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Abstract

We study condensation and evaporation of CO, and CH4 mixtures in the
presence of water in a graphite slit-mesopore by using grand canonical Monte Carlo
simulation. The hysteresis loop of CO; and CHj is disappeared at temperature higher
than the critical hysteresis value due to the high thermal motion. The selectivity
between CO, and CHy is decreased with temperature increase which is able to apply
for coal seam gas separation. Interestingly, in the C02/CH4 mixture adsorption, the
uptake of the dominant CO, is increased when temperature is decreased which is
similar to that of pure component adsorption but it is opposite for the weaker CHy. In
addition, the hysteresis loop of CO,/CHy mixture adsorption in slit-pore at 300 K
cannot be found. In contrast, when water is presented in the mixtures the hysteresis
loop of CO, and CHy in the pore at 300K is observed. Because water clusters (during
the condensation process) reduce the adsorbed space (where CO, and CH4 can

condense) under that state.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Significance of the problem

In chemical industry, the design of industrial separation equipment and
heterogeneous chemical reactors [1, 2] requires reliable methods for adsorption
characterization of solids [3} and predicting single and mixture adsorption equilibria,
In many cases the mixture equilibria is desired rather than pure. Therefore there are
considerable interests to develop methods for predicting the adsorption equilibria of
gas mixtures.  Although mixture adsorption can be assessed experimentally,
performing experiments that systematically explore the full range of potential
operating conditions for a material of interest is time consuming. Because of that
significant amount of work has been done on methods to predict mixture adsorption
equilibria such as the lattice solution model by Lee [4], the two-dimensional gas model
by Ross and Olivier [5], and the ideal adsorbed solution theory (IAST) by Myers and
Prausnitz [6]. In recent years, with the improvement of high speed computer, it has
been possible to solve the statistical mechanics problems of adsorption by using
molecular simulation such as Monte Carlo (MC), Molecular Dynamics (MD) {7, 8]
and Density Functional Theory [9, 10]. Molecular simulations can play a useful role
in understanding mixture adsorption because in simulation to get an adsorption
isotherm of gas mixtures is more straightforward and less time consuming than in
experimental work. The use of molecular simulations has been extended to various
works for example in understanding selectivity behaviour in mixture adsorption [11,
12] and, in separation studies of gas mixtures on melal-organic frameworks (MOF)

[13-15].

1.2 Literature review
In the application of molecular simulations to the understanding and the
prediction of adsorption properties of gas mixtures requires the development and the

parameterization of potential models. Most of the studies on adsorption in the



literature utilize the use of the Lennard-Jones potential model (I.J) to describe the
dispersive interaction between fluids. The use of LJ model is preferred especially for
carbon because it is consistent with the usage of the well-known Steele model for
solid-fluid interaction [16] and its molecular parameters are more readily available in
the literature. Furthermore, the MC works well in the adsorption-desorption of simple
gases such as argon, nitrogen, carbon dioxide, methane, and water at least for pure
component adsorptions in ordered mesoporous solid [17-23]. The advantage of this
study is the roles of fundamentals of adsorption that can be applied for solid
characterization and gas separation.

Therefore, the main aim of this study is to study microscopically the capillary
condensation and evaporation equilibrium of gas mixtures in a graphite slit-pore by
using grand canonical Monte Carlo (GCMC) simulation. Because of the interest in
natural gas separation [24-29], we will only focus on the adsorption of CO, and CHy
mixtures. The work will first evalvate the methodology on mixture adsorption of CO,
and CHy and then applied to mixture adsorptions of CO, and CHy in the presence of

water.

1.3 Research objectives

1. To study mixture adsorption of CO, and CHj, in slit-pore at 180 K, 220 K
and 300 K.

2.To study mixture adsorption of CHy/H>O and COx/H,0 in slit-pore at
300 K.

3. To study mixture adsorption of CO,, CH4 and H,0O in slit-pore at 300 K,

1.4 Qutcomes

The fundamental adsorption of the coal seam gas CH4/CO; with the presence
of water will be seen in the level of macro and microscopic picture. Thus, the
knowledge can be used to help the applications. This methods using GCMC
simulation program performing in computer is the safe way. In addition, if it work, it
will be a guideline for makes methane be efficiently and get the amounts which worth

with costs.



1.5 Scope
This research work is divided into two main parts. The first part is focused on
the equal compositions as listed in Table 1.1, and Table 1.2, respectively. The

compositions in Table 1.2 are associated with the real conditions.

Table 1.1 First parts, studying the case which has the same concentrations at

180 K, 220 K and 300 K.
Methane CQO, , H,O
50% 50% -

Table 1.2 Second parts, studying the case which has the same concentrations at

300 K.
Methane CO, H,0
50% - 50%
- 50% 50%
33.3% 33.3% 33.3%
65% 20% 15%

65% 35% -




CHAPTER 11

THEORY AND METHODOLOGY

2.1 Gas adsorption

Adsorption is a process that fluids (Adsorbate) interact with surface of solid
(Adsorbent) on the surface or inside the pore. One of the key when the adsorption is
deal with is the adsorption isotherm. The adsorption isotherm is obtained by
measuring the uptake (The adsorbed amount) as a function of pressure at a given
temperature. Adsorption isotherm can be demonstiated with the increase of pressure
from the emptied pore (Adsorption) or with the decrease of pressure from the filled
pore (Desorption). The hysteresis loop between the adsorption and desorption on
adsorption on surface and in micropore (<2 nm) is mostly reversible. On the other
hand, the hysteresis loop is definitely occurred in mesopore (2-50 nm) due to the
cohesive adsorption [30-35].

The classification of hysteresis loop by TUPAC is shown in Figure 2.1 The
adsorption and desorption branches of H1 are almost vertical and nearly parallel over
an appreciable range of gas uptake. The adsorption and desorption branches of H4 are
almost hortzontal and nearly parallel over a wide range of relative pressure. The
shapes of hysteresis loops are associated with specific pore structures. For example,
porous materials which consist of well aligned, spheres and briquettes can produce an
HI1 type loop line, and materials of this type tend lo have relatively narrow
distributions of pore size. For the H2 type loops, the hysteresis loop is wide, and the
desorption curve is more precipitous than the adsorption curve. This situation usually
occurs when the distributions of pore size radii are wide. The presence of slit-shaped
pores and/or panel-shaped patticles generates the H3 and H4 curves. However, the

exhibition of H4 loops indicates the existence of the micropore [36-41].



Hi H2

H3 H4

Amount adsorbed

Relative pressure

Figure 2.1 The IUPAC classification of hysteresis loop.

2.2 Variables affecting the adsorption isotherm
For a given pairs of adsorbate and adsorbent, the observable macroscopic
variable; (a) the adsorbed amount versus chemical potential (or pressure), called the
adsorption-desorption isotherm, and (b) the heat of adsorption versus loading, called
the heat curve hereafter, are a complex function of a number of key variables:
' (1) Pore topologies: Simple pore, such as parallel slit, cylinder, sphere, to
complex pores, such as arrays of varying sizes in the axial direction.

(2) Surface affinity: Weak surface (such as silicon type) to strong surface
(such as graphite)

(3) Surface chemistry: Without functional group and with functional group:
and type of functional groups (we restrict owrselves to dominant
functional group commonly observed, such as phenolic, carbonyl and
carboxylic) and their positions and orientation on the surface.

(4) Adsorbate: Simple gases to associating fluids. Definitions of these

adsorbates are given in the next section.



(5) Temperature: Sub-critical to supercritical. This is the most important
variable as the mechanisms of adsorption and desorption, as well as the
hysteresis and scanning curves, are strongly affected. It could be used as a
useful variable to our advantage to tune the isotherm and the heat curve so
that more information about the porous structure and surface chemistry

could be derived.

2.3 Intermolecular Potentials

The model used to describe the intermolecular potential of the molecules in
this work is the TraPPE-UA model [42-44] for CO, and CH4. For part of water we
used TIP4P/2005 model [451. The TraPPE-UA model and TIP4P/2005 model are used
because they have been shown to describe the vapor-liquid equilibrium (VLE) really
well and therefore should be the appropriate potential model to describe the adsorption

systems [46, 47]. The parameters of each molecule are summarized in Table 2.1.

Table 2.1 Potential paramefers.

Fluids X ! $ 9
(nm) (nm) (mm)  (om)  (K) (e)
Water

0O 0 0 0 0.31589 932 -

M 0 -0.01546 0 - - —-1.1128
H(l) -0.075695 -0.058588 0 - - +0.5564
H(2) 0.075695 -0.058588 0 - - +0.5564

Carbon dioxide

0 0 0 0 0.3050 79 -0.35

C 0.116 0 0 0.2800 27 0.70

0 0.232 0 0 0.3050 79 -0.35

Methane

CHy (1 site) 0 0 0 0.373 148 -




This work focused on the adsorption of CO,, CH, and H,O mixture. We show
model of these fluids in Figure 2.2 and physical properties in Table 2.2.

v
x

{0.0.0)

(2)

(b)
Y
TIP4P/2005 7
-0.075593 0.075695
- - > X
J ;
1 . -l-J.‘ils-mr E
L @ .
05355%& ' ooseses o

&

(c)

Figure 2.2 The Models of fluid: (a) Methane; (b) Carbon dioxide and
(c) Water TIP4P/2005,



Table 2.2 Physical properties of Carbon dioxide, Methane and Water.

Formula Carbon dioxide Methane Water
CO, CH, H-O

Molecular 44.0005 16.0425 18.0153
weight
Normal boiling
point, Tyon(K) 216.6 11[.£0.2 373.1243
Critical
temperature, Tc 304.18 190.6 +0.3 647.096
(K)
Critical
pressure, P.(bar) 73.80 46.1 0.3 220.64
Triple
temperature, 216.58 90.67 £ 0.03 273.16
Ttriple (K)
Triple pressure,
Pyipic (bar) 5.185 0.1169 + 0.0006 0.0061
Dipole moment 0.0 0.0 1.855

{Debye)

The non-bonded interactions of pseudoatoms are described by Lennard-Jones

(LJ) interactions:

T

(a.b) _ %
‘Pij = 4¢(@h) [( @)

(a,b)

iJ

&

(a.b)
i.]
rlab)

Li

)]

2.1

where ¢ is the well depth of the interaction potential and o is the collision diameter.

i and j refer to particle i and particle j, while @ and b refer to the L] sites.

The

quadrupolar interactions of arene ring are described using three partial charges and the

Coulomb potential:

P

(@b) — 1 49
iJ Aney )

Lf

where &, is the permittivity of free space (& = 8.8543 x 107" CH'm™),

Q.2)



The interaction potential between the adsorbate and the graphite surface is
calculated with the Steele 10-4-3 equation [16]:

10 4 4
= 2 |L(Tss\" _L(os\* g
Psf = 41r83fpsasf [5( z ) 2( z ) 6A(z+0.61A)3] (2.3)

where p; is the surface density of solid, A is the interlayer graphite spacing. The
values of p; and A for graphite are 38.2 nm? and 0.3354 nm, respectively, while the
molecular parameters o;; and &,/ for carbon are 0.34 nm and 28 X, respectively. The
graphite slit-pore as shown in Figure 3 is considered in this work. The 3 nm pore

width is considered as a mesoporous solid for the whole work.

Figure 2,3 Graphitic slit-pore model.

The mixing rule used for determining the cross interaction parameters is the

Lorentz-Berthelot (LB) mixing rules define as:
01 = %(011 + 032) 2.4)

&3 = (eny - 1)/ | @2:5)
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2.4 Methodology

Grand Canonical Monte Carlo (GCMC) Simulation is adsorption simulations
are carried out using the grand canonical Monte Carlo technique [7, 8]. In GCMC, the
temperature, volume and bulk pressure (chemical potential) are specified. For single
component simulations, three types of (rial are used: attempt to move and rotate, to
delete, and to insert particles with microscopic reversibility requires such that an equal
number of creation and deletion are made. In the multi-component simulations, the
types of trial are similar to the pure component one but with an additional type of trial

which is to swap the component identity of particles.

Displacement: P = min{ 1; exp(—ﬁ(U“ —Un)} (2.6)
. V
Insertion: P =min{1,——exp[-AWU, - 2.7
sertion mm{ N exp[-BU, UO)]} (2.7)
Deletion: P = min {1,%exp[—ﬂ(U U 0)]} (2.8)
%
Swap i—j: P =min {l’z,.(j\fj—iv-ii-l)exp -8, —U{,)]} 2.9

The subscripts i and j refer to the two components in a binary interaction, N is
the number of molecules in the system before the MC move, V is the volume of the
simulation box, f = 1/(kg1) where kg is the Boltzmann constant and 1 is the
temperature, U, and U, are the energies of the configuration after and before the move,
respectively, and z; is the absolute activity given by, z; = exp(u#/ksT)/a’> where 4 is the
thermal de Brogliec wavelength.

The box length is more than 10 times the collision diameter for infinite
length, and the cut-off radius taken to be half of the box length. The number of cycles
for the equilibration and statistics collection steps was 50,000 each. In each cycle,

there are 1,000 moves.
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For the case of pore adsorption, the pore density (ppor) is defined in absolute

and excess quantities

ABs _ M) . pxc _ (N -0bvgec 2.10
Ppore Voo * PPOTE Vece (2.10)

where p;, is the bulk molecular density, A is surface area of one wall of the simulation

box, (N ) is the ensemble average of the number of particles in the pore, and v, is

the accessible pore volume.
There are 4 Monte Carlo moves in Grand Canonical Monte Carlo (GCMC);
(1) Insertion, (2) Deletion (3) Displacement Move and (4) Swap particles.

(1) Insertion; A random position in the simulation box is selected to insert a
patticle. To accept the insertion the total energy of the system before and
after move must be calculated. If the system i1s stable (Ujqa1<0) we accept.

(2) Deletion; A particle in the simulation box is selected randomly to delete.
To accept the deletion the total energy of the system before and after
move must be calculated. If the system is stable (Ua<0) we accept.

(3) Displacement; A particle in the simulation box is selected randomly to
displace. To accept the displacement move the total energy of the system
before and after move must be calculated. If the system is stable
(Uoia<®) we accept.

(4) Swap; A particle in the simulation box is selected randomly to be
changed.

The number of cycles for an equilibration step and for statistics collection

was 50,000. In each cycle, there are 1000 steps to insertion, deletion and displacement

move with equal probability [31, 48, 49].
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Insertion

¥ Deletion

Figure 2.4 The grand canonical Monte Carlo (GCMC) simulation box.

Move proceeds as follows:

(1) Randomly select the move type as an insertion or a deletion with equal
probabilities; randomly select a particle j that acts as the target for the
swap move,

(2) Ttitis selected as an insertion move, then a particle chosen from the ideal
gas phase is placed randomly inside the in region of particle j, or
otherwise, if it is a deletion, then a particle to be deleted is chosen
randomly from the in region of particle j.

(3) Calculate the potential energy difference between the initial state.

(4) Accept this move with the following set of acceptance probabilities.



CHAPTER 111

RESULTS AND DISCUSSIONS

3.1 Adsorption of COy/CH, mixture

We first investigate the effects of temperature on the hysteresis loop of
CO,/CH4 mixture adsorption in 3nm width slit-pore as shown in Figure 3.1. As
temperature is increased, we observe the following; (1) the hysteresis loop becomes
smaller and disappeared at the critical hysteresis temperature because adsorption at
high temperature has a high thermal motion that can be seen by the snapshots in
Figure 3.1; (2) The selectivity of the mixture is slightly decrease with temperature
increase which CO, dominates CHy. This point of view is advantaged for coal seam
gas application that CH, can be replaced by CO,. The interesting is that we have
known about pure component adsorption that when temperature is decrease the
adsorbed amount 1s increased. This is true for the dominant CO, but opposite for the
weaker CH,.

Interestingly, the hysteresis loop of the dominant CO; shows Type H1 which
is a typical adsorption of a pure simple gas in slit-pore. In contrast, the hysteresis loop
of CH, shows an abnormal type, the desorption branch at high pressures (where
desorption branch of CO; leave its adsorption branch) is lower than its adsorption
branch. Due to when the pore is just completed. The system is more packed for further
pressure increase which the competition of CO, is extremely higher than CHy,
resulting the deciease of CHy amount during the packing process. On the desorption,
the pressure is decrease the mixture of packing in the pore is relaxed, get less
structured adsorption. From this stage, CO; is initiated from a high packing than that
of the previous lower pressure, while CHy is started from a lower packing than the
previous lower pressures as mentioned above, The amount adsorbed of CHy is crossed
the condensation branch then evaporated at the same pressure as CO, when pressure is
further decreased. In the case for adsorption-desorption of CO,/CH4 mixture (65:35) in
3 nm width slit-pore at 300 K and 180 K which according to the real composition in

nature is provided in the Appendix which we found is tendency similar that of (L:1).
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35

—e— COzadsorption at 180K
—o— CO2 desorption at 180K
—e— COz adsorption at 220K
—o— CO2 desorption at 220K
—a— GO2 adsomtion at 300K
| o €O desorption at 300K
—a— CHy adsorption at 180K
—0— CHy desorption at 180K
—a— CHjy adsorption at 220K
—0— CHg desorption at 220K

: OS] s CHy adsorption at 300K
goth ~g— Hg desorption at 300K

108

Pore density (kmollm‘?’)

Pressure (kPa)

(a)

10
—u— CHy adsorption at 180K

—— CHy desorption at 180K
8 ~tpj —=— CHy adsorption at 220K

= —o— CHy desorption at 220K
P/ = CHy adsorption at 300K
6 1 —o— CHg desorption at 300K

Pore density (kmollm3)

101 105

Pressure (kPa)

(b)

Figure 3.1 Adsorption-desorption of CO,/CH; mixture (1:1) in 3 nm width
slit-pore at different temperature from 180-300 K: (a) CO; and CH,
isotherms and (b) CH, isotherms.
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ads. 40,000Pa

CH,
o)
c

C(2)

e e 8

(b)

Figure 3.2 Snapshots of CO,/CH, mixture (1:1) adsorption in the slit-pore at
(a) 180 K and (b) 300 K, when monolayer is approximately completed,
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3.2 Adsorption of CO,/H;0 and CH4#/H;0O mixtures

We then study the adsorption-desorption of CO, and CHy in the presence of
water at 300 K. Because this conditions is operated in the real coal seam gas. The
excess pore density of CO,/CH, as a function of pressure at 300 K is provided in the
Appendix to compare with the excess pore density obtained from experimental work
from the literature. The humidity is one of the problems in the real system. Water can
affect the selectivity between CO; and CH4 mixture. We present in Figures 3.3 and 3.4
CO./H,0O and CH4/H,0 adsorptions, respectively, in 3 nm width slit-pore at 300 K.
It has been found that water dominates the other adsorbates. Water can be condensed
in mesopore and the hysteresis loop of walter is lype H1. However, very interesting
that the capillary condensation of CO, and CHy is formed at the same pressure as
water in this pore and (emperature that we cannot observe in the case of without water.
Similarly, the hysteresis loop of the two dominated adsorbates CO, and CH4 shows the
abnormal loop as we have found for CHy in the case of CO,/CH; in the last section

with the same reason.
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Figure 3.3 Adsorption-desorption of COy/H,0 mixture (1:1) in 3 nm width
slit-pore at 300 K: (a) CO, and H,O isotherms and (b) CO,

isotherms.
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isotherms,



3.3 Adsorption of CO,/CH,/H,0 mixture

We now explain why the capillary condensation and evaporation of CO; and

19

CH, can be found in this 3 nm width slit-pore at 300 K with in the presence of water.

Figure 3.5 shows the adsorption-desorption of CO»/CHs/H,0O mixture in 3 nm width

slit-pores at 300 K. The hysteresis loop of water is Type H1. The condensation and

evaporation of CO; and CH, are found at the same pressure of water.
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Figure 3.5 Adsorption-desorption of CO/CH/H,O mixture (1:1:1) in 3 nm width
slit-pore at 300 K: (a) CO;, CHy and H,O isotherms; (b) CO,

isotherms and (¢) CH, isotherms.
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When water cluster begins at the Point A, CO, and CHy are gradually
increased, adsorbed into the empty space of pore as show by snapshots in Figure 3.6
Further pressure increases to Point B the sharp condensation of water is formed where
water clusters merge together as shown by snapshot, resulting the empty space in the
pore is smaller than CO; and CH4 can be condensed. During the packing process at
Points D and E, the amount adsorptions of CO, and CH, are extremely decrease as we
have described in the last section. Upon the desorption, when water is gradually
evaporated at Point F, CO, and CHy4 uptakes is slightly increased than the previous
higher pressures. Due (o there is an empty space for CO, and CH, to adsorb at this
state. The hysteresis loop of CO, and CHy in the present water in 3 nm width slit-pore
at 300 K have been observed which cannot be found in the case of without water. In
the case for adsorption-desorption of CO,/CH4/H,0 mixture (20:65:15) in 3nm width
slit-pore at 300K which according to the real composition in nature is provided in the

Appendix which we found is tendency similar to that of (1:1).
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Figure 3.6 Snapshots of CO»/CH,/H,0 mixture (1:1:1) in 3 nm width slit-pore at
300 K: (a) Adsorption at 40,000 Pa and (b) Adsorption at 70,000 Pa.



CHAPTER 1V

CONCLUSIONS

We have presented condensation and evaporation of CO,, CHy and water
mixtures in a mesoporous solid using GCMC. We have concluded by the following:

L. For adsorption of CO,/CH, mixture, the amount of CO, adsorbed is higher
than that of CHy. This point of view is advantaged for coal seam gas application that
CHj can be replaced by CO,.

2. For adsorption of CO,/CHa/H»>0O mixture. When water was introduced, the
amount of CO, and CHy adsorbed is decreased. Water can be condensed more than
that of CO, and CH4. Intermolecular forces of water are stronger than CQO, and CH, to
be the cause of a large hysteresis loop.

3. Temperature has an effect on adsorption. The height temperature, the
amount of COo/CH4/H,O mixture at 180 K adsorbed higher than at 300 K. The
hysteresis loop becomes smaller and disappeared at the critical hysteresis temperature
because adsorption at high temperature has a high thermal motion. So, the hysteresis
[oop at 180 K has a larger than at 300 K.

4. In the COy/CH4 mixture adsorption, the uptake of the dominant CO, is
increased when temperature is decreased but it is opposite for the weaker CHy. The
interesting is that we have known about pure component adsorption when temperature
is decrease the adsorbed amount is increased. This is true for the dominant CO, but
opposite for the weaker CHy.

5. The hysteresis loop of CO/CHs mixture is disappeared at 300 K.
However, when water is presented in the mixtures the hysteresis loop of CO; and CH,4

in the pore at 300 K is observed.
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Adsorption of CO,/CH, mixture
The excess pore density of CO,/CHy as a function of pressure at 300 K to

compare with the excess pore density obtained from experimental work from the

literature.
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Figure Al The excess pore density of CO2/CH, as a function of pressure (a) The
experimental data at 318.15 K are from the literature [27] (b) The
results obtained from GCMC are at 300 K.
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Adsorption-desorption of CO,/CHy mixture (35:65) in 3 nm width slit-
pore at 300 K and 180 K which according to the real composition in nature (Figure

A2)
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Figure A2 Adsorption-desorption of CO,/CH, mixture (35:65) in 3 nm width slit-
pore: (a) at 300 K and (b) at 180 K.
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To understand the microscopie picture of mixture adsorption on the slit pore, we
presented in Figure A3 and A4.
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(@) (b)

Figure A3 Snapshots of CO,/CH, mixture (35:65) adsorption in the slit-pore at
300 K: (a) Side view and (b) Top view when monolayer is

approximately complete.

0 & i0 15 2 25

(a) (b)

Figure A4 Snapshots of CO,/CH,; mixture (35:65) adsorption in the slit-pore at
180 Kz: (a) Side view and (b) Top view when monolayer is

approximately completed.



Adsorption of CO»/CH/H,0O mixture
Adsorption-desorption of CO,/CHy/H,0O mixture (20:65:15) in 3nm width slit-

pore at 300 K which according to the real composition in nature (Figure A5).
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Figure A5 Adsorption-desorption of COyCH/H,0 mixture {20:65:15) in 3 am

width slit-pore at 300 K,
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Figure A6 Snapshots of CO,/CH/H,O mixture (20:65:15) adsorption in the slit-
pore at 300 K: (a) Side view and (b) Top view:
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