuir and DSL models are provided in the section 2.2.3(a) and
2.2.3(b) respectively. The ideal adsorbed solution theory (IAST) proposed by the Myers and
Prausnitz [64] was used to predict the mixture adsorption isotherms using the pure component
adsorption data. Pure gas isotherm model parameters, obtained by fitting Langmuir or dual-site
Langmuir models to simulation data, were provided as input to the IAST calculation to obtain
mixture adsorption isotherm predictions. Governing equations related to IAST predictions are

given in the section 2.2.6.

5.3 Results and Discussion

5.3.1. Adsorption of Pure Gases: CO2, N2 and CH4

GCMC simulations were carried out to study the effect of impregnation of IL into the mesopores
of MCM-41 on the adsorption of CO2, N> and CH4 as well as on the separation of CO from gas
mixtures. Figure 5.5 shows a comparison between the simulated adsorption isotherm of pure CO»
in MCM-41 at 303.15 K with experimental data of dos Santos et al. [44]. The two isotherms
compare well indicating that the models and interaction parameters employed are appropriate for
simulating CO; adsorption on MCM-41. The surface areas and accessible pore volume fractions
of the three MCM-41 models, calculated using the Materials Studio software with two different

probe sizes, are listed in Table 5.3
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Figure 5.5 Comparison of simulated adsorption isotherm of pure CO2 on MCM-41 with
experimental data of dos Santos et al. [44] at 303.15 K.

Table 5.3 Accessible pore volume and surface area of different MCM-41 models considered
in this work.

Adsorbent Name Accessible pore Accessible pore Surface area in Surface area in
volume fraction volume fraction m?*/g (probe radius m?/g (probe
(probe radius 1.4 (probe  radius 1.4 A) radius 1.82 A)
A 1.82 A)

MCM-41 0.4962 0.4576 1061.22 951.30

MCM-41-1L1 0.2812 0.2178 1492.77 1217.57

MCM-41-1L2 0.1446 0.0951 1050.70 724.14

The accessible pore volume fraction decreases significantly with increase in the amount of IL
incorporated, as expected. However, the accessible surface area increases at the lower IL loading

in MCM-41 and decreases as the loading is increased. The adsorption isotherms of pure CO2, N»,
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and CHs in MCM-41, MCM-41-IL1 and MCM-41-IL2 along with respective dual-site Langmuir

(DSL) model fits are shown in Figure 5.6.
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Figure 5.6 Adsorption isotherms of pure (a) CO2 (b) N2 and (¢) CHs at 298.15 K in the pure
MCM-41 and IL-loaded MCM-41 models. Lines represents dual-site Langmuir model fits
for CO2, N2 and CHa4.

The saturation loading is lowest in MCM-41-IL2 for all three gases due to the lower accessible
surface area and pore volume fraction. The accessible surface area includes the surface of MCM-

41 pore walls as well as the surface around the IL molecules that is accessible to the adsorbent
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molecules. In contrast, MCM-41-IL1 showed the highest loadings for all the three adsorbates, viz.
CO32, N2 and CHy, over the pressure range studied (0—14 bar) possibly due to the larger accessible
surface area. Interestingly, CO2 loading was significantly higher in MCM-41-IL1 than in the other
two models whereas CH4 and N> loadings were only slightly higher in MCM-41-IL1 than in pure
MCM-41. This can be attributed to the stronger electrostatic interactions between the ionic liquid
molecules and CO; due to its larger quadrupole moment. On the other hand, less polar N> and
nonpolar CH4 molecules do not interact as strongly with the ionic liquid molecules and hence, their
loadings are only marginally higher in MCM-41-IL1 (and lower in MCM-41-IL2) than in pure
MCM-41. A notable feature of Figure 5.6(a) is that up to pressures of ~5 bar, the amount of CO»
adsorbed in MCM-41-IL2 is higher than that in pure MCM-41. Although the accessible surface
area and void fraction of MCM-41-1L2 are lower than that of pure MCM-41, the strong CO»-ionic
liquid interactions are responsible for higher loading at low pressures. At higher pressures (> 5
bar), when the number of adsorbed CO> molecules becomes high, the smaller accessible surface
area and pore volume of MCM-41-IL2 becomes the limiting factor and despite strong CO»-ionic
liquid interactions, the loading in MCM-41-IL2 drops below that in pure MCM-41. Figure 5.6 also
shows the dual-site Langmuir model fits to the adsorption isotherms of pure CO2, CHs and N>
isotherms. The respective models are observed to fit the simulated adsorption data well.
Adsorption simulations were also carried out at two other temperatures and model fitting was
carried out on the adsorption isotherms at the three different temperatures. Adsorption isotherms
and fitted parameters at all three temperatures in the three MCM-41 models are shown in Figure

5.7-Figure 5.9 and Table 5.4-Table 5.6.
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Figure 5.7 Simulated adsorption isotherms and corresponding DSL model fits for CO:2
adsorption at three temperatures on (a) pure MCM-41, (b) MCM-41-IL1, and (c)
MCM-41-1L2.
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Figure 5.8 Simulated adsorption isotherms and corresponding DSL model fits for CH4
adsorption at three temperatures on (a) pure MCM-41, (b) MCM-41-IL1, and (c)
MCM-41-1L2.

The isosteric heats of adsorption were calculated for the gases from simulation, based on
fluctuations in the grand canonical ensemble. Fig. 5.10 shows the isosteric heats of the adsorbate
gases in the three adsorbents at 298.15 K and different pressures. Isosteric heats of the gases are
higher in the IL-loaded MCM-41 models, with MCM-41-1L2 showing the largest values. Isosteric
heat of adsorption initially decreases with increase in pressure as the favourable sites become

occupied. At high pressures, when all the favorable sites are occupied, the isosteric heat remains
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relatively constant. CO2 shows the highest values of isosteric heat in all three models followed by

1.50

CH4 and Na.
1.50 1.50
= 298K MCM-41
s 323K
1.25 A 348K 1.25
B 10 @ 1004
° °
£ £
E o075 £ o075
= o
£ 4 =
T o050 T 0504
Q <
- -
0.25+ L 0.25
T 0.00
0 2 4 6 8 10 12 14 16 o

Pressure (bar)

(2)

= 298K MCM-41-I1L1 = 298K MCM-41-IL.2
e 323K e 323K
4 348K 1251 4 348K
= 100+
3
E
E o075
oD
iE
T 050
(=]
-
0.25
T T T T T T T 0.00 T T T T T T T
2 4 6 8 0 12 14 16 0 2 4 6 8 0 1z 14

Pressure (bar)

(b)

Pressure (bar)

(©)

Figure 5.9 Simulated adsorption isotherms and corresponding Langmuir model fits for N2
adsorption at three temperatures on (a) pure MCM-41, (b) MCM-41-IL1, and (c)

MCM-41-1L2.

Table 5.4 Parameters of the DSL model for CO2 adsorption on the three MCM-41 models

DSL Parameters MCM-41 MCM-41-1L1 MCM-41-1L2
N™*(mmol g )

0.6143 11.1324 6.8505
NI"**(mmol g-l) 15.6071 1.0066 0.9416
ﬁlo(bar'l) 4.85E-05 9.56E-06 8.67E-06
ﬁll(bar-l) 3216.284 2661.03 2725.459
ﬁzo(bar—l) 1.71E-05 4.36E-05 1.46E-05
,821(bar‘1) 2267.701 3261.36 3646.443

R2 0.9999 0.9999 0.9999

TH-1954 126107006
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Table 5.5 Parameters of the DSL model for CH4 adsorption on the three MCM-41 models

Parameters MCM-41 MCM-41-1L1 MCM-41-1L2
NI (mmol g!) 6.1734 5.1995 3.5612
NI (mmol g 0.259 0.4347 0.2912
B1o(bar) 9.88E-05 6.89E-05 9.13E-05
P11 (bar™) 1842.658 2007.817 1953.496
Bao(bar!) 4.20E-05 1.00E-04 4.23E-05
B, (bar) 3141.719 2689.746 3102.813
R?2 0.9999 0.9999 0.9999

Table 5.6 Parameters of the DSL model for N2 adsorption on the three MCM-41 models

Parameters MCM-41 MCM-41-1L1 MCM-41-1L2
N{***(mmol g 1) 5.0075 3.4514 3.5027
NJ***(mmol g?) 0.0644 0.0493 0.054
P1o(bar?t) 0.0001 8.55E-05 0.0001
P11 (bar?) 1569.543 1810.614 1642.633
Boo(bar?) 2.19E-07 3.16E-05 5.08E-06
B1(bart) 4651.182 3145.306 3640.18
R?

0.9993 0.9999 0.9999

TH-1954 126107006
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Figure 5.10 Isosteric heats of adsorption of pure (a) CO2z (b) CH4 and (c) N2 at 298.15 K in
the pure MCM-41 and IL-loaded MCM-41 models.

5.3.2. Distribution of CO: in the Frameworks

The distribution of CO2 molecules inside pure and IL-loaded MCM-41 was further studied using

3D density distribution maps of CO; and RDFs, obtained from MD trajectories of CO; and IL

molecules inside the MCM-41 pores. The number of CO> molecules considered was 32 and 64 in
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the case of MCM-IL-1 and MCM-IL-2 respectively (half in the principal pore and the rest equally
divided in the four quarter pores). Figure 5.11(a) and (b) show the 3D isosurface plots of the
distribution of CO; molecules in MCM-41-IL1 and MCM-41-1L2, obtained by considering the
location of the CO2 molecules in the adsorbent framework over 1000 snapshots from the last 20

ns of the MD trajectory spaced 20 ps apart.

(b)

Figure 5.11 3D spatial distribution maps of CO2 in (a) MCM-41-IL1, and (b) MCM-41-
IL2, obtained from MD simulations at 298.15 K. The framework atoms (MCM-41 and
IL) have not been shown for clarity.

The plots reveal that in addition to the surface of the pore walls of MCM-41, CO> molecules also
prefer sites around IL molecules away from the pore walls. The average distribution of CO»
molecules away from the pore walls is considerably more pronounced in the case of MCM-41-1L2

(see Figure 5.11(b)) which contains larger loading of IL molecules within the MCM-41 mesopores.
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Figure 5.12 RDFs between (a) C4PYR cation and CO2, (b) TF2N anion and CO2, (¢)
Hydrogen atoms on pyrrolidinium ring of cation (marked as HA in Figure 5.1) and oxygen
atoms of COz, and (d) the cation and the anion of the IL. In (a), (b) and (d), the reference

atom for the cation is the nitrogen atom of the pyrrolidinium ring (marked as N1 in Figure
5.1), that for the anion is the central (and only) nitrogen atom (marked as N in Figure 5.1)
and that for COx is the carbon atom center of the CO2 molecules.

The RDF of CO:; molecules around the cations and anions of IL molecules provide more
quantitative information about the spatial distribution of CO,. Figure 5.12(a) and (b) show the
RDFs of CO2 molecules (their carbon centers to be precise) with respect to the nitrogen atoms of
the cations and anions of the IL molecules respectively (marked as N1 and N in Figure 5.1). The

RDFs show that there are almost no CO2 molecules up to a distance of ~4 A from the nitrogen
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atom of the cation (N1 in Figure 5.1) and up to a distance of ~3.5 A from the nitrogen atom of the
anion (N in Figure 5.1), for both MCM-41-IL1 and MCM-41-IL2. The RDFs show a broad peak
around ~6A for both cationic and anionic nitrogen atoms, in both MCM-41-IL1 and MCM-41-
IL2, indicating higher probability of finding CO2 molecules at this distance around the IL ions.
Thus, CO; prefers locations around both the cations and anions of IL molecules. The RDFs of the
oxygen atoms of CO2 molecules around the hydrogen atoms of the pyrrolidinium group of the
cations (marked as HA in Figure 5.1) are plotted in Figure 5.12(c). The RDFs for both MCM-41-
IL1 and MCM-41-1L2 do not show any discernible peaks indicating the absence of any hydrogen
bonding. Figure 5.12(d) shows the RDFs of the nitrogen atom of anion (marked N in Figure 5.1)
around the nitrogen atom of the pyrrolidinium group of cations (marked N1 in Figure 5.1). A strong
peak can be seen around ~6 A for both MCM-41-IL1 and MCM-41-IL2 confirming that the cations
and anions of the IL are closely associated and paired with each other inside the MCM-41 pores

during the course of the MD simulation.

5.3.3. Adsorption of Binary Mixtures of CO2/N2 and CO2/CHj4

GCMC simulations were carried out to study the adsorption and separation of binary mixtures of
CO2/Nz and CO2/CHa, both in the molar ratio 15:85, at 298.15 K. Figure 5.13 shows the mixture

adsorption isotherms of N2, CO, and CHy in the three adsorbent models.

The amount of N> adsorbed is similar for MCM-41 and MCM-41-IL1 models at pressures up to
~6 bar, as is evident from Figure 5.13(a). Even at higher pressures, the amount of N> adsorbed in
MCM-41 is not significantly higher than that in MCM-41-IL1. However, in MCM-41-1L2, the
amount of N> adsorbed is considerably lower than that in the other two models, over the entire

pressure range shown. The adsorption isotherms of CH4 in Figure 5.13(b) show similar trend with
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Figure 5.13 Simulated adsorption isotherms of (a) N2 and CO: for 15:85 (by mole) binary
CO2/N2 mixture, and (b) CH4 and CO:2 for 15:85 (by mole) binary CO2/CH4 mixture. All
isotherms are at 298.15K (lines have been shown only as guide to the eye).

the amounts adsorbed in MCM-41 and MCM-41-IL1 very similar over the entire pressure range
and that in MCM-41-IL2 substantially lower than the other two models. Both N> and CH4 are
relatively nonpolar molecules, and hence do not show any noticeable preference for the charged
ions of the IL over the surface atoms of MCM-41 pore wall. The major factor determining the
adsorption behavior of these gases is thus primarily the available surface area and pore volume
(important at high pressures) which are the lowest for MCM-41-IL2 leading to low adsorption.
The adsorption behavior of CO; on the three models is however much different. In both mixtures,
CO> adsorption is highest in MCM-41-IL1 followed by MCM-41-IL2 and pure MCM-41 in that

order. The greater quadrupole moment of CO», compared to N> and CHg, results in stronger
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interactions with the IL ions leading to higher adsorption in both the IL-loaded MCM-41 models
over the entire pressure range studied (0.1—14 bar), despite the larger accessible surface area of
pure MCM-41 than MCM-41-1L2. This may appear to be somewhat in contrast with pure CO>
adsorption behavior (see Figure 5.6(a)) where MCM-41 shows higher adsorption than MCM-41-
IL2 above 5 bar due to the adsorption in MCM-41-IL2 approaching saturation. However, the
amount of CO; in the binary mixtures is only 15%, so that even at a total pressure of 14 bar, the
fugacity of CO> in the mixture would be significantly lower than that expected at saturation. CO2
adsorption in the models clearly does not approach saturation at total pressures of up to 14 bar and
therefore, the favorable interactions of CO2 molecules with IL dominate over the higher accessible
pore volume of pure MCM-41, leading to larger adsorption of CO2 in MCM-41-1L2. In the case
of MCM-41-IL1, the combined effect of strong CO»-IL interactions and large accessible surface

area leads to higher CO2 adsorption than the other two models.

Figure 5.14 shows snapshots of CO2/N> and CO2/CH4 binary mixture adsorption on the three
models at 298.15 K and 12 bar. In pristine MCM-41, the adsorption of the CO> molecules is
primarily on the pore walls whereas some N2 and CH4 molecules are present away from the pore
walls as well. In IL-loaded MCM-41 models, CO2 molecules are not only present near the pore
wall surface but are also distributed away from the walls, in the pore interior, near the IL molecules.
Although the mole fraction of CO; in the bulk gas mixture is only 0.15, the amount of CO>
adsorbed is higher than N> and comparable to CH4 (especially for the IL-loaded models), as can

be seen from Figure 5.13 and visually verified from Figure 5.14.

The selectivities of CO, over N2 and CH4 as a function of pressure, obtained from GCMC

simulations and IAST calculations, are shown in Figure 5.15. At 1 bar and 298.15 K, the CO2/N;
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Figure 5.14 Snapshots of adsorption of CO2/N2 mixture (15:85 molar ratio) in (a) pure
MCM-41, (b) MCM-41-IL1 and (¢) MCM-41-IL2, and of CO2/CH4 mixture (15:85
molar ratio) in (d) pure MCM-41, (e) MCM-41-IL1 and (f) MCM-41-IL2 at 298.15 K
and 12 bar. The adsorbent (MCM-41 and IL) is shown in wireframe representation
whereas the atoms in the adsorbate gas molecules are represented as spheres. CO: is
shown with carbon atoms in cyan and oxygen atoms in red; N2 is shown with nitrogen
atoms in blue; CHys is shown as single effective sphere in green.

selectivity in pristine MCM-41, obtained from GCMC simulations, is ~15 whereas selectivities in
MCM-41-IL1 and MCM-41-IL2 are ~23 and ~28 respectively (see Figure 5.15(a)). The CO2/N2

selectivity values decrease with pressure and become relatively constant at higher pressures.
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Above 5 bar, pristine MCM-41 shows a selectivity of ~10 whereas IL-loaded MCM-41 show
selectivities in the range 17-20. Thus, the CO2/Nz selectivity is 50-100% higher in the presence
of IL in the MCM-41 mesopores over the entire pressure range explored. The higher affinity of
CO; toward the IL molecules than N results in the significantly higher selectivities observed in
MCM-41-IL1 and MCM-41-IL2. The IAST predictions of CO2/N: selectivity in Figure 5.15(a)
show similar trend to the GCMC results, although the numerical values are different, especially

for adsorbents containing IL.

CO2/CH4 selectivities, shown in Figure 5.15(b), also follow the trend MCM-41-IL2 >
MCM-41-IL1 > MCM-41, with the values being significantly higher in the IL-loaded models. The
CO2/CHjs selectivities obtained from GCMC simulations in pristine MCM-41, MCM-41-IL1 and
MCM-41-IL2 at 1 bar are ~3.7, ~5.4 and ~6.8 respectively, whereas at pressures above 5 bar, the
selectivity values are ~3, ~4.6 and ~5.5-6 respectively. The IAST predictions display the same
overall trend as GCMC results with MCM-41-IL2 showing highest selectivities. Moreover, above
2 bar pressure, the IAST results show good quantitative match with values obtained from GCMC
simulations. MCM-41-1L2 is the most desirable of the three adsorbents in terms of the selectivity

of CO; over CH4 and N, over the entire pressure range studied (up to 14 bar).

5.4 Conclusions

We have studied the effect of impregnating the pores of mesoporous silica MCM-41 with the IL
C4PYR-TF2N on the adsorption behavior of CO2, N2, CH4 and the separation of binary mixtures
CO2/N; and CO»/CH4. Two models were generated by packing IL molecules in the mesopores of

MCM-41 at different loadings (~21% and 42% by weight) and equilibrating the composite
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structure using MD simulations. The accessible surface area of the models showed the trend MCM-

41-IL1 > MCM-41 > MCM-41-1L2, whereas the void fraction was observed to follow MCM-41 >

MCM-41-IL1 > MCM-41-1L2.

Figure 5.15 Adsorptive selectivity of CO2 over (a) N2 and (b) CH4 in the three
adsorbent models, obtained from GCMC simulations and IAST calculations.
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The adsorption of pure COz in the model with 21% IL content, i.e. MCM-41-IL1, was observed to
be significantly higher than that in pristine MCM-41. In the model with 42% IL content, i.e. MCM-
41-1L2, pure CO; adsorption was slightly higher than that in pristine MCM-41 at pressures below
5 bar and lower above that. In the case of pure N2> and CO> adsorption, although MCM-41-IL1
showed the highest adsorbed amounts, the enhancement with respect to pristine MCM-41 was
small. The high adsorption loading of CO2 in MCM-41-IL1 can be attributed to the larger
accessible area and stronger interactions with the IL molecules. For the less polar N> and CH4
(essentially nonpolar), the slight enhancement in loading in MCM-41-IL1 is primarily due to
increased accessible area. In the case of MCM-41-1L2, favorable interaction between CO2 and IL
molecules results in higher CO; adsorption than pure MCM-41 at pressures below 5 bar. However,
at higher pressures, the effect of interactions is offset by the lower accessible area and void fraction
due to which saturation sets in leading to lower CO2 adsorption than in pure MCM-41. The RDFs
and spatial distribution maps of CO> show that in addition to the MCM-41 pore walls, CO»
molecules are also distributed in the neighborhood of IL molecules. The simulation of binary
CO2/N2 and CO2/CH4 mixtures revealed that the amount of CO; adsorbed is higher in IL-loaded
MCM-41 models whereas the amounts of N2 and CH4 adsorbed were higher in the pristine MCM-
41. Selectivity of CO; over N2 and CO2 over CH4 was 50—-100% higher in the IL-loaded MCM-41
models than in pure MCM-41. Although the amount of CO> adsorbed is higher in MCM-41-IL1,
the selectivities are higher in MCM-41-IL2. Thus, modification of MCM-41 mesopores by
impregnation of IL molecules can potentially improve the CO> separation behavior of mesoporous
silica. The relative improvements in the amount of CO» adsorbed and CO; selectivity may be tuned

by adjusting the loading of IL in the mesopores.
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CHAPTER 6

CO: Adsorption and Separation on Zirconium-based MOF's
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6.1 Introduction

Microporous metal organic frameworks (MOFs) are a relatively new class of porous materials that
have received considerable attention in recent years as they show excellent potential for gas
separation and storage. They possess several desirable properties such as high surface area, tunable
pore size and available pore volume [147-150]. The ability to adsorb large amounts of gases at
relatively low pressures makes the materials suitable for applications in gas storage. As the name
suggests, MOFs consist of metal atoms or clusters coordinated by several organic linker groups,
forming a three-dimensional ordered, porous network. Chemistry of inorganic clusters as well as
organic linkers plays an important role in designing new MOFs suitable for applications of interest.
Several new MOFs have been designed and synthesized for applications in gas separation and
storage [151-156], drug delivery [157-161], biosensors for disease detection [162,163] , lithium
ion battery [164] etc. Recently discovered zirconium-based MOFs, UiO-66/67/68 have received
increased attention due to their remarkably high surface area, tunable pore size and most
importantly, their structural stability at high temperatures [165,166]. Inorganic clusters/bricks
forming UiO-series of MOFs, ZrsO4(OH)4(CO2)12, have a coordination number of 12, the highest
among the reported MOFs. 1,4-benzene-dicarboxylate (BDC), 4,4’ biphenyl-dicarboxylate
(BPDC) and terphenyl dicarboxylate (TPDC) linkers are incorporated with the inorganic bricks to

form Ui0-66, UiO-67 and UiO-68 respectively [147,167].

Schaate et al.[ 168] were the first to synthesize and study zirconium-based single crystal MOFs by
scanning electron microscopy, X-ray diffraction and argon sorption experiments. They also tuned
the crystal size and particle size through addition of modulators and longer functionalized linkers

during synthesis. Chavan et al. [147] studied the storage of hydrogen in zirconium-based UiO-66
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and UiO-67 MOFs, and found the storage capacity to be high but below those of MIL-101,
IRMOF-20 and MOF-177. Katz et al [169] reported a tailored method to synthesize a number of
Ui0-66 and UiO-67 derivatives with remarkable porosity and surface area. Bristow et al. [170]
have developed a transferable forcefield for MOF-5, IRMOF-10, IRMOF-14, UiO-66, UiO-67,
and HKUST-1 considering the framework to be flexible. Adsorption of xylene isomers on UiO-66
MOFs was studied by Granato et al. [171] using grand canonical Monte Carlo (GCMC) simulation.
Ligand functionalization has been employed to appropriately tune the adsorption characteristics of
UiO MOFs. Wang et al. [172] tuned the selective adsorption of CO2 over CH4 and N> through
ligand functionalization during the UiO-67 synthesis process. Ko et al. [173] investigated the water
uptake capacity of amine-functionalized UiO-67 at relatively very low pressures. Qien-Odegaard
et al. [174] synthesized UiO-67-Me and UiO-67-BN MOFs having higher stability to water and
increased volumetric adsorption capacity for methane than UiO-67. Several studies have also
investigated the separation of mixtures containing small gas molecules such as CO2, CH4, N> by
MOFs. Karra et al. [175] focused on the separation of the polar CO from mixtures containing 95%,
50% and 5% CHa4 (a non-polar molecule) using Cu-BTC metal-organic framework. A molecular
simulation investigation on Cu-BTC framework was carried out by Guteirrez-Sevillano et al. [146]
using GCMC and molecular dynamics simulations to study the adsorption and diffusion of CO>
and CH4 mixtures. Zhang et al. [176] studied the separation of CO> from several gases (such as
N2, Hz, CH4) through computational screening of MOFs having rht topology. They predicted the
adsorption isotherms, selectivity, breakthrough curves and radial distribution functions (RDFs) for
different atom sites inside the frameworks of Cu- TDPAT, PCN-61, -66, -68, NOTT-112, NU-111

and NU-110.
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In the present work, molecular simulation has been used to investigate two different Zr-based
MOFs, namely UiO-66 and UiO-67, in detail for adsorption and separation of several gases such
as COy, CHs, N2, CO and their mixtures. Selectivity of CO> in binary gas mixtures such as
CO2/CH4 and CO2/N> has been studied over a wide range of pressures and temperatures using the
GCMC technique. CO; selectivities were also computed using the ideal adsorbed solution theory
(IAST) and compared with the GCMC results to better understand the real behavior of gas
molecules inside the framework environment. Effect of pressure and temperature variation over a
wide range on gas selectivity has been studied to better predict the operating conditions for
application in gas separation. The adsorption of CO; has been investigated in detail by analyzing
the RDFs of the adsorbed CO2 molecules around different types of framework atoms (metal atom,
oxygen, benzene group of organic linker) to determine the adsorbate distribution in the
neighborhood of different atoms. Density profile of CO, around different framework species in
the zirconium-based MOFs has also been examined to locate the availability of favorable sites.
Thus, this work provides a comprehensive, comparative investigation of adsorption of CO,, CHa,

CO and N3, and separation of their binary mixtures in two Zr-based MOFs, UiO-66 and UiO-67.

6.2 Models and Methodology

6.2.1. MOF Structure

Optimized geometries for both the frameworks, UiO-66 and UiO-67, were taken from the work of
Yang et al. [177]. Both UiO-66 and UiO-67 have a cubic unit cell having sides of length 20.978 A
and 27.094 A respectively. Unit cell of UiO-66 was replicated two times in each direction (x, y
and z) to construct the simulation box so that a cutoff radius of 12.5 A for non-bonded interactions

could be implemented. For UiO-67, a single unit cell was directly used as the simulation box. As
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shown in Figure 6.1, both MOFs contain cages of two different sizes; UiO-67 contains larger cages

due to the larger organic linkers present.

Figure 6.1 Two different cages in (a) UiO-66 and (b) UiO-67.

6.2.2. Force field

In this work, the frameworks of the studied MOFs were assumed rigid and hence, bonded
interactions (bond stretching, angle bending and dihedral interactions) were not considered for the
framework atoms. The van der Waals and electrostatic adsorbate-adsorbate and adsorbate-
adsorbent interactions were calculated as the sum of the Lennard-Jones (LJ) and Coulomb

potentials given in equation (2.15) of section 2.1.2.

Coulomb interactions were calculated using the Ewald summation technique [58]. Non-bonded
parameters for the MOFs were taken from the DREIDING force field [80] except zirconium for
which LJ parameters were taken from the Universal force field (UFF) [178]. All the LJ-parameters

for the framework atoms were scaled by a factor of 0.97 to obtain good agreement of simulation
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data with experimental CO; loading in the low-pressure region (see Figure 6.4). CO> was modeled
as a rigid linear molecule with three sites, one at each atom, and having a C—O bond length of 1.16
A. LJ parameters and the corresponding partial charges at each site were taken from the elementary
physical model (EPM2) developed by Harris and Yung [104]. Transferrable potentials for phase
equilibria (TraPPE) [84] force field was used to model N> as a rigid molecule with three sites for
non-bonded interactions and an N-N bond length of 1.1 A. The sites are located at the two N
atoms and the center of mass (COM) of the molecule, with partial charges assigned to each
individual site. The COM of N> molecule was treated as a pseudo site for the calculation of
electrostatic interactions only and was excluded in the calculation of LJ potential during
simulation. We have used a three-site model for CO which was developed and validated by Martin-
Calvo et al.[179] for CO adsorption on MOFs. CO was treated as a rigid molecule having a C—O
bond length of 1.128 A with the third site located at a distance of 0.6443 A from the C atom (the
other two sites are located at the respective C and O atoms). Similar to N», partial charges were
assigned on all the three sites of the CO model whereas only two sites at C and O were considered
for van der Waals interactions. TraPPE-United Atom (TraPPE-UA) force field by Martin and
Siepmann [105] was used to model CH4 as a single LJ interaction site. All the information
regarding force field parameters for framework atoms as well as guest (adsorbate) molecules is

shown in Table 6.1, Table 6.2 and Table 6.3.
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Figure 6.2 UiO-66 cluster and the respective atom types used (H atoms omitted on terminal
methyl groups for clarity)

Table 6.1 Partial charges of different atom types in UiO-66, obtained after slight adjustment
in the values of charges from CHELPG scheme

Type of
Zr Ol 02 03 H1 H2 Cl C2 C3
atom
Partial
2.008 -0.582 -1.179 -0.741 0.127 0495 0.625 -0.002 -0.121
charge
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Figure 6.3 UiO-67 cluster and the respective atom types used (H atoms omitted on terminal
methyl groups for clarity)

Table 6.2 Partial charges of different atom types in UiO-67, obtained after slight adjustment
in the values of charges from CHELPG scheme

Type
of Zr 01 02 03 H1 H2 H3 Cl1 C2 C3 C4 C5
atom
Partial
charge 1.876  -0.61 -0.723 -099 0.119 0.135 045 0.678 -0.011 -0.134 -0.138  0.072
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Table 6.3 LJ potential parameter, charges and bond lengths in adsorbent and adsorbate

molecules
Molecule Site o(h) s(K) q(e) Bond length (A)
Ui0-66 & 67  Zr 2.6996749  33.680437
O 2.9421555 46.713357
H 27610274  7.4194621
C 33688003  46.420514
CO, C 3.473 47.813 0.6040 1.152 (C-0)
0 3.033 48.115 -0.3020
N> N 3.310 36.000 -0.4820 1.1 (N-N)
N(COM) 0.000 0.000 0.9640
CH, CH, 3.730 148.00 0.0000
Cco C 3.636 16.141 —0.2424
O 2.979 98.014 —0.2744 1.128 (C-0O)
site 0.5168 0.6443 (C-site)

The Lorentz-Berthelot mixing rule was used to obtain the LJ parameters g;; and &;; for interaction

between unlike species. Partial charges assigned on the guest molecules were taken from the

corresponding force fields while those for the host (adsorbent) atoms were directly taken from the

work of Yang et al. [177], obtained using density functional theory (DFT) calculations.

Unrestricted B3LYP functional with 6-31G* basis set was applied to all atoms except the Zr metal

atom for which LANL2DZ basis set was used. Dangling bonds from the cleaved portion of the

MOF clusters were saturated with —CH3 (methyl) groups. The MOF clusters for DFT calculations

are shown in Figure 6.2 (for UiO-66) and Figure 6.3 (for UiO-67). The CHELPG charges thus

obtained were modified slightly in order to maintain charge neutrality of the system so that the

Ewald sum technique could be applied to calculate the electrostatic interactions. The different
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framework atom types considered and the respective partial charges are listed in Table 6.1 (for

UiO-66) and Table 6.2 (for UiO-67).

6.2.3. Grand Canonical Monte Carlo (GCMC) Simulations

GCMC simulations were used to compute the adsorption isotherms, where the chemical potential,
volume and temperature of the system were maintained constant. Peng-Robinson equation of state
was used to describe the non-ideal behavior of the gas molecules at high pressures. One million
Monte Carlo cycles were carried out for system equilibration followed by another one million
cycles for production run. Each cycle consists of N Monte Carlo steps where N represents the
number of adsorbed gas molecules in the system. However, at low pressures where N < 20, 20
steps are considered in each cycle. For pure species, each step consisted of either a rotation,
translation, insertion or a deletion move, carried out with equal probability. In the case of gas
mixtures, apart from the aforementioned four types of moves, identity exchange moves [56,57]
were also carried out with a probability of 5%. GCMC simulations give the absolute amount
adsorbed whereas experimental results obtained from gravimetric analysis give excess amount
adsorbed. Therefore, to compare with experimental results, all adsorption loading data obtained
from GCMC simulations were converted to corresponding excess quantities using equation (2.36)
of section 2.2.5. Heat of adsorption was calculated by energy/particle fluctuation at constant
chemical potential in the grand canonical (constant uVT) ensemble using equation (2.32) provided
in the section 2.2.4. All the adsorption simulations were carried out using the RASPA software

package [55].
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6.2.4. Isotherm Fitting and Ideal Adsorbed Solution Theory Calculations

Various mathematical models for describing adsorption behavior exist (such as the Langmuir
model, Toth model etc.) that have been applied to fit the adsorption isotherms of gases on a variety
of adsorbents [60,180]. In this work, a dual-site Langmuir (DSL) model was used to fit the
simulated adsorption isotherms of the pure gases over UiO-66. The DSL model assumes the
existence of two different energetically favorable adsorption sites and is expressed mathematically
according to equation (2.29, 2.30 and 2.31) discussed in section 2.2.3(a). For UiO-67, the
Langmuir model (single-site) given by equation (2.27) of section 2.2.3(b) was used to fit the

isotherms of the pure gases.

Ideal adsorbed solution theory (IAST) by Myers and Prausnitz [64] permits the theoretical
prediction of multi-component adsorption isotherms and selectivities from adsorption equilibrium
data of pure species. The adsorbed gas mixture is treated as an ideal solution and no energetic
heterogeneity of adsorption sites is assumed to be present. The parameters of the Langmuir/DSL
model are determined by fitting the model to the pure species adsorption data (obtained from
GCMC simulations). The resulting model equation is used to evaluate the integral to find the
adsorbed phase mole fractions at any given temperature, pressure and bulk gas composition.

Detailed description for calculating IAST have provided in the section 2.2.6.

6.3 Results and discussion:

6.3.1. Pure Gas Adsorption:

GCMC simulations were carried out to investigate the potential of UiO-66 and UiO-67 for gas
storage and separation. In particular, the adsorption of pure CO>, CH4, CO, N> and the mixtures

CO2/N2 and CO2/CH4 was studied in detail. Surface area of the adsorbents, calculated using
146
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Materials Studio 7.0 software package [63], by rolling a spherical probe of diameter 3.6 A on the
surface, was found to be 1096.65 m?/g for UiO-66 and 2982.19 m?/g for UiO-67. The calculated
surface areas are in good agreement with reported experimental values of 1067 m%/g [35] and 2500
m?/g [181] for UiO-66 and UiO-67 respectively. The simulated CO> isotherms for adsorption on
UiO-66 and UiO-67 compare well with experimental values, as shown in Figure 6.4 where a
comparison with the experimental isotherms of Zhang et al. [182] (for UiO-66) and Wang et al.

[172] (for UiO-67) is shown.

The adsorption of pure CO;, CH4, CO and N> on UiO-66 was simulated at four different
temperatures (in the range 273-348 K); the corresponding adsorption isotherms are shown in
Figure 6.5. Adsorption of all the gases decreases with increasing temperature, as expected. The
DSL model was used to fit the adsorption isotherms for all the gases at the four temperatures. Very
good match is obtained between the simulation data and the respective Langmuir fits, shown as
solid curves in Figure 6.5(a)—(d). The fitted parameters of the dual-site Langmuir model are listed
in Table 6.4 and have been used for calculating adsorption isotherms of binary gas mixtures using

IAST.

At all the temperatures considered and over the entire pressure range (up to 20 bar), CO adsorption
is the highest among the four gases followed by CH4, CO and N». Adsorption of COx is especially
more pronounced at low pressures (< 1 bar) compared to the other gases. The simulated adsorption

isotherms for adsorption of CO»2, CH4, CO and N> on UiO-67 are shown in Figure 6.5(a)—(d).
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Figure 6.4 Comparison of simulated CO2 adsorption isotherm on (a) UiO-66 and (b) UiO-
67 (experiment Zhang et al. [182] and Wang et al. [172])

The simulated isotherms were fitted with the Langmuir model (single site) for all gases at the four

temperatures. The Langmuir fits are shown as solid curves in Figure 6.6(a)«(d) and the

corresponding Langmuir model parameters are tabulated in Table 6.4. The adsorption amounts of

different gases on UiO-67 over the entire pressure and temperature range considered follows the

trend CO2 > CHs > CO > N, similar to that observed for UiO-66. The higher adsorption of CO>

can be attributed to substantial contributions from both dispersion and electrostatic interactions

with the MOF framework. In contrast, CHs is non-polar and hence does not have explicit

Coulombic interactions whereas dispersion interactions for CO are weaker. CO2 uptake capacity
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for all the isotherms).

at low pressures is high for UiO-66 (see Figure 6.5(a)) because of narrow window size and smaller
cage diameter, compared to UiO-67. However, at higher pressures the amount of gas adsorbed is
significantly larger for UiO-67 due to the larger surface area of UiO-67. The enhancement in
adsorption loading (over that for UiO-66) is particularly pronounced for CO, where ~250%

increase is observed at 298 K and 20 bar (see Figure 6.5(a) and Figure 6.6(a)). The other three
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gases show a corresponding increase of ~150% at the same temperature and pressure. Isosteric
heats of adsorption of the pure gases in UiO-66 and UiO-67 at 298.15 K are shown in Figure 6.7.
For all gases, higher values of isosteric heats were observed for adsorption in UiO-66, because of
smaller cages and narrow window size. Further, in both MOFs, the isosteric heat followed the
order CO>>CH4>CO>N; reflecting the relative strengths of interactions of the different gases with
the MOF framework. CO> shows a higher isosteric heat of adsorption than the other gases in both

MOFs due to the stronger dispersion and electrostatic interactions with the host framework.

We have investigated the adsorption of CO2 in UiO-66 and UiO-67 in detail by identifying the
location of adsorbed gas molecules in the MOF framework relative to the positions of the metal
atoms and linker groups. Density contour maps and isosurface plots of the framework with
adsorbed gas molecules have been generated to provide qualitative information about adsorption
sites and preferred adsorbate locations. RDF of the adsorbed CO> molecules with respect to metal
and linker atoms of the framework have been calculated to obtain a more quantitative description
of the distribution of adsorbate molecules around the different adsorption sites of the framework.

All the RDFs have been calculated using equation (2.19) provided in the section 2.1.3.

Density contour plots and isosurface plots for pure CO2 adsorbed on UiO-66 and UiO-67 are shown
in Figure 6.8 and Figure 6.9 respectively. The density contour plots show the adsorbate number
density on a planar surface, obtained by taking a slice of the simulation box at a particular location.
The 3D isosurface plots give a visual three-dimensional representation of the different locations in
the simulation box where the adsorbate molecules are present. Figure 6.8(a) and (b) show the

density contour plots of COz in UiO-66 on planes perpendicular to the x-axis, cutting at one-third
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and half of the simulation box length in the x-direction; similar density plots for CO2 adsorption

on Ui0O-67 are shown in Figure 6.8(c) and (d).

Table 6.4 Fitted parameters for pure components adsorption in UiO-66 and UiO-67

CO, CHq CO N»
Coefficient Coefficient Coefficient Coefficient
Model Parameters (Std. Error) (Std. Error) (Std. Error) (Std. Error)
Ui0-66 (Dual-Site Langmuir Model)
3.5511 7.00 3.93 3.432
Ni"*(mmol g™) (0.10) (0.184) (0.08) (0.09)
4.0542 2.227 1.3906 1.1474
NZ"*(mmol g") (0.11) (0.064) (0.124) (0.141)
3.66E-07 3.09E-06 1.78E-05 2.42E-05
Biro(bar™) (8.9E-8) (4.0E-07) (2.6E-06) (4.07E-06)
3702.65 2570.987 2153.866 2053.651
B (bar™) (65.80) (29.39) (27.71) (29.78)
6.45E-05 0.0004 0.0005 6.00E-4
Bao(bar™) (8.87E-6) (4.92E-05) (8.0E-05) (1.0E-04)
2848.364 2004.579 1730.76 1641.122
B (bar™) (38.67) (30.51) (35.26) (40.80)
Ui0-67 (Langmuir Model)
28.68 17.33 12.42 10.24
N (mmol ') (0.60) (0.14) (0.23) (0.188)
1.1E-5 8.08E-5 1.09E-4 1.373E-4
Pio(bar) (9.6E-7) (1.5E-6) (3.59E-6) (3.07E-6)
25443 1753.1 1527.4 1443.3
P (bar) (33.15) (7.38) (12.34) (9.06)

TH-1954 126107006

151



20
1| v 273K =
= 298K - ‘
i e 323K A
15 A 343K v -
. !
g S
_g p
E 10 e
4 >
g ) /.‘/(./
T A A
g A
- A
e
A
| T T T
10 15 20
Pressure (bar)
(a)
5
v 273K v
m 208K
4 e 323K v
A 348K
3 v B
S 34 ///I/
€ /./'
E elh
=
2 2 = e
E 7# /-/./ s il et
g i
J e A
= » /l/ o
>
o
®
T T ¥ T
10 15 20

Pressure (bar)

©

Loading (mmol/g)

Loading (mmol/g)

Pressure (bar)

(b)
4.0
1 v 273K
351 = 208K
: e 323K
3.0 A 348K

Pressure (bar)

(d)

Figure 6.6 Simulated adsorption isotherm for pure (a) CO2, (b) CH4, (¢) CO and (d) N2 in
UIO-67 at four different temperatures (lines represent Langmuir model fitted for all the

isotherms).
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The 3D isosurface plots of the guest CO> molecules in the MOFs at two different pressures are
shown in Figure 6.9. The density contour and isosurface plots have been constructed by
considering the location of the adsorbate CO> molecules in the MOF framework over 100
snapshots at a particular temperature and pressure. These plots reveal that the CO2 molecules
preferentially adsorb near the organic linkers of the MOF framework. Further, for both UiO-66
and UiO-67, more adsorption takes place in the smaller, outer cages of the frameworks than the

larger, central cage. In fact, at low pressures (~10 kPa), CO» adsorption almost entirely takes place

Pressure (kPa)

near the organic linkers in the outer cages (see Figure 6.9(a) and (c)).
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Figure 6.8 Density contour plots of CO2 molecules in UiO-66 at 1 bar and 298 K onto (a) a
plane perpendicular to the x-axis and cutting at 0.34*Lx, and (b) a perpendicular plane
cutting the x-axis at 0.50*Lx, where Ly is the dimension of the unit cell in the x-direction. (¢)

and (d) represent the density contour plots of CO2 in UiO-67 on planes cutting the x-axis at
0.34*Lx and 0.50%Lyx, respectively at the same conditions.
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Figure 6.9 3D isosurface plots for CO2 guest molecules inside UiO-66 framework at (a) 10
kPa and (b) 100 kPa, and inside UiO-67framework at (c) 10 kPa and (d) 100 kPa. All plots
are for adsorption at 298 K.

RDFs were calculated for pairs of host-guest atoms as well as host-host atoms at a temperature of
298 K and pressure of 1 bar, as shown in Figure 6.10 (for UiO-66) and 9 (for UiO-67). The host-
guest RDFs for CO; in UiO-66 are plotted in Figure 6.10(a), where the distribution of CO»
molecules around the C and O atoms of the organic linker and the metal (Zr) atom of the framework

is shown. The RDFs reveal that CO2 molecules preferentially adsorb near the carbon atoms of the
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organic linkers (i.e., the benzene rings), as evident from the peak at ~4—4.5 A. In contrast, the Zr-
CO: RDF does not show the presence of any CO> molecules up to a distance of 6 A from the Zr
sites whereas the O-CO, RDF only shows substantial peaks at distances greater than 7 A. The
guest-guest (i.e., CO2-COz) RDFs for CO2 molecules adsorbed in UiO-66 show a strong peak at
~4-4.5 A (see Figure 6.10(b)), which corresponds to the average C-C separation between
neighboring adsorbed CO2 molecules. The host-guest RDFs for UiO-67 in Figure 6.11(a) show
the CO2 molecules to be preferentially distributed closer to the C atoms of the organic linkers than
the Zr atom sites. The first peak of the C-CO» RDF is located at ~4-4.5 A, similar to that observed
for UiO-66 (see Figure 6.10 (a)), whereas that of the Zr-CO> RDF is located at ~6.5 A. In Figure
6.11(b), the CO2-CO2 RDFs of the CO2 molecules adsorbed in UiO-67 show a strong first-neighbor
peak at ~4—4.5 A. Due to the larger cages of UiO-67, a weak second-neighbor peak at ~7-8 A is

also visible.
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Figure 6.10 Radial distribution function for (a) host-guest species (guest: CO:2 center of mass
‘Cads’, host: UiO-66 framework atoms, i.e., C, O, Zr), and (b) guest-guest species.

156

TH-1954 126107006



2.0 25

oo A N
4 S

2.0 1

o m
5
© o
oo
[
o

1.5+

1.5
1.0+

a(r)

0.5
0.5

0.0

2 0 2 4 6 8 1 12 14 2 0 2 4 6 8 10 12 14
r(A) r (A)
(a) (b)

Figure 6.11 Radial distribution function calculated for (a) host-guest species (guest: CO2
center of mass ‘Cads’, host: UiO-67 framework atoms, i.e., C, O, Zr), and (b) guest-guest

species.

6.3.2. Binary Mixture Adsorption

GCMC simulations were carried out to study the adsorption behavior of CO2/CHs and CO2/N>
binary mixtures in UiO-66 and UiO-67 at two molar compositions for both gas mixtures
(equimolar and 15:85), at three different temperatures viz. 273.15 K, 298.15 K and 323.15 K. The
adsorption isotherms obtained from GCMC simulations of equimolar mixtures at two temperatures
(298.15 K and 323.15 K) are shown in Figure 6.12 (for CO2/CH4) and Figure 6.13 (for CO2/N>).
For both mixtures, the amount of CO; adsorbed in both UiO-66 and UiO-67 is higher than the
other component over the entire pressure range and at both temperatures (298.15 K and 323.15 K).
At low to moderate pressures, the amount of CO> adsorbed in UiO-66 is higher than that in UiO-
67 for all the cases considered due to the smaller cages and channels in UiO-66, resulting in
stronger host-guest interactions. However, at high pressures the CO> isotherms in UiO-66 and
UiO-67 show a crossover, as the amount of CO> adsorbed becomes higher in UiO-67 due to the

larger surface area available, whereas CO> adsorption in UiO-66 approaches saturation. Similar
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Figure 6.12 Simulated adsorption isotherms of equimolar CO2-CH4 binary mixture in UiO-66
and UiO-67 at (a) 298.15 K and (b) 323.15K (lines are drawn as a guide to the eye).
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Figure 6.13 Simulated adsorption isotherms of equimolar CO2-N: binary mixture in UiO-66 and
Ui0O-67 at (a) 298.15 K and (b) 323.15K (lines are drawn as a guide to the eye).
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crossover is also observed in the isotherms of CH4 and N», albeit at lower pressures than for CO».
Adsorption simulations of 15:85 CO2/CH4 and CO2/Nz gas mixtures were also carried out and the

corresponding isotherms are shown in Figure 6.14 and Figure 6.15 respectively.

Binary selectivities of CO2 over CH4 and N> were calculated using equation (2.41), as discussed
in section 2.2.7. Selectivites obtained from both GCMC simulations and IAST calculations at
different temperatures are shown in Figure 6.16 (for CO2/CH4) and Figure 6.17 (for CO2/N3) for
mixtures having 15:85 molar ratio (15% CO; and 85% other component in bulk gas phase). From
Figure 6.16(a) it is evident that selectivity of CO2 over CHgs in the UiO-66 framework increases
with pressure at low to moderate pressures. However, at high pressures, as the adsorption
approaches saturation, the selectivities tend to become constant. The CO2/CHjyselectivities in UiO-
67, shown in Figure 6.16(b), are lower than those in UiO-66 and show relatively less variation

over the pressure range explored.
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Figure 6.14 Simulated adsorption isotherms of CO2-CH4 binary mixture at 15:85 molar ratio in
Ui0-66 and UiO-67 at (a) 298.15 K and (b) 323.15 K (lines are drawn as a guide to the eye).
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Figure 6.17 Selectivity of CO2 over N2 in CO2/N2 mixtures at 15:85 molar ratio in (a) UiO-
66 and (b) UiO-67 (lines are drawn as a guide to the eye).

Figure 6.17(a) and (b) show that the selectivity of CO; over N» in UiO-66 is much higher (twice
or more) than that in UiO-67 at all the temperatures studied. The smaller cages in UiO-66 provide
more confinement and hence stronger interactions (for CO2 compared to N») resulting in higher
CO2/N; selectivities than in UiO-67. The binary selectivities for both mixtures in both adsorbents
decrease with increasing temperature as the effect of the gas-framework interactions becomes less
pronounced with increasing temperature. The selectivities obtained from GCMC simulations and
IAST calculations for both CO2/CH4 and CO2/N2 mixtures show similar trends, and in general are
in good agreement. The selectivities for equimolar CO2/CH4 and CO2/N> mixtures were also

calculated (not shown here) and were found to be similar to those for the 15:85 mixtures.

6.4 Conclusions

The simulated adsorption isotherms of pure CO2 on UiO-66 and UiO-67, using LJ interaction

parameters for the framework from DREIDING and Universal force fields with slight
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modification, showed good agreement with experimental data. Simulation of pure gas adsorption
of CO2, CH4, CO and N in UiO-66 and UiO-67 showed that the amount of gas adsorbed follows
the order CO, > CH4 > CO > N3 in both the MOFs at all the temperatures and pressures studied.
At low pressures, amount of gas adsorbed is higher in UiO-66 due to smaller cages and channels
leading to stronger interactions. Consequently, the isosteric heats of adsorption were also higher
in Ui0-66 and followed the order CO> > CH4 > CO > N»o. However, at higher pressures, storage
capacity of UiO-67 was observed to be higher due to the larger cages and higher surface area. The
density contour plots and RDFs reveal that CO, molecules preferentially adsorb near the carbon
atoms of the organic linkers. Further, for both UiO-66 and UiO-67, more adsorption takes place in
the smaller, outer cages of the frameworks than the larger, central cage. Adsorption simulations of
binary mixtures show that both MOFs are more selective towards CO2 over CH4 and N», with the
CO2 selectivity almost twice as high in UiO-66 than in UiO-67 because of the narrow window size
and smaller cages in UiO-66. The binary selectivities decrease with increasing temperature as the
effect of the differing strengths of interactions of the adsorbate gases with the framework weakens
at higher temperatures. Selectivities calculated using IAST show similar trends and are in

reasonably good agreement with those obtained from GCMC simulations.
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CHAPTER 7

Effect of Functional Groups on CO: Loading and Selectivity in

Functionalized Cu-BTC MOFs
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7.1 Introduction

Industrial effluent gases like CO2, CO, H:S are considered to be very hazardous for the
environment and matter of concern for the current research field. Metal organic frameworks
(MOFs) are considered to be promising material for the application in separation of the hazardous
gases from the industrial effluents. In addition, Methane from the natural gas where purity of
methane gas is highly desirable, MOFs are also considered to be potentially applicable material
for separation and purification of methane gas present in the mixture with traces of CO2, N2 and
CyHe gas [107,146,175,183,184]. Since traces of heavier gases like ethane, propane as well as
lighter gases like CO», N> seriously reduces the combustion efficiency of natural gas, which mainly
contains 95% of CH4 gas [110,185]. While, CO» selectivity towards N2 are considered to be most
important factor in flue gas separation and selective separation of CO; is desirable for reducing
the risk of global warming [186]. Since MOFs have been considered to be promising material for
the separation and storage of lighter alkanes as well as other effluent gases. Several other
applications like loading of targeted drug in drug delivery system [158,159], acts as a biosensors
[162,187], as an electrode in Li-ion battery [164], adsorption of Volatile Organic Compounds
(VOC) [189,190] etc. were also explored and allows to investigate the MOFs at its atomistic level.
Chui et al. [191] were first to synthesize the HKUST-1, a highly porous material with coordination
formula [Cu3( TMA)2(H20)3]n (where TMA is benzene 1,3,5- tricarboxylate) with 80% yield
value of three dimensional channels comprising a pore diameter of 1 nanometer (nm) and a 40 %
porosity in the solid was found. Majano et al. [192] studied the effect upon changing the synthesis
protocol like molar composition of DMF/EtOH/H20 to dimensionality of HKUST-1. Lin et al.

[193] prepared and characterized the HKUST-1 for the application of hydrogen storage. Karra et
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al. [194] studied CO>, CO and N> adsorption on Cu-BTC, IRMOF-1, IRMOF-3 and Zn2[bdc]2-
[dabco] from experimental and computer simulation approach. They evaluated the selectivity of
COz over Nz and seen to be highest for Cu-BTC MOF in a wide range of pressure. Although the
synthesis protocol of Cu-BTC is very familiar to the research world of MOFs [194,195], several
researchers are contributing their valuable time in functionalizing and decorating these MOFs by
different functional groups in order to increase its physical and chemical properties like thermal
stability, tunable pore size, increased hydrophobic nature [196]. Like many MOFs, ligands can be
functionalized covalentally with other functional groups like -COOH, -X, -NH>, -CH3, -Pyridines
etc. Functionalized MOFs can be targeted and utilized in various aspects and applications like in
CO; selective capture, hydrogen storage and in upgradation of natural gas. Various literatures have
been found to explore the potential of Cu-BTC MOF on anchoring the ligands with different
functional groups and via different procedure for synthesis [111,197]. Maity et al. [198]
synthesized nitro (-NO>) functionalized Cu(II)-MOFs in order to enhance the CO; selectivity and
reported a higher selectivity towards CH4, N2 and H» but did not measured the binary mixture
isotherms. They found the selectivity using the pure component adsorption isotherm by utilizing
the slope ratio of the pure component adsorption isotherms and thus obtained selectivity were not
compared with the unfunctionalized Cu(Il)-MOFs. Large pore MIL-53 was functionalized using
(CH3)2>—, (OH)2—, NH>— and COOH- groups to investigate the CO2 adsorption capacity from Grand
Canonical Monte Carlo (GCMC) simulations and Density Functional Theory (DFT) calculations
by Torrisi et al. [197]. In the current scenario, Functionalized MOFs are gaining much attention

for achieving the target and can be used in different applications.
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In this work, three different functionalized Cu-BTC MOFs namely Iodo, Dimethyl and Methyl
were elucidated for selectivity of CO2 over CH4 and N2 and compared the results with pure
Cu-BTC named as Plane. First, adsorption isotherm obtained from GCMC was compared with the
previously reported experimental and simulation work of the different researchers in pure Cu-BTC.
Pure component adsorption isotherms of CO2, CH4 and N2 were found using GCMC technique at
three different temperature. Binary mixture of CO2/CH4 and CO2/N> at two different molar
composition viz 15/85 and 50/50 were obtained using GCMC. Selectivity of CO> over CH4 and
N2 were found using the results obtained from the binary mixture GCMC simulation. Radial
Distribution Function (RDF) plots and isosurface density plots were discussed to gain the

understanding of the favorable adsorption sites in these functionalized MOFs.

7.2  Functionalized Cu-BTC Models and Computational Details

7.2.1. Functionalized Cu-BTC Models

Molecular model for pure CuBTC was obtained from experimental XRD crystallographic data
with water molecules removed from the models [199]. Cu-BTC has two different pore location,
(a) 5 A with a window size of 3.5 A (b) a square shaped void (9 A x 9 &) [194]. All the three
functionalized Cu-BTC viz. Todo, Dimethyl, and Methyl were built by replacing a particular
hydrogen atom of same topology present at the benzene tricarboxylate (BTC) linker as shown in

the Figure 7.1.
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Figure 7.1 Cluster models used to calculate charges on different atom types in the Cu-
BTC framework (both pure and functionalized).

Framework were considered as a rigid molecule during the GCMC simulation. Van der Waals
interactions were computed using Lennard-Jones (LJ) 12-6 potential while long range interactions
were computed using electrostatic potential between adsorbate-framework and adsorbate-
adsorbate. In order to calculate the electrostatic interaction, Ewald summation technique was
employed to reduce the computational time. Molecular models have a unit cell dimension of
26.343 x 26.343 X 26.343 A3 and a cutoff of 12.5 A was used to calculate the LJ potential, which
is less than half of the simulation cell dimension. LJ potential parameters were taken from the

DREIDING force field [80] except Cu atoms of the framework while parameters for the metal
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atom Cu were taken from universal force field (UFF) [178]. Partial charges assigned on the
frameworks were evaluated prior to simulation run using Density Functional Theory (DFT)
calculation implemented in GAUSSIAN software [137]. Cluster models for all the four
frameworks were subjected to DFT calculation using CHELPG method. Unrestricted B3LYP
functional with 6-31G* basis set was applied to all atom except Cu metal atom. Los Almos
National laboratory basis set known as LANL2DZ basis set was developed by Hay and Wadt for
quantum calculation and widely used to study compounds and cluster model containing heavy
elements. Cu metal atom present in the cluster was assigned effective core potential (ECP) basis
set LANL2DZ. Cleaved part of the developed cluster from these MOFs were saturated with -CH3
(methyl) group. Cluster used in the calculation and resulting calculated partial charges are shown

in the Figure 7.2 and Table 7.1.

In this work three different adsorbate molecule were modelled to study the adsorption in
functionalized MOFs. LJ parameter and partial charges for CO2 guest molecule was taken from
the work of Potoff and Siepmann [84]. CO, was modelled as a linear molecule with three LJ sites
having partial charges on each site with a bond length of 1.16 A between C-O sites. Partial charges
were used to compute the contribution of quadrupole moment present in the CO> molecule.
Tranferrable potential for phase equilibria (TraPPE) forcefield was seen to be promising in
accurate description of vapor-liquid equilibria curve, and hence N> molecule was modelled
according to the TraPPE forcefield developed by Potoff and Siepmann [84]. N> molecule was
modelled as a linear rigid molecule having three site with a bond length of 1.1 A between the two

extreme sites. Thus two extreme sites were treated as LJ site while third site located between the
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(a) CuBTC

(b) Methyl
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(c) Dimethyl

(d) Iodo

(o agp (e.g8)
Figure 7.2 Clusters optimized using DFT calculations: (a) pure Cu-BTC, (b) methyl-

functionalized Cu-BTC, (c¢) dimethyl-functionalized Cu-BTC, and (d) iodo-functionalized
Cu-BTC
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Table 7.1 Partial charges used in the GCMC simulation for the frameworks
Types of atom  Plane CuBTC = Methyl-CuBTC Dimethyl-CuBTC Iodo-CuBTC

Cl1 0.782767 0.757668 0.777615 0.794258
C2 -0.11393 -0.19034 -0.23382 -0.08162
C3 -0.0015 0.012909 0.246031 -0.04693
C4 0.801361 0.741056 0.755036
C5 -0.15308 -0.27431 -0.06631
Co6 0.226407 0.03063 0.032359
c7 -0.30313 -0.28696

01 -0.65461 -0.57253 -0.58405 -0.68763
02 -0.66367 -0.68021 -0.68559
O3 -0.67223 -0.6662
Hl 0.10106 0.110721 0.119557 0.12061
H2 0.087385 0.083986

Cu 1.081645 1.067488 1.046697 1.085486
I 0.156891

two extreme sites (centre of mass COM of N> molecule) was treated as pseudo site to account for
any polarity developed in the molecule. In this work, Transferrable potential for phase equilibria
for united atom (TraPPE-UA) proposed by Martin and Siepmann [105] was used to model CH4
molecule. Methane molecule was modelled as a single LJ site only. Forcefield parameters for host

(adsorbent) as well as guest (adsorbate) molecule were shown in the Table 7.2.
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Table 7.2 Force field parameters for adsorbent and adsorbate molecules

Molecule Site a(h) e(K) q(e) Bond length
Functionalized Cu 3.113691 2.516083 =
Cu-BTC C 3472090 47.855898
(0] 3.033153 48.157828
H 2.8464214 7.648892
I 4.009044 170.59042
CO» C 2.80 27.0 0.70 C=0
(0] 3.05 79.0 -0.35 1.16
N> N 3.310 36.0003 -0.4820 N=N
N(COM) 0.000 0.000 0.9640 1.1
CH,4 CH4 3.730 148.00 0.0000

7.2.2. Computational Details

Pure as well as binary mixture adsorption were studied using GCMC simulation technique. Non
bonded LJ interactions were computed using a spherical cutoff of 12.5 A including long range
correction in order to ensure any further effective potential beyond the cutoff value. Electrostatic
interactions were handled using Ewald summation technique with a cutoff value of 12 A for the
contribution from real part. GCMC simulations were carried out using the open source package
(RASPA) developed by the research group of Dubbeldam et al. [55]. Previously, the package was
validated and compared with several experimental results in order to explore the applicability of
programme [62,146]. To imitate the real behavior of gases, Peng-Robinson equation of state was
used to convert the pressure into fugacity. Four different types of trial moves were implemented
for single component GCMC adsorption with an equal probability of 25 % for each type of trial
moves (Insertion, Deletion, Rotation and Translation). Identity exchange moves [56,57] was

attempted for the case of multicomponent GCMC simulation with a probability of 5 % in order to
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achieve a faster equilibrium. A total of 2 X 10° cycle for equilibrium and 2 X 10 cycle for
sampling the average molecule were used throughout the GCMC simulation. Each cycle consisted
of 20 steps when N (number of adsorbate molecules in the simulation box) was less than 20 while
for N>20, number of steps in each cycle was equal to N. Final GCMC simulation run always
provides the total adsorbate molecule (absolute amount) in the simulation box and needed to be
converted into the excess amount in order to evaluate the number of adsorbate molecule in the
adsorbed phase using the equation (2.36) discussed in section 2.2.5. Selectivity was calculated for
binary mixture over one another using the obtained GCMC results of binary mixture according to

the equation (2.41) given in section 2.2.7.

7.3 Results and Discussion

The force field parameters and calculated CHELPG charges employed in the adsorption
simulations were first validated by comparing the adsorption isotherm of pure CO2 on unmodified
Cu-BTC to experimental and simulation data available in literature. For this purpose, adsorption
isotherm of pure COz on Cu-BTC, calculated using GCMC simulation over a pressure range of 0—
25 bar and at a temperature of 295 K, was compared with the experimental results of Chowdhury
et al. [61] and simulation results of Hu et al. [114], as shown in the Figure 7.3. The isotherm from
our GCMC simulations shows excellent agreement with both the experimental and the simulation

data from literature.
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Figure 7.3 Comparison of the simulated adsorption isotherm of pure CO:2 on Cu-BTC at
295.0 K from the present work with the experimental results of Chowdhury et al. [61] and
simulation results of Hu et al. [114].

7.3.1. Pure CO2 Adsorption

We studied the adsorption of pure CO>, N2 and CH4 at 298.15 K on the four MOF models
(unmodified Cu-BTC and three functionalized Cu-BTC) to evaluate the effect of the functional
groups on the adsorption behavior of the different gases. The adsorption isotherms for pure CO»
in the low-pressure and high-pressure regions are shown in Figure 7.4(a) and Figure 7.4(b)

respectively.

It may be noted that the adsorbed amounts are shown as molecules of CO»/unit cell (uc). Due to
the additional mass of the functional groups, the adsorption loadings expressed in milimole per
gram, will display a different trend. At high pressures (Figure 7.4(b)), the CO> adsorption

approaches saturation with saturation loadings following the order Cu-BTC > Cu-BTC-Met =
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Cu-BTC-lodo > Cu-BTC-DiMet. The high-pressure loading was the largest in unmodified

Cu-BTC because of the larger accessible surface area and void volume for adsorption. Iodo- and

methyl-functionalized Cu-BTC, both having similar topology and size of functional group, exhibit

almost equal saturation loading. In the case of Cu-BTC functionalized with two methyl groups

attached at different locations on the linker, a lower saturation loading is observed because of lower

void fraction (see Table 7.3) and hence, smaller accessible volume. In the lower pressure range of

0.2—1.4 bar shown in Figure 7.4(a), iodo-functionalized Cu-BTC exhibits higher loading of COo.

Thus, at ambient conditions, i.e., 298.15 K and 1 bar, iodo-functionalized Cu-BTC shows the

highest adsorption loading of CO». In Figure 7.4(b), a crossover can be observed above 2 pressure,

and the COz loading in unmodified Cu-BTC becomes the highest.
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Figure 7.4 Adsorption isotherms of pure CO: in unmodified and functionalized Cu-BTC
at 298.15 K: (a) in the low pressure regime, and (b) at higher pressures (lines are shown
only as guide to the eye).
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Table 7.3 Void fraction and surface area of the pure and functionalized Cu-BTC models

Cu-BTC pure Cu-BTC-iodo Cu-BTC-methyl Cu-BTC-dimethyl
*
Surface area ;4 3 1343.0 1881.8 1741.4
(m/g)
Void fraction ~ 0.6905 0.6396 0.6521 0.6052
*Experimental 1628 m¥/g

Surface area

To investigate the adsorption behavior of CO; in more detail, spatial distribution of adsorbed CO>
molecules was visualized and RDFs were calculated. The 3D spatial distribution maps of CO»
adsorbed in unmodified and functionalized Cu-BTC at 298.15 K and 1 bar are shown in Figure
7.5. Such maps provide a useful visual representation of locations preferred by the adsorbing
molecules in the framework, and are informative for locating the accessible pores and channels
inside the framework and the sites visited by the adsorbing guest molecules over the course of the
simulation. In unmodified Cu-BTC, there are two different-sized pockets, the smaller one around
5 A, which is expected to fill at lower pressures, and the larger one 9 A x 9 A in size, which is
expected to fill at higher pressures. In Figure 7.5(a), the adsorbed CO; molecules at 1 bar can be
observed to prefer the four smaller cages at the corners and the narrow windows connecting these
smaller cages to the larger cage. However, no significant adsorption is seen in the large central
cage. The distribution maps for iodo- and methyl-functionalized Cu-BTC (see Figure 7.5 (b) and
4(c) respectively) are similar because both the functional groups have similar size and are grafted
at the same location on the organic linker. For both frameworks, adsorption in seen to take place
in the smaller cages and windows as well as in the larger cages. Due to the presence of functional
groups, the effective size of the cages gets reduced resulting in filling at lower pressures than in

unmodified Cu-BTC. The two methyl groups present at two different locations on the same linker
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in dimethyl-functionalized Cu-BTC block the windows connecting the smaller and larger cages
due to steric hindrance. Figure 7.5(d) shows the distinctive locations visited by CO2 molecules
inside the framework of dimethyl-functionalized Cu-BTC. Although the smaller and larger cages
on the framework are frequently visited, very few CO2 molecules can be seen visiting the narrow
channels between the smaller and larger cages. Owing to the presence of two functional groups
per linker, the effective size of the cages is reduced leading to substantial adsorption even in the

larger cages.

The RDFs between the adsorbate molecules and the atoms in the adsorbent framework can provide
quantitative description of the average distribution of the adsorbate molecules around specific sites
of the adsorbent. Therefore, RDFs between the CO2 molecules and Cu-BTC framework sites were
calculated, as shown in Figure 7.6(a) and (b). The RDFs of CO; around the different functional
groups, shown in Figure 7.6(a), show multiple peaks. For dimethyl-functionalized Cu-BTC, two
broad peaks at ~5 A and ~10 A indicate the presence of two layers of CO2 molecules at these
respective distances from the methyl groups. For methyl-functionalized Cu-BTC, in addition to
two broad peaks at ~5 A and ~10 A, the RDF shows a hump at ~4 A suggesting the presence of
some CO2 molecules at this distance as well. Iodo-functionalized Cu-BTC shows a weak, sharp
peak at ~4 A followed by broader peaks at 5.5 A and 10 A. Thus, although some molecules of CO>
may be present at a distance of ~4 A from the iodine atoms, most of the CO» molecules are located
beyond 5 A. Figure 7.6(b) shows the RDFs between the CO2 molecules and the oxygen atoms of

the organic linker. RDFs of the unmodified and the functionalized Cu-BTCs exhibit a broad peak
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Figure 7.5 Spatial distribution of CO2 adsorbed 1 bar and 298.15 K in (a) unmodified Cu-
BTC and in Cu-BTC functionalized with (b) iodo, (¢) single methyl and (d) two methyl
(dimethyl) functional groups. The framework atoms of Cu-BTC have not been shown for
clarity.

at ~5-5.5 A. However, if we focus on the region between 3 and 4 A, the different RDFs show
different behavior. Due to the strong steric hindrance by the two methyl groups on the linker, the
amount of CO» adsorbed around the oxygen atom of the linker at 3—4 A is negligible. The RDFs

for methyl- and iodo-functionalized Cu-BTC show somewhat greater amount of CO around 3—4
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Figure 7.6 RDF plots between (a) functional groups and COz, (b) O-CO2, (¢) CO2-CO: for
adsorption of pure CO:2 on unmodified and functionalized Cu-BTC at 298.15 K and 1 bar.

A of the linker oxygen atoms, due to lesser steric hindrance, whereas unmodified Cu-BTC shows
the largest probability of finding CO> molecules around 3—4 A of the linker oxygen atoms due to
the absence of functional groups in the vicinity of the oxygen atoms. The CO2-CO2 RDFs in Figure

7.6(c) show the first-neighbor peaks at around 4 A followed by next neighbor peaks at ~ 8 A.
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7.3.2. Pure CH4 and N2 Adsorption

The higher adsorption of CO; in iodo-functionalized Cu-BTC at ambient conditions motivated us
to further investigate the adsorption of other gases such as N> and CH4 as well as the effect of
functional groups on CO> selectivity towards these gases. Pure CH4 adsorption isotherms in

unmodified and functionalized Cu-BTC are shown in Figure 7.7.
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Figure 7.7 Adsorption isotherms of pure CH4 in unmodified and functionalized Cu-BTC
at 298.15 K: (a) in the low pressure regime, and (b) at higher pressures (lines are shown
only as guide to the eye).

At low pressures (Figure 7.7(a)), the amount adsorbed is higher in methyl- and dimethyl-
functionalized Cu-BTC whereas iodo-functionalized and unmodified Cu-BTC show similar
loading. However, at higher pressures, the amount of CH4 adsorbed in unmodified Cu-BTC
becomes comparable to and even exceeds that in methyl- and dimethyl-functionalized Cu-BTC.
CH4 adsorption in iodo-functionalized Cu-BTC is significantly lower than that in the other
frameworks at high pressures, as shown in Figure 7.7(b). There is a crossover at ~0.7 bar in Figure

7.7(a) after which CH4 adsorption in unmodified Cu-BTC goes above iodo-functionalized Cu-
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BTC, and another crossover at ~9 bar in Figure 7.7(b) after which CH4 adsorption in unmodified
Cu-BTC becomes the highest. Such crossover generally implies the interplay of competing effects.
At very low pressures, the interactions or affinity of adsorbates with the adsorbent framework
dominate and hence, unmodified Cu-BTC shows the lowest adsorption amounts. As the pressure
is increased, the number of available sites for adsorption (i.e., surface area) becomes important
and at high enough pressures, the available pore volume becomes a limiting factor. Unmodified
Cu-BTC has the largest surface area and pore volume (see Table 7.3) and thus, shows highest
adsorbed amounts at high pressures. Adsorption of N> shows a similar qualitative trend to that
observed for CH4 adsorption although the amount adsorbed is less than half. Further, the pressures
at which adsorption in unmodified Cu-BTC crosses that in Cu-BTC-lodo (see Figure 7.8(a)) and

those in Cu-BTC-Met and Cu-BTC-DiMet (see Figure 7.8(b)) are higher (~1.2 bar and >14 bar

respectively).
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Figure 7.8 Adsorption isotherms of pure N2 in unmodified and functionalized Cu-BTC at
298.15 K: (a) at low pressures, and (b) at higher pressures (lines are guide to the eye).
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Again, the more favorable interactions in the presence of functional groups leads to higher
adsorption at very low pressures. However, as pressure increases, the effects of higher surface area

and larger accessible pore volume (as saturation sets in) become dominant.

Isosteric heats of adsorption were also calculated for the gases in pure and functionalized Cu-BTC.
At low pressures the isosteric heats decreases with increase in loading (see Figure 7.9) possible
because of favorable adsorption sites occupied. In the case of CO», shown in Figure 7.9 (a),
isosteric heat increases at higher pressures due to favorable adsorbate-adsorbate lateral
interactions. Isosteric heat of adsorption for CO2 was seen to be highest in the Cu-BTC-Iodo model
in the moderate pressure range of 1-5 bar as shown in the Figure 7.9 (a). For CHa, the isosteric
heat of adsorption quite similar for all the models as shown in the Figure 7.9 (b). Figure 7.9 (¢)
shows that below 5 bar the isosteric heat of adsorption of N> is highest for Cu-BTC-DiMet
followed by Cu-BTC-lIodo>Cu-BTC-Met>Cu-BTC. The isosteric heats of CO; are observed to be

highest followed by CH4 and N, in all the models studied.

7.3.3. Binary Mixture Adsorption

CO> separation from CO2/N, and CO2/CH4 binary gas mixtures, both having a molar ratio of
0.15:0.85, was studied using GCMC simulation. The simulated adsorption isotherms for both the
mixtures in all the functionalized Cu-BTC frameworks are shown in Figure 7.10 over the pressure
range of 0—14 bar at 298.15 K. For CO»/CH4 mixture, at pressures above 2 bar, the amount of CH4
adsorbed can be seen to follow the trend Cu-BTC > Cu-BTC-Met =~ Cu-BTC-DiMet > Cu-BTC-
Iodo whereas CO> loading follows Cu-BTC > Cu-BTC-Met > Cu-BTC-DiMet = Cu-BTC-lodo.

The higher loading in unmodified Cu-BTC at higher pressures is primarily due to the larger
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available surface area and pore volume, which become the limiting factors as saturation is

approached. Cu-BTC-lodo has the lowest surface area and hence shows the lowest adsorption. The
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Figure 7.9 Isosteric heat of adsorption of (a) CO:2 (b) CHs and (¢) N2 in pristine and
functionalized Cu-BTC models.
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adsorption behavior of CO2/N; mixture, shown in Figure 7.10(b), shows a similar trend to that of
the CO2/CH4 mixture. Thus, at pressures above 2 bar, unmodified Cu-BTC shows the highest
loadings and Cu-BTC-lodo shows the lowest loadings (for both CO2 and N2). On the other hand,
at low pressures in the range 0—1.0 bar, CO2 uptake in CO2/N> mixture is highest for dimethyl-
functionalized Cu-BTC. This is because at low pressures, when many adsorption sites are
available, the stronger interactions between the adsorbate molecules and adsorbent framework,
due to the presence of the methyl groups in the framework, dictate the adsorption behavior. As the
pressure is raised, the surface area and pore volume become the limiting factors and hence,

adsorption in Cu-BTC-DiMet drops much below that in unmodified Cu-BTC.
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Figure 7.10 Adsorption isotherms of binary mixtures of (a) CO2/CH4 in molar ratio 15:85,
and (b) CO2/Nz in molar ratio 15:85 at 298.15 K on unmodified and functionalized Cu-
BTC (lines are shown only as guide to the eye).
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Although the adsorption loading in Cu-BTC-lodo is the lowest among all the models investigated,
interestingly, the CO2/N>z and CO2/CHy selectivities at 298.15 K and pressures above 2 bar are the
highest in the iodo-functionalized frameworks, as shown in Figure 7.11. For CO2/CH4 mixtures,
where separation is of interest at high pressures (> 5 bar), unmodified Cu-BTC and Cu-BTC-Met
show similar selectivities whereas Cu-BTC-DiMet is the least selective. In CO2/N2 separations are
typically carried out at atmospheric pressures where Cu-BTC-DiMet and Cu-BTC-lodo show high
selectivities (~20) and unmodified Cu-BTC shows the lowest selectivity. Thus, although iodo-
functionalization of Cu-BTC results in low adsorption loadings, it shows the highest selectivities
over most of the pressure range explored, with selectivity enhancements as high as 30-35% in

comparison to unmodified Cu-BTC.
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Figure 7.11 Selectivity of (a) CO2 over CH4, and (b) CO:2 over N2, for adsorption of 15:85
(by mole) binary gas mixtures on unmodified and functionalized Cu-BTC at 298.15 K.
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7.4 Conclusions

Modification of the pores of MOFs through grafting can result in change in pore structure and
interaction environment, which can be useful in enhancing the selective adsorption of certain
molecules based on the physical size and interactions of the adsorbate. Here, we have modified the
Cu-BTC framework by grafting iodo, single methyl and two methyl groups respectively on the
linker to evaluate the effect of functionalization on gas adsorption and CO; separation. Uptake of
pure CH4 was seen to be significantly higher for the dimethyl functionalized Cu-BTC, which was
seen to be promising for CHg4 storage. At higher pressure, CO; selectivity over CH4 and N> was
seen to be highest for the case of iodo functionalized Cu-BTC. Dimethyl functionalized Cu-BTC
was found to be a promising adsorbent where higher selectivity of CO> over N is required at
ambient temperature and pressure condition. Moreover, volatile organic materials can also be
exclusively adsorbed in the different pore texture of the functionalized Cu-BTC, which may be a
different perspective of research scope. Current research suggests the synthesis of functionalized
Cu-BTC by anchoring the dimethyl group at two different topologies, which may lead to a
pronounced change in the pore texture and chemical environment for beneficial utilization of their

physical and chemical properties.
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CHAPTER 8

Conclusions and Future Directions
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8.1 Conclusions

This chapter contains a summary of the conclusions drawn from the different adsorption studies
on mesoporous silica and microporous metal-organic frameworks, and suggestions on the scope
for future work. Grand canonical Monte Carlo (GCMC) simulations have been used to study the
adsorption of multicomponent gas mixtures and separation of CO2 from such mixtures using pure
and modified mesoporous silica adsorbents. Atomistic models of realistic MCM-41 were
developed and characterized by calculating the surface area and simulated X-ray diffraction
pattern, which compared favorably with experimental data reported in literature. The excellent
agreement between CO; adsorption amounts obtained from GCMC simulations and experimental
results (from literature) further validated the developed models. CO: is preferentially adsorbed
over Nz in binary mixture simulations owing to the stronger dispersion interactions and larger
quadrupole moment of CO2, with selectivities of CO2 over N in the range 4—10. The presence of
other species in the gas mixture such as O, and water vapor did not significantly affect the CO2/N»
selectivity at the studied temperatures, pressures and compositions. Despite the presence of surface
silanol groups on the pore walls, MCM-41 does not preferentially adsorb the polar water molecules
over Oz (or N2) molecules. To study the effect of mesopore size and wall microporosity on the
adsorption and separation of CO2, models representative of the mesoporous silica SBA-15 were
developed by considering an MCM-41 model with large mesopores and carving micropores across
the walls of the mesopore. With increase in wall microporosity, the uptake of CO2 was observed
to first decrease and then increase. At low pressures, the CO> uptake in the SBA-15 model having
the highest microporosity among the models studied was the largest due to the CO2 molecules

preferentially adsorbing in the micropores at low pressures. However, at higher pressures, CO>
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adsorption in model with no microporosity was somewhat larger, possibly because of the
micropores getting filled. Adsorption simulation of the binary mixtures CO2/CH4 and CO2/N:
revealed that the frameworks are selective toward CO; over CH4 and N». At low pressures, the
selectivities in the models with wall microporosity is in general higher, probably due to the
preferential adsorption of CO> in the micropores. Although the amount of CO; adsorbed (per unit
adsorbent mass) is lower in the SBA-15 models than in the MCM-41 models of chapter 3 (due to
the lower surface areas), the CO2/N; selectivity is comparable in the two mesoporous silica

materials.

The developed and validated MCM-41 model was modified by impregnation of pyrrolidinium-
based ionic liquid (IL) 1-methyl-1-butyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide
[C4PYR")][TF2N ] inside the MCM-41 pores. Two different loadings of ILs (21 wt% and 42 wt%)
were incorporated in the pores of MCM-41 to study the effect on adsorption and separation of
COy. The adsorption of pure CO: in the model with 21% IL content was observed to be
significantly higher than that in pristine MCM-41. The high adsorption loading of CO2 can be
attributed to the larger accessible area and stronger interactions with the IL molecules. In the model
with 429% IL, favorable interaction between CO> and IL molecules results in higher CO> adsorption
than pure MCM-41 at pressures below 5 bar. However, at higher pressures, the effect of
interactions is offset by the lower accessible area and void fraction due to higher IL loading
resulting in lower CO> adsorption than in pure MCM-41. Selectivity of CO2 over N2 and CH4 was
50-100% higher in the IL-loaded MCM-41 models than in pure MCM-41. Thus, physical

incorporation of IL molecules in MCM-41 mesopores potentially improve the CO2 separation
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behavior of mesoporous silica. The enhancement in CO» uptake and selectivity may be tuned by

adjusting the loading of IL in the mesopores.

Microporous metal-organic frameworks (MOFs) have also been explored as candidates for CO2
capture in this work. The effect of variation in cage and channel sizes on CO> adsorption and
separation has been studied in topologically similar zirconium-based MOFs of the UiO series,
namely UiO-66 and UiO-67, having high thermal stability and good tolerance to moisture. Gas
uptake was higher in UiO-66 at low pressures due to smaller cages and channels leading to stronger
interactions. However, at higher pressures, gas storage capacity of UiO-67 was higher due to the
larger cages and higher surface area. The density contour plots and RDFs reveal that CO»
molecules preferentially adsorb near the carbon atoms of the organic linkers. Further, for both
MOFs, more adsorption takes place in the smaller, outer cages of the frameworks than the larger,
central cage. Both UiO-66 and UiO-67 were more selective towards CO2 than CH4 and N», with
the CO; selectivity almost twice as high in UiO-66 than in UiO-67 because of the narrow window
size and smaller cages. In addition to variation in pore size and surface area, adsorption behavior
can also be influenced by changing the interaction environment within the pores by grafting
functional groups on the linker. The effect of linker functionalization on CO> separation was
explored by considering three functionalized Cu-BTC MOFs (having iodo, single methyl and two
methyl functional groups per linker) and comparing with unmodified Cu-BTC. CH4 uptake was
found to be highest for the dimethyl functionalized Cu-BTC. COz selectivity over CH4 and N> was
the highest for iodo-functionalized Cu-BTC at high pressures. At ambient pressure and
temperature, selectivity of CO2 over N2 was found to be highest for dimethyl functionalized Cu-

BTC.
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The studies on CO: adsorption and separation on different mesoporous and microporous
adsorbents in this work show that the uptake and selectivity of CO> is a function of pore size,
nature of pore wall and interaction environment within the pore. The different analysis tools also
revealed the preferred location of CO; molecules within the pores. The suitable modification of
the pore environment through the two strategies explored in this work, namely physical
impregnation and covalent grafting, can result in significant enhancement in the preferential
adsorption of CO; in the adsorbent frameworks. The type and loading of the modifying agent
present inside the pores also affect the adsorption behavior significantly and hence, their control

can be used to further tune the adsorptive separation of CO, from gas mixtures.

8.2 Future Directions

Based on the outcome of the studies carried out in this thesis, the following areas appear promising

and may be explored in the future:

e Density Functional Theory (DFT) and Quantum Chemical Investigations: Binding energy
between adsorbates and adsorbent can be determined using periodic DFT calculations to get
more accurate estimates for screening best adsorbents for CO; capture. Further, in systems
where amine is present (e.g. grafted or physically incorporated in the mesopores), studying
adsorption using classical simulation methods is not convenient due to the formation of
chemical bonds between the amine groups and CO> molecules. For such systems, DFT
calculations may be employed for studying the adsorbate-adsorbent interactions in more

detail. Accurate representation of MOFs by classical force fields is difficult to achieve. Thus,
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gas interactions with MOFs can also be explored using DFT and quantum chemical
calculations.

e Pore-Modification by lonic Liquids and Deep Eutectic Solvents (DES): The studies reported
in chapter 5 show that ionic liquids can have greater affinity for CO2 than N> or CHs. Thus,
pore modification of mesoporous silica using other solvents such as DES and other classes
of ionic liquids such as imidazolium, pyridinium etc. can be investigated for studying and
developing a model potential candidates for CO; capture. Thus, the future scope of this work
can be the study of the confinement of DES and other families of ILs in MCM-41, as well
as in large pore silica materials such as SBA-15, and the subsequent effect on CO»
separation.

e Adsorption of Volatile Organic Compounds (VOCs): Computer simulations can be used to
study the adsorption of VOCs on functionalized MOFs to explore their potential for
treatment of VOC mixtures. In particular, computational screening of appropriate functional
groups most effective for removal of certain VOCs can be performed. Classical simulation
techniques such as GCMC can be used in conjunction with quantum techniques such as DFT

for better accuracy.
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A.1 Sample Towhee input file (‘towhee_input’) for grand canonical Monte Carlo

simulation of CO2+N: mixture adsorption on mesoporous silica.

inputformat
'Towhee'

random number generator
'RANLUX'
random_ luxlevel
3

random_seed
1302552

random allow restart
T

ensemble

'uvt'!
temperature
303.15d0

nmolty

3

nmolectyp

1 800 600
chempot

0 -5502.28d0 -4785.432d0
numboxes

1

stepstyle
'moves'’

nstep

2000000
printfreqg
200000
blocksize

40000

moviefreq
200000
backupfreqg
200000
runoutput
'blocks’
pdb_output freg
400000
trmaxdispfreqg
200000
volmaxdispfreq
200000
potentialstyle
'internal'
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ffnumber
1
ff filename
/home/kishant/forcefields/towhee ff new2
classical potential
'Lennard-Jones"'
classical mixrule
'Explicit’
lshift
.false.
ltailc
.true.
rmin
0.95d0
rcut
12.0d0
rcutin
12.0d0
electrostatic form
'coulomb'
coulombstyle
'ewald fixed kmax'
kalp
5.6
kmax
5
dielect
1.0
linit
T
initboxtype
'dimensions'
initstyle
'coords' 'full cbmc' 'full cbmc'
initlattice
'none' 'center' 'center'
initmol
100
inix iniy iniz
1 1 1
hmatrix
42.8d0 0.0d0 0.0d0
0.0d0 42.8d0 0.0dO
0.0d0 0.0d0 64.2d0
pmuvtcbswap
0.6d0
pmuvtcbmt
0.0d0 0.5d0 1.00d0
pmlboxcbswap
0.65d0
pmlcbswmt
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0.0d0 0.5d0 1.0d0
pmtracm
0.825d0
pmtcmt
0.0d0 0.5d0 1.0d0O
rmtrac
0.5d0
tatrac
0.5d0
pmrotate
1.0d0
pmromt
0.0d0 0.5d0 1.0d0
rmrot
0.05d0
tarot
0.5d0

#Mesoporous Silica (adsorbent connectivity information)
input style

'basic connectivity map'
nunit

3841

nmaxcbmc

3841

lpdbnames

F

forcefield

'new?2’

charge assignment
'manual’

unit ntype ggatom

1 'Si' 0.122422882d0
vibration

0

improper torsion

0

unit ntype ggatom

2 'Si' 0.122422882d0
vibration

0

improper torsion

0

unit ntype ggatom

3 'Si'  0.122422882d0
vibration

0

improper torsion

0
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#adsorbate connectivity information

#carbon dioxide
input style

'basic connectivity map'
nunit

3

nmaxcbmc

3

lpdbnames

F

forcefield

'new?2’

charge assignment
'manual’

unit ntype ggatom

1 'C’ 0.60400d0
vibration

2

2 3

improper torsion

0

unit ntype ggatom

2 'Osp2’ -0.30200d0
vibration

1

1

improper torsion

0

unit ntype ggatom

3 'Osp2’ -0.30200d0
vibration

1

1

improper torsion

0

#nitrogen

input style

'basic connectivity map'
nunit

3

nmaxcbmc

3

lpdbnames

F

forcefield

'new?2’

charge assignment
'manual’
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unit ntype ggatom

1 'N n2' -0.482d0
vibration

1

3

improper torsion

0

unit ntype ggatom

2 'N n2' -0.482d0
vibration

1

3

improper torsion

0

unit ntype ggatom

3 'COM n2' 0.964d0
vibration

2

12

improper torsion

0

A.2 Code for constructing Towhee force field file

#include<iostream>
#include<fstream>
#include<string>
#include<ctype.h>
#include<math.h>
#include<iomanip>

/*****% GO DOWN AND CHANGE ffname ****x/

using namespace std;

int main ()

{

fstream inputl ;

fstream input2 ;

fstream input3 ;

fstream inputéd ;

ofstream output2;
inputl.open("1lj param.txt");
input2.open ("bonds.txt") ;
input3.open("angles.txt");
inputd4.open ("dihedrals.txt");
output2.open ("towhee ff ionic");
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/*** DEFINE TOTAL NUMBER OF ATOMS ***x/
int TNOA=24;

/** ATOM TYPES IN EACH MOLECULES *xxxx/
//READ FROM INPUT FILE
string atmtype[25];

/** ELEMENT NAMES OF EACH ATOM **xx*x/
//READ FROM INPUT FILE
string elem[25];

/** BOND PATTERN OF EACH ATOM ****x%*/
//READ FROM INPUT FILE
string bond[25];

/*** MASS OF EACH ATOM TYPES ***x/
//READ FROM INPUT FILE
double mas[25];

/*** LJ POTENTIAL FOR EACH ATOM TYPES ****/
//READ FROM INPUT FILE

double 1j sigl[25];

double 1j eps[25];

/*** SET POTENTIAL OF RIGID MOLECULE TO ZERO OTHERWISE ONE ****x/
//READ FROM INPUT FILE

double pot[25];

int i,3,k;

double 1j epsilon,lj sigma;

for (1=0; i<TNOA; i++)

{

// make a text file with name it as “1j param.txt” and place the value in the
order shown below
inputl>>atmtype[i]>>elem[i]>>mas[i]>>1] sig[i]>>1j eps[i]>>pot[i]>>bond[i];

}

output2<<"towhee ff Version"<<endl;
output2<<1l5<<endl;

output2<<"Number of Nonbonded Types"<<endl;
output2<<TNOA<<endl;

output2<<"Potential Type"<<endl;
output2<<"Lennard-Jones"<<endl;
output2<<"Classical Mixrule"<<endl;
output2<<"Explicit"<<endl;

for (j=0; J<TNOA; j++)
{
output2<<"Atom Type Number"<<"\n";
output2<<j+1<<"\n";
for (k=0; k<TNOA; k++)
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if (k>=73)
{
output2<<"Nonbond Coefficients"<<"\n";
if(pot[j]==0 && pot[k]==0)
{
output2<<"0.0000000000E+00"<<"\n";
output2<<"0.0000000000E+00"<<"\n";
output2<<"0.0000000000E+00"<<"\n";
output2<<"0.0000000000E+00"<<"\n";

else

{

1j sigma=(lj sig[j]1+1j siglk])/2.0;

1j epsilon=sqrt(lj eps[j]*1j epslk]);
output2<<1lj sigma<<"00000E+00"<<"\n";
output2<<lj epsilon<<"00000E+00"<<"\n";

output2<<"0.0000000000E+00"<<"\n";
output2<<"0.0000000000E+00"<<"\n";

}
output2<<"Mass"<<"\n";
output2<<mas|[j]<<"00000E+00"<<"\n";

output2<<"Element"<<"\n";

output2<<elem[]]<<"\n";

output2<<"Bond Pattern"<<"\n";
output2<<bond[]]<<"\n";
output2<<"Base Charge"<<"\n";
output2<<"0.0000000000E+00"<<"\n";
output2<<"Polarizability"<<"\n";
output2<<"0.1000000000E+01"<<"\n";
output2<<"Force Field Name"<<"\n";
output2<<"ffname"<<"\n";
output2<<"Atom Names"<<"\n";
output2<<atmtype[j]<<setw (10)<<"\n";

)
output2<<atmtype[jl<<setw (10)<<"\n";
output2<<atmtype[jl<<setw (10)<<"\n";
output2<<atmtype[j]<<setw (10)<<"\n";

}

/*** DEFINE BONDING INFORMATION ***/
int TNB=20; // total number of bonds
string atombl([25];

string atomb2[25];

double bondcoeff[25];

// READING BONDING INFORMATION

for (1=0; 1<TNB; i++)

// make a text file with name it as “bonds.txt” and place the value in the
order shown below
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input2>>atombl [i]>>atomb2[i]>>bondcoeff[i];

output2<<"Number of Bonded Terms"<<endl;
output2<<TNB<<endl;

for (1=0; 1i<TNB; i++)

{

// mention bond style above of code
output2<<"Bond Type Number"<<endl;
output2<<i+l<<endl;
output2<<"Bond Style"<<endl;
output2<<l<<endl;
output2<<"Bond Coefficients"<<endl;
output2<<bondcoeff[i]<<"0000E+00"<<endl;
output2<<"Vibration Order"<<endl;
output2<<"wild"<<endl;
output2<<"Force Field Name'"<<endl;
output2<<"ffname"<<endl;
output2<<"Number of Atoms with Same Parameters"<<endl;
output2<<l<<endl;
output2<<"Atom Names"<<endl;
output2<<atombl[i]<<setw (ll)<<atomb2[i]<<setw (1l0)<<endl;

/*** DEFINE ANGLE INFORMATION ****/
int TNAng=36; // total number of bonds
string atomal[40];
string atoma2[40];
string atoma3[40];
double angcoeff[40];
double angle[40];
// READING ANGLE INFORMATION
for (1i=0; i<TNAng; i++)
// make a text file with name it as “angles.txt” and place the value in the
order shown below
input3>>atomal [i]>>atomaz[i]>>atoma3[i]>>angcoeff[i]>>angle[i];

output2<<"Number of Angle Terms"<<endl;

output2<<TNAng<<endl;

for (i=0; i<TNAng; i++)

{

// mention ANGLE style and forcefield name above of code
output2<<"Angle Type Number"<<endl;
output2<<i+l<<endl;
output2<<"Angle Style"<<endl;
output2<<l<<endl;
output2<<"Angle Coefficients"<<endl;
output2<<angle[i]<<"0000E+00"<<endl;
output2<<angcoeff[i]<<"0000E+00"<<endl;
output2<<"Angle Order"<<endl;
output2<<"wild"<<endl;
output2<<"Force Field Name"<<endl;
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output2<<"ffname"<<endl;

output2<<"Number of Atoms with Same Parameters'"<<endl;

output2<<l<<endl;

output2<<"Atom Names"<<endl;

output2<<atomal[i]<<setw(ll)<<atoma2[i]<<setw(ll)<<atoma3[i]<<setw (10)<
<endl;

/*** DEFINE DIHEDRAL INFORMATION ****/
int TNDehl=33; // total number of bonds
string atomdl[40];
string atomd2[40];
string atomd3[40];
string atomd4 [40];
double dihed coeff[40];
double dihedral n[40];
double dihedral thetha[40]; // thetha value should be provided in radian
// READING ANGLE INFORMATION
for (1=0; 1<TNDehl; i++)
// make a text file with name it as “dihedral.txt” and place the value in the
order shown below

input4>>atomdl [i]>>atomd2[i]>>atomd3[i]>>atomd4 [i]>>dihed coeff[i]>>dihedral
n[i]>>dihedral thethali];

output2<<"Number of Torsion Terms"<<endl;

output2<<TNDehl<<endl;

for (i=0;i<TNDehl; i++)

{

// mention ANGLE style and forcefield name above of code
output2<<"Torsion Type Number"<<endl;
output2<<i+l<<endl;
output2<<"Torsion Style"<<endl;
output2<<3<<endl;
output2<<"One-Four Nonbond Logical"<<endl;
output2<<"T"<<endl;
output2<<"One-Four Coulombic Scaling"<<endl;
output2<<"0.5000000000E+00"<<endl;
output2<<"Number of Torsion Loops"<<endl;
output2<<"1"<<endl;
output2<<"Torsion Coefficients"<<endl;
output2<<dihed coeff[i]<<"0000E+00"<<endl;
output2<<dihedral n[i]<<"0000E+00"<<endl;
output2<<dihedral thetha[i]<<"0000E+00"<<endl;
output2<<"Torsion Order"<<endl;
output2<<"wild"<<endl;
output2<<"Force Field Name'"<<endl;
output2<<"ffname"<<endl;
output2<<"Number of Atoms with Same Parameters'"<<endl;
output2<<l<<endl;
output2<<"Atom Names"<<endl;
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output2<<atomdl [i]<<setw (ll)<<atomd2[i]<<setw (ll)<<atomd3[i]<<setw (1l1l)<
<atomd4 [1]<<endl;

output2<<"Number of Improper Terms"<<endl;
output2<<"0"<<endl;

output2<<"Number of Angle-Angle Terms"<<endl;
output2<<"0"<<endl;

output2<<"Number of One-Five Types "<<endl;
output2<<"0"<<endl;

output2<<"Number of Bond Increments"<<endl;
output2<<"0"<<endl;

inputd.close();
input3.close();

(
(
input2.close (
(
e

)

)i

)i
inputl.close();
output2.close();
return 0;

}

A.3 Code for Calculating Radial Distribution function

#include<iostream>
#include<fstream>
#include<math.h>
#include<string.h>
#include<stdlib.h>
#include<ctime>
#include<iomanip>
float sgn (double) ;
using namespace std;

int const nof=2000; // number of frames to be read

int const mnm=696; //number of maximum molecules inserted "keep this value
egal to frameworkatoms"

//double g[nof] [5000]1={ }; J*x**xxxxxx INITIALIZE ALL THE g (r)
VALUES WITH ZERQ ******xx/

//double

x[nof+l] [mnm],y[nof+1] [mnm],z[nof+1l] [mnm], serial [nof+1] [mnm],charge[nof+1l] [mn
m] ,mass [nof+1] [mnm], skip[mnm], seriall [mnm];

//char TOA2[nof+1l] [mnm];

double g[2000][5000]={ 1}, JrHrFxHxxxxx INITIALIZE ALL THE g(r)
VALUES WITH ZERQ ***x*x*x*x*/

double x[2001][696], y[2001][696], z[2001][696], serial[2001][696],
charge[2001][696], mass[2001][696], skip[696], seriall[696];

char TOA2[2001][696];
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int main ()

{

fstream input adsorbate;

input adsorbate.open ("moviel.pdb");
fstream input frame;

input frame.open ("uio-67.pdb") ;
ofstream rdfout;
rdfout.open ("rdf out.dat");

time t t=time (0);

struct tm * now = localtime( & t );

rdfout<<"REMARK "<<"RDF by kishant, File created on "<< (now->tm_year +
1900) << '-' << (now->tm mon + 1) << '-' << (now->tm mday)<<endl;

/**** Define box dimensions ****/
double Lx=27.94;

double Ly=27.94;

double Lz=27.94;

double bin size=0.05;
double xa=90.00;

double ya=90.00;

double za=90.00;

const double v=Lx*Ly*Lz;
double s,tt,u,r;

int 1,k;

//1l=tot r/bin size;

double sum([5000]={ };

double PI=3.14159;

double gsum[5000],gavg[5000];

int nosal[nof],nocal[nof]; //"nosa" number of sitting atom "noca" number of
counting atom

char TOA3[20],TOA4[20];
double del x,del y,del z;

string str;

string TOALl;

int 1,3,

int nofwa=696; //Number of framework atoms "nofwa"

int noas[nof];

//ATOM 1 N MOL 5.057 21.018 17.653 1.00 0.00 N
for (i=0;1i<2;i++)

{

getline (input adsorbate, str);
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cout<<str<<endl;

for (1=0;i<nof; i++)
{
int intilizer=0;
3=0;
do

{
input adsorbate>>TOAl;

if (TOAl!="ENDMDL")
{

intilizer++;

input adsorbate>>serial[i] [J]>>TOA2[1] [J]>>TOA3>>x[1][J]>>y[i][J1>>z[1i][]]>>c
harge[i] [j]>>mass[1] [jJ]>>TOA4;

noas(i]l=intilizer;

J++i

}while (TOAl!="ENDMDL") ;
input adsorbate>>TOAL;
input adsorbate>>TOAL;

input adsorbate >>TOA1>>
skip[i]>>skip[i]>>skip[i]>>skip[i]>>skip[i]>>skip[i];

}
input adsorbate.close();
//Reading frameatoms
for (3=0; j<nofwa; j++)
{
input frame>>TOA2[nof] [j]>>x[nof] [j]>>y[nof] [j]>>z[nof] []];

}

noas[nof]l=nofwa;

input frame.close();
// RDF calculation starts here
rdfout<<"radius (angstrom) "<<"\t"<<"g (1) "<<endl;
for (i=nof/2;i<nof;i++)

{

nosa[i1]1=0;

for (3j=0; j<nofwa; j++)
{
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if (TOA2[nof] [j]=="2") //Symbol of sitting atom

nocal[i]=0;

for (k=0; k<noas[i]; k++)
{

if( TOA2[i] [kl=='C") //Symbol of counting atom
{

nocal[il=nocal[i]+1;
//
cout<<"noca="<<noca [1]<<"\t"<<"nosa="<<nosa[1]<<"\t"<<noas[0]<<"\t"<<i<<endl;
del x = x[1i][k]-s;
del y = yl[i] [k]-tt;
del z = z[i] [k]-u;
del x = del x - Lx * sgn(del x)*( (fabs(del x/Lx))>0.5?

1:0) ;

del y = del y - Ly * sgn(del y)*( (fabs(del y/Ly))>0.5?
1:0) ;

del z = del z - Lz * sgn(del z)*( (fabs(del_z/Lz))>O.5?
1:0) ;

r = sqrt(del x*del x+del y*del y+del z*del z);
// cout<<r<<endl;

1=(r/bin_size);

glil [11=gl[i][1]1+1;

//cout<<"g=="<<g[i] [1]<<endl;

}
}

cout<<"noca="<<noca[1]<<"\t"<<"nosa="<<nosal[i]<<endl;

//Now average over all the frames
for (1=0;1<5000; 1++)
{
r=double (1*bin_ size)+bin size;
gsum[1]=0;
gavg[1]1=0.0;

for (i=nof/2;i<nof;i++)

1
1
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gsum[1l]=((g[i]

[1]*(Lx*Ly*Lz))/((4.0*PI*r*r*bin size)* (nosa[i]*nocalil)));
gavg[l]=

gavg[l]+gsum[1l];

}
gavg[l]=2*gavg[l]/nof;
cout<<gavg[l]<<endl;

rdfout<<r<<"\t"<<gavg[l]<<endl; /*****x*CHANGE HERE FOR SAME ATOM
"nosa*nosa" otherwise "nosa*noca" **/

rdfout.close () ;

}
float sgn (double x)

{

if(x >0.0)return 1.0 ;
if(x <0.0)return -1.0 ;
return 0.0 ;

}
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