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The removal of CO, from natural gas that mainly contributed by CH, is most important
elementary step in up-steam petroleum industry. ZIF-78 is a promising material for the separation
of CO, from a gas mixture. In this work, the molecular behavior of CO, and CH, in ZIF-78 as well
as the adsorption selectivity and diffusion selectivity of CO, in CO,/CH, mixtures were investigated
using Grand Canonical Monte Carlo (GCMC) and molecular dynamic (MD) simulations. The RDF
results show that the CO, is strongly adsorbed at O atoms of the —-NO, group of ZIF-78 whereas the
CH, is mostly observed at H atoms of the nitroimidazolate linker of ZIF-78, respectively. The self
diffusivity of CO, does not depend on the concentration but it is the case for CH,. From both kinds
of selectivity, the significantly higher of adsorption selectivity (8.08) than diffusion selectivity
(~0.3) indicates the main contribution of adsorption selectivity in membrane permeability. It
demonstrates that using ZIF-78 in equilibrium-based separation will be more efficient than using

them in membrane-based separation applications.
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CHAPTER1

INTRODUCTION

1.6 Motivation

Adsorption is one of the methods that are commonly used to separate mixtures or
contaminations in raw materials. Even a small amount of the contamination was found to disturb
the processes, damage the devices or, reduce the quality of products, e.g., in the natural gas
industry, which contains a high percentage of CH,, the CO, must be separated, otherwise it can
cause pipe corrosion.

To date, there are many materials used to separate CO, from gas mixtures, e.g., poly
membrane, zeolites, metal organic frameworks (MOFs) and zeolitic imidazolate frameworks
(ZIFs). ZIFs have high thermal, chemical stability and also a large variety of ZIF structures. Thus,
ZIFs are a new promising candidate for this application [1-3]. Banerjee et al. [4] studied physical
properties that control of pore size and functionality in isoreticular zeolitic imidazolate
frameworks and their carbon dioxide selective capture properties. The results showed that ZIF-78
is the most effective CO, adsorbent and shows the highest selectivity for CO, from binary
mixtures that include CH,, N,, and O,. Phan et al. [5] collect the data of synthesis, structure, and
carbon dioxide capture properties of zeolitic imidazolate frameworks. They also found that ZIF-
78 is the material that shows highest CO, capture and has the highest selectivity for the CO,
separation from binary mixtures.

Although, experimental data have already shown that ZIF-78 is one of the best material
for adsorption and separation applications. However, understanding of adsorption and diffusion of
CH, and CO, in micro- or nano-porous materials at molecule level is also very important. This,
then, becomes the rational good of their study. Here, adsorption and diffusion of CO, and CH, in

ZIF-78 were investigated using GCMC and MD simulations.



1.7 Separation of CO, from CO, and CH, mixtures

Table 1.1 Compositions of natural gas found in Thailand [6].

Gas type Texas Pacific Bongkoch
Methane 58.39 65.71
Ethane 4.98 5.03
Propane 2.45 2.48
Butanes 1.02 1.2
C, and higher 0.37 0.7
N, 0.78 0.91
CO, 32 23.97

As seen in Table 1.1, natural gas contains a high percentage of CH, as well as CO,.
Moreover, in case of cryogenic processes at reduced temperature and increased pressure, CO,
becomes solid which, then, reduces the heating efficiency and also takes up volume in the
pipeline. These effects lead to very high maintenance cost per year. In addition separation of CO,
from landfills gas which arises from fermentation helps also to reduce the greenhouse effect. This

CH, recovering process also helps to reduce the use of fossil fuels [7].

1.8 Zeolitic imidazolate frameworks (ZIFs)

ZIFs are porous material, a novel subfamily of metal organic frameworks (MOFs). They
are composed of a tetrahedral cluster of MN, units (M = Zn, Cu, Co, etc.) covalently joined by

bridging simple imidazolate (Im) and its derivative ligands ( see Figure 1.1).



Figure 1.1 The bridge of metal by imidazolate [8] where IM denotes imidazolate ring.

The properties of ZIFs with a remarkably low density, potentially large surface area and
many sites available for gas adsorption as well as chemical and thermal stability are considered as

great candidates for gas storage and gas separation applications.

1.3.1 Applications

1.3.1.1 Catalysis

The porous material becomes a promising targets as catalyst in petrochemical industry
because it has a high surface area, e.g., zeolite used as catalyst in olefin polymerization industrial.
For ZIFs, ZIF-8 is the most promising one. It was synthesized and used as an efficient

heterogeneous catalyst for the Knoevenagel reaction [9].

1.3.1.2 Gas Storage

This is a consequence of its large surface area, chemical and thermal stability and many
sites available for gas adsorption. For example, ZIF-8 and ZIF-11 [3, 10-13] were used to storage
H, In addition, ZIFs was very interesting for storage of CO,. Yaghi and his team synthesized 25
ZIFs crystal structures, three of which showed a particular affinity for capturing carbon dioxide
(ZIF-68, ZIF-69, ZIF-70). They found that one litre of the crystals could store ~ 83 litres of CO,

[14].



1.3.1.3 Gas separation

ZIF membranes can be used for the separation of gases, e.g., ZIF-8 membrane is one
which has high CO, permeability for equimolar mixtures of CO,/CH, and also shows high H,/CH,
selectivity [15-17]. On the other hand, the selectivity studies of ZIF-68, -69, -70, -78, -79, -80, -

81and -82 found that ZIF-78 has the highest selectivity for CO, from binary mixtures [4].

1.3.2 Zeolitic imidazolate frameworks-78 (ZIF-78)

ZIF-78 has a GME (gmelinite) topology with Zn linked by mixed imidazolate linker,

which is 2- nitroimidazolate (nIm) and 5- nitrobenzimidazolate (nbIm) (Figure 1.2).

(’

Zn tetrahedral

\ ZIF-78 j

Figure 1.2 Crystal structures of ZIF-78 [4].



1.3.3 Properties of zeolitic imidazolate frameworks-78 (ZIF-78)

Table 1.2 Properties of ZIF-78.

Material ZIF-78
Unit cell (A)" a=26.1174,
b=26.1174,
c=19.4910
Cell angel (deg) a =90
B =90
y =129
Zeolite topologyb gmelinite (GME)
Volume (A’)’ 11,514
Density (g/cm’)’ 1.198
Surface area (mz/ g)b 620
Pore Diameters(fo&)b 7.1
Pore Apertures(z&)b 3.8

“ from XRD crystal data [4], " from ref [5].

The polar functional group in ZIF-78 makes it possible for polar gas adsorption. Another
advantage of ZIF-78 are thermal stability (~ 390 °C) and chemical stability (boiling benzene,

methanol and water for 7 days). [4]

1.9 Literature review

In 2009, Banerjee et.al [4] studied the factors that control the pore size and functionality
in isoreticular zeolitic imidazolate frameworks and their carbon dioxide selective capture

properties. The results show that ZIF-78 is the most effective CO, adsorbent and has the highest



selectivity for CO, from binary mixtures that include CH,, N,, and O,. Their experiments have
also indicated that CO, uptake capacity was influenced primarily by functionality effects rather
than pore metrics.

In 2009, Liu et al [18] studied adsorption and diffusion behavior of CO, in ZIF-68 and
ZIF-69 using GCMC and MD simulations. The calculation results indicated that the small pores
formed by the nIm linkers in ZIF-68 and ZIF-69 were the preferential sites for CO, adsorption at
low pressure. This work demonstrates that the chlorine atoms in 5-chlorobenzimidazolate (cbIm)
linkers in ZIF-69 lead to enhanced adsorption of CO,.

In 2009, Andrew et al [19] studied the nature of guest binding sites and selectivity in the
ZIF-68 and ZIF-69 by GCMC and MD simulations. The results found that the CO, molecules
associate strongly with the benzene rings of benzimidazolate anion and the binding energies of
CO guests in the lattice are much smaller than those of CO,. They also found that the size of the
guest and aperture size in lattice affect the diffusion rates considerably.

In 2009, Rankin et al [20] studied the adsorption and diffusion of light gases in ZIF-68
and ZIF-70 using geometries obtained from density functional theory (DFT) optimization. The
framework charges obtained from Bader charge decomposition (periodic DFT calculations) and
ChelpG charges (cluster DFT calculations). The results found that the N, adsorption isotherms in
ZIF-68 and ZIF-70 are well agreement with experiment when charge-quadrupole interaction (CQI)
terms are included. In contrast, the simulations over predict the amount of CO, adsorbed at 298 K
compared with experiments.

In 2010, Phan et al [5] collect the data of synthesis, structure, and carbon dioxide capture
properties of zeolitic imidazolate frameworks. They found that ZIF-78 is material that shows the
highest for CO, capture and has the highest selectivity for CO, from binary mixtures.

In 2010, Hou et al [21] calculated uptake and selectivity of CO, in ZIF-68 and ZIF-69.
Calculation results indicate that the strong Lewis acid—base interaction exists between the gas
molecules and nitro groups of nlm linkers and the stacking of gas molecules in the small pores
thus preventing the further entry of gas molecules. The large pores of ZIFs are the key to

controlling adsorption ability of ZIFs because O atoms of CO, can interact with the H atoms of



the phenyl rings in large pores. The presence of electron withdrawing groups in the
phenylimidazole linker of ZIF increases the interaction between the O atoms of CO,and H atoms
of the phenyl rings in its large pore.

In 2010, Smit et al [22] studied the separation of CO,/N,, CO,/CH,, and CH,/N, by ZIF-
68 and ZIF-69 using GCMC simulation. The results show that ZIF-69 is more beneficial for
separating CO, than ZIF-68, due to the presence of chlorine atoms in cbIm linkers. The overall
separation performances of these two ZIFs for separating the chosen mixtures are comparable to
typical MOFs and zeolites.

In 2011, Keskin [23] studied atomic simulation for adsorption, diffusion and separation
of CH,/H,, CO,/CH, and CO,/H, in ZIF-3 and ZIF-10. The results suggest that using ZIF-3 and
ZIF-10 in equilibrium-based separation processes will be more efficient than using them in
membrane-based separation applications because the adsorption selectivity is higher than the
permeation selectivity for all cases. And the results also found that the separation performances of

ZIFs are comparable to other MOFs.

1.10  Scope of this study

1.5.1 GCMC simulations were used to calculate the adsorption isotherm, which is used to
validate the parameterization, and also used to calculate the adsorption selectivity.

1.5.2 MD simulations were used to study the radial distribution function (RDF), the
probability to find number of guest molecule in z direction, the self-diffusion coefficient and the
diffusion selectivity, where:

1.5.2.1 The ratio that is used to calculate the membrane permeability, which is calculated
from the diffusion selectivity and the adsorption selectivity, is 1:1 at 298 K 101.3 kPa.
1.5.4 Loadings of the guest molecule in MD simulations at 298 K are 10, 80, 150, 220

molecules for CO, and 5, 25, 45, 65 molecules for CH,.



CHAPTER II

THEORETICAL BACKGROUND

Computer simulations aim to understand the structural and dynamical properties of
assemblies of molecules based on their microscopic interactions. Simulations are mainly used in
comparison with experiments, and can also be used to test the theoretical developments based on
the same model. The simulation can be performed at extreme temperatures or pressures, which
are difficult or impossible to achieve in a laboratory. The details of molecular motions, which are
invisible for the experiment, can be obtained from the simulations [24]. In this work, the Grand
canonical Monte Carlo simulations were carried out to obtain the adsorption isotherms of the
guest molecules in ZIF-78, in order to validate the force field parameter and obtain the adsorption
selectivity. Then, the validated force field parameters were used for the molecular dynamics
simulations to obtain the dynamical properties of guest molecules in ZIF-78 e.g. the self-diffusion

coefficient, the diffusion selectivity, etc.

2.1 Grand canonical Monte Carlo simulations

The adsorption isotherm explains the number of guest molecules inside the porous
materials as a function of pressure at the given temperature. It can be obtained from the Monte
Carlo (MC) simulations [25] with the Grand canonical ensemble [26]. In this ensemble, the
chemical potential £/, the volume V, and the temperature 7 are constant, whereas, the number of
particles N can fluctuate during the simulations. This is achieved by means of trial insertion and
deletion of molecules. The procedure is set up with equal probability for the process of guest
molecule displacement, insertion, and deletion. A trial particle is first randomly chosen whether
an insertion or deletion is attempted. If insertion is chosen, a particle is placed with uniform
probability density inside the system. If deletion is chosen, one particle out of N particles is
randomly deleted. Then, the trial move is then accepted or rejected according to the usual MC
procedure. The acceptance criterion of a displacement from an initial configuration (v{) to a

generated configuration by MC move (v,) is



E

o A
W,y = minifl, exp (— ﬁ)} (2.1)

where AE is the differential of total potential energy of the system.
The acceptance probability for insertion is
initn —2V _AE
WyLn+1 = minifi, DR exp( kT)} 2.2)

And the probability for gas removal from the solid ZIF phase is given by

inif —2V _AE
Wy_n—1 = minifi, T exp( kT)} (2.3)



The steps of GCMC are following as Figure 2.1

1. Specify the initial configuration (v) and calculate the

potential energv of the new configuration (E...)

\/

ii. Add a particle randomly to the new configuration (v,) and

10

4—
calculate the new potential energy of the new configuration (E,,, )
v
iii. Calculate the difference of the potential
AE £ 0 < > AE > 0
v v
WNosN+1 = 1 PV o)
\, = —————expi(—AE/kT
WNoN+1 (N+1)kTeXp( /kT)
Random number (0 <& < 1)
4 w7 l | \ PV i
WD expi(—AE /KT )= & WADIT expi(—AE /kT) < &
v v
Accept the new Reject the new configuration (v5)
v

Back to the initial configuration (v)

Figure 2.1 Step of calculation of adsorption isotherm in GCMC simulations [26].

Specify the initial configuration (v4) in term of Cartesian coordinate system and

calculate the potential energy of the initial configuration (v;), which assume to be E;,,

il. Add a particle randomly to the new Cartesian coordinate system as same as new

configuration (v,) and calculate the potential energy of the new initial configuration (v;),

which assume to be E;,,
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iii. Calculate the difference of the potential energy of the configuration
(AE = E,, — E,) and consider the acceptance of the new configuration by

> IfAE <0 mean the new configuration is stability than the old
one. Thus, accept the new configuration.

> IfAE > 0 give the chance to accept new configuration by
consider Wy _,y+1 , where
WNLN41 = ﬁ expi—AE /kT).To consider the
Wy _n+1 » the random number (), where

(0 < & < 1) were random and comparing with

WN-N+1
- If wy_y41 = & accept the new configuration.

- If wy_ys1 < € reject the new configuration.
iv. Repeat the iii step unit the potential energy of system decrease to stability.
v. Collect the data.

vi.  Analyze the data, which is adsorption isotherm [25-26].
2.2 Molecular dynamics simulations

The molecular dynamics simulation (MD) technique was developed by Alder and
Wainwright [27] in 1957 in order to simulate the behavior of an ensemble of hard spheres
depending on the thermodynamics conditions. This was a field of current investigation at that
time among statistical mechanism specialists. MD 1is used to study the structural and dynamical
properties on a molecular scale, through the solution of the classical equation of motion for
classical particles representing the atoms and molecules of a chemical system.

The particles usually interact through a potential, which in most investigations, is taken
to be the sum of suitable pair potentials, depending on the distances between particles. The forces
acting on the particles are evaluated from the derivative of the potentials, and Newton’s law of

motion is applied (see Eq. (2.4) and Eq. (2.5))

Fi(t) = miag(t) = my 2 = 2 (2.4)



where F, can be obtained through Eq. (2.5)

_ _oaum
F'l - arl-
Where F (1) is force acting on atom i at time t.

m, is mass of atom i.

a,is acceleration of atom i at time t.
v, is velocity.

x, is coordinate.

U is potential energy.

The potential energy is expressed as

U= Ubond + Unonbond

Where Uponded = Upona + Uangel + Uginedral

Unon —bonded = UVDW+ UCoulomb

All type of potential (U) was shown in Figure 2.2.

Bond stretching  E,_ =Yk (-1) E=)

Angle bending  E,_ =3%(0-6,) +)

angle

4) (B)
Van der Waals E = 45/ 7’2 ?:} +)
ij ij
Lennard-Jones potentials
Coulomb E . =5 - )

4rgr,

>
. V
Torsionangle E, , =Y -"(l+cos@—y)) +)
rotation —

Figure 2.2 All type of potential (U) [28].

12

(2.5

(2.6)
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There are many different force fields exist. e.g., UFF [29] and DREIDING [30] and in case of

U, Forcefield was using from paper of Liu ez al. [18]

The steps of MD are following as Figure 2.3.

i. Specify the initial configuration (v) and

the velocity.

ii. Calculate Force (F), which from the

A

react with m, |
! ‘ Collect {x, v, z,} ,{¥,.7,. 7.}

and {a,.a,.a.}
iii. Move a particle to the new

configuration (w,) by F; =m; @;

Figure 2.3 Step of calculation in MD simulations [31].

i.  Specify the initial configuration (V) and velocity in term of Cartesian coordinate
system.

ii. Calculate Force (F)), which from the react with m,

iii. Move a particle to the new Cartesian coordinate system as same as new configuration
(vy) by F; =m;q;

iv. Repeat the ii step unit the potential energy of system decrease to stability.

v. Collect the data.

vi. Analyze the data. This might be radial distribution function, concentration profile and

Self-diffusion coefficient [29].

The statistical averages of interest are calculated from the positions and the velocities of
the particles as time averages over the trajectories of the system in its phase space. Since it is

possible to calculate the forces acting on all particles from the potential, which is assumed to be


mk:@MSITStore:C:\Program%20Files\Accelrys\Materials%20Studio%205.0\share\doc\SMPForcite.chm::/Html/thForcitePair.htm
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known. Unfortunately, an analytical solution for the resulting system of equations is not possible
in general since the motion of one particle is affected by all other particles. However, the time
integration algorithms e.g. velocity Verlet algorithm [32], the leap-frog algorithm [33], and the
Beeman algorithm [34], etc, have been developed to predict positions, velocities, and

accelerations.

2.3 Comparing GCMC and MD simulations

To compare GCMC and MD simulations, Table 2.1, which express the difference

between GCMC and MD simulations, are shown.

Table 2.1 The difference between GCMC and MD simulation [25,31].

GCMC

MD

1. Only one atom was moved randomly.

1. All atoms were moved by equation of

tion(F =ma=m ov m 2x
motion = = -— = ).
ot atz)

2. The lattice and guest molecules are

treated as rigid.

2. The lattice and guest molecule can be

treated as rigid or flexible.

3. Stochastic movement and independence

on time.

3. Deterministic movement and depend on

time.

4. Potential energy is the determination for

stability system .

4. Potential energy, pressure, temperature
and force can be the determination for

stability system.

2.4 Molecular simulation techniques

2.4.1 Periodic boundary condition

To model a macroscopic system by a finite simulation system of N particles, the concept

of periodic boundary conditions is introduced. The simulation box is replicated in all directions to
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give a periodic array. In Figure 2.4, the two dimensional box is surrounded by eight neighbor box.
When the atom moves through a boundary, it is replaced by its corresponding images entering

from the opposite side; therefore, the number of particles in the system is constant.

Figure 2.4 The periodic boundary condition.

In the simulations, there are non-bonded interactions i.e. intermolecular interactions or
intramolecular interactions between particles. To deal with these non-bonded interactions
efficiently, the cutoff radius is applied with the concept of the minimum image convention. In the
minimum image convention, the energy and force are calculated only for the shortest distance
between a particle i and a particle j or one of its images j°. When the spherical cutoff is applied,
the interactions between particles, which are not in the cutoff radius, are set to zero. When the
minimum image convention is also used, this cutoff radius must be equal or less than half of the

smallest box edge [35].

2.4.2 Lennard-Jones and Coulomb pair potential

The intermolecular interactions are described by pairwise-additive Lennard-Jones

potentials [36] as shown in Eq. (2.7).
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u(ry) = 4e; [(%)12 ~ (%)6] o

12
The (ﬂ) term of the equilibrium is responsible for small distance repulsion and the

Tij
— (i> term provides an attractive term which approaches zero as the distance between the
Tij
two atoms increased [36].

The o and & parameters for each atom pair are obtained using Lorentz-Berthelot mixing

rules[37] as shown in Eq. (2.8) and Eq. (2.9).

Si]‘ - ‘,Sl’igjj (29)

Figure 2.5 shows a representation of Lennard-Jones 12-6 function

Figure 2.5 Lennard-Jones function.
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2.4.3 Long-ranged interactions

The charge-charge interactions, which decay as 1/r, are long ranged. It is problematic in
molecular simulations. Therefore, the long-ranged electrostatic interactions were handled using
the Ewald summation technique [38]. The Ewald summation is the most rigorous technique for

calculating electrostatic interaction in a periodic system, but it is computationally quite expensive.

2.4.4 Radial distribution functions

To describe the structural averages, the radial distribution function (RDF) is used. The
RDF is one of the tools in statistical mechanics that demonstrate a probability to find a particle at
distance r away from a given reference particle. It is expressed by the average number of particles
in each shell at distance » from any determined atom and normalized by dividing by the number
of particles, by the volume of each shell and the average density of particles in the system; see

Figure 2.6 and Eq. (2.10) [25,31].

Figure 2.6 The volume of annular AV (7).

_ N
9;5 () = AV () (2.10)
Where AV (r) is the volume of annular.

N (7) is the number of atom, which found in volume of annular AV (7).

pij is the number density of all pair ij that found in simulation cube,

which the volume is V.


http://dict.longdo.com/search/annular
http://dict.longdo.com/search/annular
http://dict.longdo.com/search/annular
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2.4.5 The Self-diffusion coefficient

The self-diffusion coefficient (D) is the displacement of the tagged particle (or
molecules) in the absence of concentration gradient. It can be obtained from the NMR
measurements [26] or from the slope of the mean square displacement (MSD). The relation

between D_and the MSD is given by the Einstein’s relation:
1
D = S Ei([r(®) —1:(0)]%) (2.11)
where N is the number of diffusive atoms in the system.

N _([r:(t) — r:(0)]?) is Mean square displacement (MSD), which is the

account of the positions of an atom for a period of time[39].



CHAPTER III

CALCULATION DETAILS

Both GCMC and MD were calculated using the Material Studio package [40]. The
GCMC simulations used the Sorption module whereas, the MD simulations used the Forcite

module in Material Studio packages.

3.1 ZIF-78 structure preparation

One unit cell of the ZIF-78 structure was obtained from the X-ray crystallographic data
[4] and it was, then, extented to the simulation boxes used in GCMC and MD simulations having
the size of 1x1x1 and 2x2x2 unit cells, respectively. The MD simulations have been carried out
at 298 K for the loadings of guest molecules of 10, 65, 80, 150, 220 molecules for CO, and 5, 25,

45, 65 molecules for CH,.

(a)

Figure 3.1 Crystal structures of the ZIF-78 used in the simulations (a) 1x1x1 unit cells and (b)

2x2x2 unit cells.
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3.2 Force field parameterization

To validate the force field applied, the GCMC simulations were used to calculate the
adsorption isotherm of CO, and CH, molecules in ZIF-78 under the pressure of 0 — 110 kPa and
at 298 K. The adsorption isotherms were also used to calculate the adsorption selectivity. Here,
the ZIF-78 lattice was treated as rigid during the simulation and only one unit cell is sufficient to
represent the physical properties in the adsorption isotherm.

The Lennard-Jones potential parameters with the columbic potentials parameter were
used to calculate the intermolecular interactions between CH,, CO, and ZIF-78. All the partial
charges were extracted by DFT calculation using Accelrys Dmol’ , Material Studio packages. The
partial charges of ZIF-78, CO, and CH, were calculated using the PW91 GGA density functional
and the double numerical basis set plus d-functions (DND) and electro-static potential fitting
(ESP).

The Lennard-Jones parameters and the partial charges of ZIF-78, CO, and CH, are shown

in Figure 3.2 and Table 3.1.

(b)

(c)

Figure 3.2 Atomic partial charges of (a) ZIF-78 (b) CO, and (c) CH,
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Table 3.1 Lennard-Jones potential parameters for adsorbate-adsorbate and adsorbate-ZIF

interactions.
Atom-atom Atom-atom Atom-atom
Atom . .

o(A) &g/kg (K) & (kcal/mol)

ZIF C 343 52.84 0.1050

ZIF O 3.12 30.19 0.0600

ZIF N 3.26 34.72 0.0690

ZIF H 2.57 22.14 0.0440

ZIF Zn 2.46 62.4 0.1240

co, C 3.43 52.84 0.1050

co, O 3.12 30.19 0.0600

* Taken from Liu ez al.[9].

The intermolecular interactions are described by the pairwise-additive Lennard-Jones
potentials as Eq. (2.7) as mentioned in chapter 2.
The ¢ and & parameters for each atomic pair are obtained using the Lorentz-Berthelot

mixing rules as Eq. (2.8) and Eq. (2.9) as mentioned in chapter 2.
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Table 3.2 The intermolecular interactions obtained from the Lorentz-Berthelot mixing rules.

A) ZIFC ZIFO ZIFN ZIFH ZIFZn CO,C CO,O

E 0.1050  0.0600  0.0690  0.0440 0.1240  0.1050  0.0600

ZIF C 0.1050  0.1050 - - - - } )

ZIF O | 0.0600 0.0794  0.0600 - - - - -

ZIF N | 0.0690 0.0851 0.0643  0.0690 - - - -

ZIF H 0.0440 0.0680  0.0514  0.0551  0.0440 - - -

ZIF Zn | 0.1240 0.1141  0.0863  0.0925  0.0739  0.1240 - -

CO, C | 0.1050 0.1050 0.0794  0.0851 0.0680  0.1141  0.1050 -

CO, O | 0.0600 0.0794  0.0600  0.0643  0.0514 0.0863  0.0794  0.0600

B) ZIFC ZIFO ZIFN ZIEH ZIFZn CO,C CO,O

o 3.430 3.120 3.260 2.570 2.460 3.430 3.120

ZIF C | 3430  3.430 / . - - - -

ZIF O 3.120 3.275 3.120 = - - - -

ZIF N 3.260 3.345 3.190 3.260 - - - -

ZIF H 2.570 3.000 2.845 2.915 2.570 - - -

ZIF Zn 2.460 2.945 2.790 2.860 2.515 2.460 - -

Co, C 3.430 3.430 3.275 3.345 3.000 2.945 3.430 -

Co, O 3.120 3.275 3.120 3.190 2.845 2.790 3.275 3.120

o
The cutoff radius was set to 12.5 A for all Lennard-Jones interactions. The long-range
electrostatic interactions were handled using the Ewald-summation technique. The simulations
were equilibrated for 1.5x 10’ steps, then, the production run were carried out for 1.5% 10’ steps.

Note that the unit of adsorption isotherm used in this study is the number of molecules,
whereas that of the experiment is the volume of gas at STP per volume of ZIF-78 lattice, see

Figure 3.3.
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60 ZIF-78 (® )
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S 50 |- ZIF-69 (@)
-~ ZIF-81 (@)
o
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E
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- z :
e - carbon (@)
S 20 - -1
Q.
=) ZIF-78, CHy
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Pressure / Torr

Figure 3.3 Adsorption isotherm from the experiment [4].

The units of experimental values were converted to be number of molecules, in order to compare
to the simulation results.

Figure 3.3 shows the experimental adsorption isotherms. It is found that the volume of
gas at STP per volume of ZIF-78 lattice at 298 K 1 atm is 60 and the volume of the ZIF-78

(V17 —7g) lattice of 11540 A’ see Table 1.2.

1% STP
Thus, Yo, BT _ 5 (3.1)
VziF -78
Vco 2 (STP) -~
11,514 60 (3.2)
Veo, (STP) = 690,840 A’= 6.91x10 " m’ = 6.91x10"" L (3.3)

In which the V¢g, (STP) of 6.91x10” L contains 18.57 moles CO,.

3.3 Molecular dynamics simulations

MD simulations were performed to investigate the structural and dynamical properties.
Here, the DREIDING force field parameters [30] were additionally used to describe the

intramolecular interactions for the framework flexibility. The simulation box of ZIF-78 is
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52.2348x52.2348x38.9820 A’ (2x2x2 unit cells). The simulations were carried out at 298 K with
the Berendsen thermostat.

The structure obtained from the XRD data was first optimized, then, the guest molecules,
CO, and CH, were inserted randomly. The cutoff radius of 12.5 A, and a time step of 1 fs were
used. The simulation times are 0.5 ns for equilibration period and 1.5 ns for the production run.
The trajectories were stored every 100 steps, and the radial distribution functions (RDFs) and
dynamical diffusion coefficients (D) were examined. The concentrations of guest molecules are
varied on the same scale as experiment [4]. The CO, and CH, loadings per simulation box are 10,
65, 80, 150, 220 molecules and 5, 25, 45, 65 molecules, respectively. Our MD simulations were
carried out for both single gas and binary gas systems. The concentration dependence of the self
diffusion of guest molecules was investigated. For the binary mixture system, the concentration
ratio of 1:1 (65 CO, molecules: 65 CH, molecules) was used. The diffusion selectivities obtained

from single gas and binary gas have been compared.

3.4 Evaluations

3.4.1 Radial distribution functions

RDFs were investigated to study the probability to find a particle of type j in a sphere of

radius, 7, around a particle of i. The atoms in ZIF-78 that can refer from Figure 3.4

Figure 3.4 Part of ZIF-78 structure and the atomic label.

The radial distribution functions can be calculated according to Eq. (2.10).
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3.4.2 Probability density in z direction

To see the adsorption site of the guest molecules, therefore the probability densities were

analyzed. The ZIF-78 in each axis is shown in Figure 3.5

Figure 3.5 The ZIF-78 in each axis.

The probability density is a dimensionless quantity, e.g. a value of 2 means that there are
twice the number of atoms in the slab that if all atoms were distributed homogeneously across the
system. The total number of atoms across all slabs is equal to the number of atoms in the entire
system. So the sum of the probability densities of all slabs is equal to the number of slabs[40].

The probability densities can be calculated as follows Eq. (3.4).

Probability densities [set]_, = [set]  /[set], (3.4

where [set],,, = Nslap / Vslap

[setl,u = Nouik /Vouik
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3.4.3 Self-diffusion coefficient
The self-diffusion coefficient (D,) can be obtained from the linear fit to the mean square
displacement (MSD) of guest molecules in ZIF-78. The MSDs were computed and averaged over

the first 0.25 ps. The relation is explained by Einstein’s equation (see Eq. (3.5))

MSD = 2aD,t + f (3.5)

where, @ is the dimension, i.e., 1,2 and 3, and, [ is the fitting parameter.

An example of MSD used for D, calculation is shown in Figure 3.6

160 -
140 -

120 4 y=0.4723x +19.095
100 - R?'=0.9849

80 -
60 -
40 -
20 -

MSD / A2

———150 MSD

——— Linear

0 100 200 300

Time / ps

Figure 3.6 An example of mean square displacement.

The MSD plot was fitted to the linear equation, see Figure 3.6. Here, the obtained slope

was used to calculate the 3-dimensional D, using Eq. (3.6).

D, = % (3.6)

This leads D, to the 0.0787 A”/ps.
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3.4.4 Adsorption selectivity

The adsorption selectivity (S,,) for equimolar of CO, and CH, is expressed as

Sads (€0, /CHy) = (3.7)

where x is the mole fraction of the adsorbed phase obtained from the GCMC simulations of
mixture, and y the mole fraction of the bulk phase specified in term of pressure. All mixtures are
equimolar in the bulk phase in this simulation.

Because all mixtures are equimolar in the bulk phase, thus, in this simulation only the

Xco,and X¢cpy, obtained from GCMC were used to calculate adsorption selectivity.

3.4.5 Diffusion selectivity

According to ref. [41] and ref. [42], the diffusion selectivity (S dm) of CO,/CH, can be

calculated as follows

Dco 2,self

Sdiff (€03 /CHy) = (3.8)

DCH4,self

3.4.6 Membrane permeability

According to ref. [41] and ref. [42], membrane permeability of CO,/CH, mixture can be

calculated from the adsorption and diffusion selectivities of CO,/ CH, as follows

Smembrane (C05/CHy) = Sdiff (C02/CHy) X Sads (CO3/CH) (3.9
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3.4.7 Knudsen selectivity

Knudsen selectivity can be calculated using Knudsen diffusion, which is the self-
diffusion coefficient. Knudsen diffusion occurs when the mean free path is relatively long
compared to the pore size, so the molecules collide frequently with the pore wall. Knudsen
diffusion is dominant for pores that range in diameter between 2 and 50 nm.

Knudsen diffusion is described as

_d, [sRT
Dign = 3 7. (3.10)
where D; gy, is the Knudsen diffusion

d,, is the pore diameters
R is the gas constant
T is Temperature

M; is the mass of molecule i

Thus, the Knudsen selectivity of CO,/CH, mixture is

Dcog.kn Mcp,
S = 22 = (3.11)
C02/CHq DcHykn Mco,




CHAPTER IV

RESULTS AND DISCUSSION

4.1 Validation of guest-host interaction parameter

The GCMC algorithm has been used to validate the force field parameters for guest
molecules in the ZIF-78 system. The adsorption isotherms of CO, and CH, in ZIF-78 are shown
in Figure 4.1. The adsorption isotherm of CH, obtained from our simulations is in agreement with
that of experiment. For the adsorption isotherm of CO,, the best force field parameters that one
can find from the literatures have been taken. However, the simulated adsorption isotherm of CO,
is higher than that from the experiment [4]. It is known that the procedure to develop the force
field parameter is quite complicated. We thus decided to use this set of force field parameters for

MD of CO, in ZIF-78 in this work.

—@— CH, (experiment)

30.00 -

- -@ - CH, (simulation)
25.00 1 _o CO; (experiment) o <~---°
20.00 4 --o- CO, (simulation) .V -

15.00

10.00

Average loading / molecule

5.00 o-c-® -3¢

0.00

0.00 20.00 40.00 60.00 80.00 100.00 120.00

Pressure / kPa

Figure 4.1 The calculated adsorption isotherm at 298 K for CO, and CH, in comparison to that

obtained from the experiment [4].
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4.2 Structure of CO, and CH, in ZIF-78 lattice

4.2.1 Radial distribution functions, RDFs

To obtain structural data of CO, and CH, absorbed in ZIF-78 from MD, the radial
distribution function (RDF), g,(r) which is the probability density to find a particle j at the
distance r, around a particle i, were calculated. In this work, i represent the atom in ZIF-78 lattice
(Figure 4.2) whereas j represents the C and O atoms of CO,, and, the C and H atoms of CH,. For
better understanding, only important RDFs were shown.

The RDFs from the atom in ZIF-78 to C and O atoms of CO, are shown in Figure 4.3a-
4.3b, respectively. The RDFs for various concentrations of guest molecule from C and O atoms

of CO, to O (Figure 4.3¢-4.3d) and Zn (Figure 4.3¢-4.3f) atoms of ZIF-78 are shown.

Figure 4.2 Two types of linker, i.e., nitroimidazolate (Type 1) and nitrobenzimidazolate (Type II)

coordinated to Zn ion are shown. The labels of atom type are also given.
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Figure 4.3 RDFs from ZIF-78 to atoms of CO,, i_ZIF ¢ —j_CO, where i are the atoms of ZIF-78

(see Figure 4.2 for label) and j represents the atoms of CO,.

The characteristics of CO, adsorption in ZIF-78 can be understood from Figure 4.3. For
all atoms of lattice with all CO, loading, the first sharp peaks of O in ZIF-78 centered at 3.07 A
(Figure 4.3¢) and 2.91 A (Figure 4.3d) observed for C and O atoms of CO,, respectively. In case
of Zn_ZIF-C_CO, and Zn_ZIF-O_CO, (Figure 4.3¢ and 4.3f) RDFs, the peaks are centered at
6.45 A for C and 6.11 A for O of CO,. It indicates that CO, adsorbs firmly to the O of -NO,
group in which the most probable distances from O of -NO, group to C and O atoms of CO, are

3.07 A and 2.91 A, respectively.
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Figure 4.4 RDFs from ZIF-78 to atoms of CH,, i_ZIF ¢ —j_CH,, where i are the atoms of ZIF-78

(see Figure 4.2 for label) and j represents the atoms of CH,.

With four different loading of CH,, the RDFs show the first sharp peak centered at 3.47
A for H4 ZIF - C_CH, (Figure 4.4c) while the farthest distinct peak is 6.43 A for Zn ZIF -
C_CH, (Figure 4.4¢). From the results, it indicates that H atoms of nitroimidazole group (H4 in
Figure 4.2) are the preferred adsorption sites for CH,. It is worth to note that, the broaden of all
peaks from the atoms of ZIF-78 to H atoms of CH, (Figures. 4.4b, 4.4d and 4.4f) is due to free
orientation of the four H atoms in CH, molecule.

In addition, the concentration dependence does not detect in case of CO, (Figures 4.3¢-f)

but it is clearly observed for CH, (Figures 4.4c-f). With increasing loading of CH,, the peak
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intensities of RDFs decrease significantly. It implies the CH, molecule does not absorb firmly at
H4 of nitroimidazolate linker — short resident time.

Figure 4.5 visualized the adsorption sites of guest molecules in ZIF-78.

Figure 4.5 Schematic of the adsorption sites of (a) CO, (yellow) and (b) CH, (green) in ZIF-78.

To understand in more details, we thus calculated the probability density of guest

molecules in ZIF-78. This will be discussed in the next section.

4.2.2 Probability density

The probability densities to find the guest molecules in z direction of ZIF-78, were

calculated and shown in Figure 4.6.
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Figure 4.6 The snapshot of (a) 10 molecules of CO, and (b) 5 molecules of CH, in ZIF-78,
as well as probabilities density in z-direction of (c) 10 molecules of C atom of CO,, (d) 5
molecules of C atom of CH,, (¢) 10 molecules of O atom of CO,, (f) 5 molecules of H atom of

CH,. Here, the dash line show the edges of lattice channel.

The density plots of the guest molecules located in z-direction of ZIF-78 show clearly
that the CO, molecules (Figures 4.6¢ and e) prefer to absorb at the middle of the channel. On the
other hand, the CH, molecules (Figures 4.6d and f) are mostly observed near the edge of the

channel. This can be explained by the polarity of the contributed atoms in lattice. The edge of
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lattice channel comprises of many non-polar atoms, especially, C and H atoms of nitroimidazolate
linker which is preferred by the non-polar CH, molecule, whereas, the polar CO, molecules prefer

the polar site which are the nitro groups established at the middle of channel.

a e Zdirectionof ZIF10 |p ¢ Z direction of ZIF 5
6 - — - = Zdirection of ZIF 65 6 - — Zdirection of ZIF 25
—— Z direction of ZIF 80 - -~ Zdirection of ZIF 45
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5 A A " 5
) . o
a o | ,\\ 2
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r / Angstrom | r / Angstrom
4’

Figure 4.7 The probability density in z-direction for (a) C atom of CO, and (b) C atom of CH, for

various concentrations.

With increasing guest loading, the CO, molecules remain at the same adsorption site, i.e.,

nitro group whereas the CH, molecules are additionally detected at the middle of the channel.

4.3 Self diffusivity

The mean square displacements (MSD) of CO, and CH, molecules at concentrations of
10, 65, 80, 150 and 220 molecules per simulation box, have been computed.
The MSD of guest molecules are computed over 250 ps of time and averaged over the

first 250 ps of a 500 ps trajectory.
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Figure 4.8 The calculated MSD with loading dependence of (a) CO, and (b) CH, in ZIF-78.
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Figure 4.9 The self diffusivity with loading dependence of (a) CO, and (b) CH, in ZIF-78.

The self diffusivity of CO, and CH, molecules in ZIF-78 can be described by the self
diffusion coefficient, D. The D_ values were obtained from the linear fit to the mean-square
displacement (see Figure 4.8, and Eq. (3.5)). The calculated D, with guest loading are plotted in
Figure. 4.9a and 4.9b for CO, and CH,, respectively. It is clearly seen that the D_values of CH,
significantly increase with increasing loading, whereas the D_ values of CO, do not depend very
much on loading. This significant increasing of D_ can be resulted from the rapid decrease of

RDFs for H4 ZIF - C_CH,. The CH, molecule does not adsorb firmly at the adsorption site. They

can easily move in the lattice-increase of D..
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4.4 Adsorption selectivity

The adsorption selectivity (S

a

) of CO, from CO,/CH, mixture can be calculated using

Eq. (3.7), in which, the ratio of Yo,/ YcH, is equal to 1.
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Figure 4.10 (a) Adsorption isotherm of CO, and CH, calculated from GCMC simulation of
equimolar mixture at 298 K, as well as, (b) the corresponding adsorption selectivity

calculated from Eq. (3.7) at different pressure.

Adsorption isotherm of CO,/CH, mixture with equimolar calculated from GCMC
simulation and corresponding adsorption selectivity of CO,/CH, at 298 K are shown in Figure
4.10a and 4.10b, respectively. From both adsorption isotherm, it clearly seen that ZIF-78 prefers
to adsorb the CO, than CH,. At 1 atm (101.3 kPa), CO, can adsorb at about 18.6 molecules
whereas it is about 2.3 molecules in case of CH,. Figure 4.10b shows the adsorption selectivity
that calculated from the adsorption isotherm of CO,/CH, mixture (see Figure4.10a) using Eq.
(3.7). It found that all the values of adsorption selectivity are greater than 1 which indicate that
ZIF-78 is selective for CO, than CH, — used as separator for CO, from CO,/CH, mixture. It is
worth to note that the maximum of S, at 25 kPa is cause by the rapid increase of adsorption

isotherm of CO, whereas the CH, is adsorbed gradually.
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4.5 Diffusion selectivity

The diffusion selectivity (S,

of CO, from CH, can be computed using Eq. (3.8) as
mentioned in chapter 3
The calculated diffusion selectivities of CO, at different CO,/CH, ratios are shown in

Table 4.1a (see also Eq. (3.8)). The S, values for the single gas systems calculated from the
single gas system have been compared with the value obtained from the binary gas simulation

runs. Note that the simulation of the binary gas system was carried out at only the ratio of 1:1.

Table 4.1 The calculated diffusion selectivity of CO, in CO,/CH, mixture at different ratios.

A)
Single gas
Sdiff(co,/CHy)
@ 1:0.5(10:5)=2.2765
@ 1:1.0(10:10) =2.2774
@ 1:2.5(10:25) =0.7434
@ 1:4.5(10:45)=0.5329
@ 1:6.5(10:65) =0.3963
B)
Single gas Binary gas
Saiff(co,/cHy) Sdiff €0y /CHy)
@ 1:1(65:65)=0.2668 @ 1:1(65:65)=0.2925
At 298 K, S, of CO, from 1:1 of CO,/CH, mixture, which is obtained from the single

gas simulation is 2.2774, see Table 4.1a. The S, decrease with increasing CH, loading. For the

S

a4 of CO, from 1:1 of CO,/CH, mixture, which obtained from single gas and binary gas

simulations are 0.2668, 0.2925, respectively. It indicates that the S, from both simulations are
close to each other. Therefore, both methods can be comparable.
Moreover, the Knudsen selectivity has been also calculated using the Eq. (3.11) (see

chapter 3) where My, and Mo, are the molecular mass of CH, and CO,, respectively. The

selectivity value predicted from the Knudsen formula for CO,/CH, is found to be 0.014, which is
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significantly different from the diffusion selectivity. This means that the size, shape or other

properties are more important than the molecular mass, and can play a role in this system.

4.6 Membrane permeability

To calculate membrane permeability of CO, from CO,/CH, mixture, both S, and S, are
required and can be obtained using Eq. (3.9).

Membrane selectivity of CO, from CH, at vacuum, 298 K is equal 2.16. As mentioned
that the values calculated from Eq. (3.9) are greater than 1, showing that this ZIF material is
selective for component CO, in CO,/CH, mixture. Hence, membrane base separation can also use
to separate CO, from CH,.

In conclusion, adsorption selectivity, diffusion selectivity, and membrane permeability of

ZIF-78 for CO,/CH, were shown in Figure 4.11.
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Figure 4.11 Adsorption selectivity, diffusion selectivity, and membrane permeability of ZIF-78

for CO,/CH,,.

The adsorption selectivity, diffusion selectivity, and corresponding membrane permeability
of ZIF-78 for CO,/CH, mixture are shown in Figure 4.11. It is found that the adsorption
selectivity is high and the value of diffusion selectivity quite low, which indicates that the

adsorption selectivity play the importance role in membrane based separation.



CHAPTER YV

CONCLUSIONS

Two computer simulation techniques have been used to understand the molecular insight
into adsorption and diffusion phenomena of CO, and CH, in ZIF-78. GCMC was conducted to
obtain the adsorption isotherm of the guest molecules in ZIF-78 in order to validate the force field
parameter used. The simulated adsorption isotherm of CH, in ZIF-78 agrees with the experiment,
indicating the quality of the force field. The adsorption isotherm of CO, in ZIF-78 is found to be
somehow different from the experiment, however, this is the best set of force field from the
literatures.

The validated force field parameters were applied to MD simulations to obtain the
structural and dynamic properties of guest molecules in ZIF-78 in terms of radial distribution
functions (RDFs) and probability density as well as self-diffusivity (D,), respectively. The CO,
molecules prefer to absorb at the O atoms of -NO, group located at the middle of ZIF-78 channel
whereas the CH, molecules were mostly observed at the edge of lattice channel located at the H4
of nIm linker. The D of CH, is concentration dependence while it does not in case of CO,.

To understand the separation of CO, by ZIF-78 material, two kinds of CO, selectivity

have been determined. First, the adsorption selectivity (S ,) calculated from the adsorption

ads
isotherm of equimolar of CO,/CH, binary mixtures is about 8.08 at 1 atm (101.3 kPa) which
indicates the high efficiency of equilibrium-based separation of CO, by ZIF-78. Secondly, the

diffusion selectivity (S diff)

computed from the ratio between the self diffusivity of each gas is
found to be about 0.3. From both selectivity values, the membrane permeability was calculated. It
is clearly seen that the adsorption selectivity dominants the membrane permeability. On the other
word, it plays the important role in membrane-based separation.

For our further work, the force field parameters for CO, in ZIF-78 should be developed
to have an agreement with experiment. Moreover, the diffusion selectivity of CO,/CH, mixture

which obtained from binary gas simulation should be calculated for various CO,:CH, ratios, in

order compare to the one obtained from single gas simulation.
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Module used in Material Studio Program for this thesis.
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1. How to calculate charges.

The partial charges are obtain from the procedure as follow
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i.  Open the lattice structure that was cut to be a repeating unit.

ii. Click calculates on Dmol’ module.

iii. In Setup bar choose Task, Quality and Functional to be Energy, Customized and GGA
and PW91

iv. In the Electronic bar choose basis set to be DND and in the Properties bar click on
Population analysis.

v. In the Job control bar click on Run to calculate the charge.
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Save Settings...

Fukui function
Crbitals

Patentials

\
Structure 7

Thermodynaric properties

Fopulation analysis

Fesults file: |zif?8_charge [2). outmal

w | charges to stucture
zpins to structure

bond orders to structure

vi. Open the result (.xsd)

vii. Click analysis on Dmol’ module.

viii. Select the Population analysis and select the ESP from dropdown list and click on Assign

to obtain charge.
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2. How to obtain adsorption isotherm

Step of using the Sorption module to calculation the adsorption isotherm from the GCMC

simulation follow

P
= m
Ll

Save Settings...

Setup l ETarg_l,l] Constraint&] F'r-:pertiesl Job Eontrol]

Tazk: |ﬁdsolpti0n izatherm _j More...
t ethuod; 4 | Configurational bias _v_j Mare...

Quaity Ulra-fine =

Sorbates

Molecle |start (kPa)| End (kPa)
CO2_Pw3.usd om0

i.  Open the structure (1x1x1 unit)

ii. Click Calculation on the Sorption module

iii. In the Setup bar choose Task, Method and Quality to be Adsorption isotherm,
Configurational bias and Ultra-fine.

iv. In the Energy bar choose Forcefield, Charges and Quality to be ref 1, use current and
Ultra-fine and in the Summation method choose the Electrostatic and Van der Waals to
be Ewald&Group and Atom based. Choose More to change the cutoff value to be 12.5 A.

v. In the Job control bar click on Run to calculate the adsorption isotherm.
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3. How to run MD simulation by Material stuio.

The simulations were carried out at 298 K with the Berendsen thermostat. The cutoff
radius of 12.5 A, and a time step of 1 fs were used. The simulation times are 0.5 ns for
equilibration period and 1.5 ns for the production run. The trajectories were stored very 100 steps.

The step of calculation MD simulation was follow

we aoe we

HB-9- - 2-0-lk-S-di-@- G d

v Bv 50~ B
&2 Calculation

g’% Analysis

|k°ﬁ Forcefield Manager
Save Settings...
- ﬁ“v
Setup l Energﬂ b Enntrnﬂ
Task: Dynamics

Dynamics l Thermostal] Barostat] Advanced1 Quality: | Medium

Enzemble: MY T - Restart —

Initial velocities: Random = =

Temperature: 298.0 K

Pressure: lﬂﬂi GFa
Time step: '107 fz
Total simulation time: 'W ps
Mumber of steps: ’Wﬂ
Frame output every: ’Wﬂ steps

i.  Open the structure (2x2x2 unit)

ii. Click Calculation on the Forcite module

iii. In the Setup bar choose Task and Quality to be Dynamics and Fine. Choose More to
input the parameter as see above.

iv. In the Energy bar choose, Forcefield, Charges and Quality to be ref 1, use current and
Fine and in the Summation method choose the Electrostatic and Van der Waals to be
Ewald and Ewald.

v. In the Job control bar click on Run to calculate the MD simulation.



4. Evaluation

First step to achieve the results is set atom to the structure as follows

i FM; View anf;; B‘wl:\ Tools ’ Staistics_ Modules ‘Wm(luv\‘ﬁ Help
0y + § & Undo Translate Ctrl+Z { R B kW ald | @S -H 2 v ov| k- Mo & -
. | Bl-% = am i | AF- 0,0 &8
Cut Cerl+X = ‘ P T = e s 137
aag e ane BT : - i G+ @~ [ G- B H @ (- 2- O L B B e ¢

4" ¥ (¥ Delete
B et All
g

=-
:

B

Project 2 =

Crl+A

i Patterns

2mra_sunre ngne rarem
1 Dreiding_6_r25p.off
zif15_2unit right - Calc —_————— |
Status fxt E Select by Property Selectal |
Za»hm!t ight Energi Forcefield Type | e
_2unit right Temp
if75_2unit right.t

maches [
i78_2unit right.d =

2if78_2unit right.xtd [use ¥ and * as wildcards]

% 2if18_2unit right - Calculat —
0 _2unit right xsd Selection mode -
|7 =if78_2unit right Energies.» « @& Create anew selection fram al visible aloms
« it v " Select from the existing selection

Fropetties

€ Addto the existing selection

:

| Propey | value
| Eharge 0583000

i.  open the structure (.xtd) which get from MD simulation result.

ii. Edit set of atom by click on the edit select the “Atom selection” to choose the set of each

atome.g. CO, C.

iii. Select on the “Edit set” to add new set of atom.

4.1 Radial distribution functions

A part of ZIF-78 structure which were set atom to calculate the RDF was shown in figure 3.4.

Figure 1. A part of ZIF-78 structure which were set atom.
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To calculate the radial distribution functions which express as g,(r) is the probability to

find a particle of j (the C and O atoms in CO, as well as the C and H atoms in CH,) in a sphere of

radius, 7, around a particle of i (the atoms in ZIF-78 lattice (Figure 1)).

B o'~ nv |3 G O K~ 3'

ii.

iii.

iv.

The step of calculation RDF was follow

~@l- @B~y EyBydy| g g
T Calculation
v N
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Save Settings... Analyziz | Category
Hamiltaniarn Statistics
Length distribution Structural
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Prezsure Statistics
Radial distribution function Structural

P adiie AF Aurabioe Chrmhoral

Radial diztribution function

Trajectony: |zif?8_2un}t right

Sets [C_Eo2 =] [znzF

Cutaff: 125 A

Interval: o.n2 A

[ Include intra-fintermolecular components
¥ Include periodic self-interactions

I~ Structure factor

Cutaff: 20.0 ]

Intereal: 0.1571 14 5
Analyze (H elp |

Open the structure (.xtd) which has already edit atom set.

Click Analysis on the Forcite module.

In the Analysis bar choose Radial distribution functions.

In the set topic choose pair of the set atom that interest and change the Cutoff to be
125 A

Click on Analyze to calculate RDF.
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4.2 Probability density of molecule in z direction

The step of analyzing probability density of guest molecule in z direction.

H-9-F-2-0-k-S-5-8 99

T G- ©- K- B
22 Calculation 2
W

t'ﬁ Forcefield Manager

Analpsiz 7 3| Categary
Angle distibution Structural
Cell parameters Statistics
Concentration profile Structural
Density Statistics
Dipole autocorrelation function Diynamic
Fluctuation properties Dynamic

H armilbamizem Chahishms

Save Settings...

Concentration profile

Trajectony: |zif?8_2unit right

Sets: E;tD? - ]

I Specified direction [hkl] I‘I oo
i L=
I~ Mumber of bins 50 =

[v Raw profile

[~ Smoothed profile whidth: [3.0 :I binz

i. Open the structure (.xtd) which has already edit atom set.
ii. Click Analysis on the Forcite module.

iii. In the Analysis bar choose Concentration profile.

iv. In the set topic choose the set atom that interest.

v. Click on Analyze to calculate probability to find number of guess molecule in z direction.



4.3 Self-diffusion coefficient

The step of analyzing self-diffusion coefficient.
- G-O-R-B-B-8-0-0-P-0--F-a-8- | dd
§‘,’§ Calculation

g

P
Analpsis - Jj:ategoly
Harniltanian Statistics
Length distribution Stuctural
tean square displacement Dynamic
Patential energy companents Statistics
Pressure Statistics

Radial digtribution function Structural
Fadine of curation Choaehal

Mean square displacement

Trajectary: |zif?8_2unil right

Sets C_Co2 -
Origin step: l'l i‘ frames
5000 j frames

i.  Open the structure (.xtd) which has already edit atom set.

ii. Click Analysis on the Forcite module.

iii. Inthe Analysis bar choose Mean square displacement (MSD).
iv. In the set topic choose the set atom that interest.

v. Click on Analyze to calculate MSD.

160 - m
140 - o

120 4 y=lo ! +19.095

100 1 RT=.9849

80 ——— 150 MSD
60 -

40
20
0 T T )

0 10 200 300

MSD / Az

——— Linear

0
Time / ps

vi. Plot graph between mean square displacement and time to get the slope.

vii. Calculate the self diffusion coefficient (D) by Dy = m/6.
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