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The study of effects of pore morphology on the adsorption behavior of fluid in
porous carbons using a Monte Carlo (MC) simulation method is presented in this
thesis. This research is divided into three parts. The first part is focused on the
adsorption behaviors of aromatic hydrocarbons such as benzene, toluene, and xylene
(BTX). A grand canonical Monte Carlo (GCMC) simulation is applied to investigate
the adsorption of benzene on a simple solid model of a graphene surface to see
whether the different fluid models can affect the adsorption isotherm. It is found that
the adsorption isotherm and isosteric heat obtained by simulation results are in good
agreement with experimental data at various temperatures. In addition, the order of
adsorption affinity in a cylindrical pore is the same as that for a surface and slit-pore
(B < T < X) and the packing order is not affected by the surface curvature (B > T > X).

In the second part, connected pores with different pore structures and
geometries, single slit-pore, single slit-pore closed at one end, two pores connected
and bottle-pore are used to study the adsorption isotherm, hysteresis loop and
equilibrium phase transition of of argon and benzene. A Bin grand canonical Monte

Carlo (Bin-GCMC) simulation is introduced to investigate the adsorption isotherm



and hysteresis loop whereas the Mid-Density scheme is applied to determine the
equilibrium phase transition in the pores. Pore blocking and cavitation are dictated by
the size of the neck, and are somewhat insensitive to the neck length. When the neck
size is smaller than some critical value, cavitation is the dominant mechanism;
otherwise pore blocking is the mechanism for evaporation. The equilibrium phase
transition in pores having pore blocking and cavitation is determined. We found that it
has three stages; the first stage is exhibited second-order like transition indicated in
the neck and closed to desorption branch while third stage is associated with the
cavity exhibited as first-order transition and closed to adsorption branch. The second
stage joining the other two stages and it falls between the adsorption and desorption
branches.

The adsorption of water in a bottle pore model exposed to bulk and activated
carbon is studied in the final part. There are two unusual behaviors for water
adsorption in porous carbons found in this work. One is the unusual temperature
dependence of water adsorption in activated carbon which is happened in the range of
temperature where closed to melting point of water. The water uptake at low
temperatures is lower than that at high temperatures. The other observation of water is
that pore blockage in bottle-pore is occurred for water adsorption which is not found

that for simple fluid like argon.
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CHAPTER |

INTRODUCTION

1.1  Significance of the Problem

Porous carbons are widely used in adsorption processes for separation,
purification, and catalysis purposes, because of their large micropore and mesopore
volumes and the high surface area. The adsorption and phase behavior of fluids in
carbon pores has been studied extensively. Like any industrial process, a good design
and optimization of industrial adsorption processes rely upon the theoretical
understanding of their underlying phenomena. To design the adsorption processes, it
is important to understand the thermodynamic equilibrium. The amount of adsorbent
needed in an adsorber is determined by the equilibrium data, and the selection of an
effective adsorbent depends on its adsorption isotherm. The heat of adsorption yields
valuable insights into the mechanism of adsorption. It is a critical thermodynamic
property for the design of adsorption processes because it can be used to estimate the
heat released or consumed during the adsorption or desorption processes.

Experimental observations alone cannot allow us to understand the adsorption
behaviors of fluid in porous solids; this is due to the wild range of pore size varied
from micropores to mesopores and their peculiar morphologies. Therefore, a
computer simulation for adsorption of fluid is now commonplace with application
ranging from elucidating the structures and properties of fluid to the study of systems
involving hazardous or difficult to synthesize adsorbates. The principal computational

methods wildly used nowadays are a molecular dynamics (MD) and a Monte Carlo



statistical mechanics (MC) (Allen and Tildesley, 1987). The success of these tools in
prediction the adsorption isotherm depends on the appropriate choice of
intermolecular potential models. There are many fluid-fluid interaction models
available in the literature; one of the simplest equations is the Lennard-Jones (LJ) 12-6
equation. This is an empirical equation, contained two parameters the collision
diameter, o, and energy well depth, . These parameters are usually obtained from the
fitting of the simulation results against some appropriate macroscopic quantities. The
popular use of the LJ 12-6 equation rather than other equation in adsorption problems
is that it is consistent with the usage of the well-known Steele 10-4-3 equation for
calculating the fluid-solid interaction energy. Even with this very simple form of LJ
12-6, there are many different sets of molecular parameters available in the literature
for a specific adsorbate. Some were obtained by using the second virial coefficient,
while some were obtained from the matching between the simulation results and fluid
properties such as gas viscosity, liquid radial density distribution, spectroscopic data,
and the vapor-liquid equilibrium (VLE), etc.

Hysteresis associated with capillary condensation in porous materials have
been the subject of immense interest over 100 years (Horikawa et al., 2011),
especially the mechanics behind the hysteresis and its dependence on the pore
topology, the pore parameters (such as pore width and length), and temperature. It is
reported that the adsorption in simple mesopores always exhibits hysteresis when
temperature is less than the critical hysteresis temperature and pore size is greater than
a critical value (Morishige, 2008; Morishige and Tateishi, 2003) and the
characteristics of hysteresis loop depend on the material examined, the adsorbate and

the temperature (Kruk and Jaroniec, 2003; Morishige and Tateishi, 2003). Thus, for a



given adsorbate and temperature, the adsorption and desorption branches of the
isotherm depend on the material properties: the pore size distribution, the pore shape
and connectivity (Fan et al., 2011; Grant and Jaroniec, 2012; Horikawa et al., 2004;
Lu and Schuth, 2006; Nguyen et al., 2011; Reichenbach et al., 2011). No matter what
the properties are, the existence of the hysteresis is attributed to the metastable states
of the adsorbed layer along the adsorption branch and those of the liquid condensates
along the desorption branch (Neimark and Vishnyakov, 2000).

The adsorption of simple fluid such as argon, krypton, nitrogen, methane, and
carbon dioxide on porous carbons has been studied which is useful as a basic
understand for more complex fluids, however, the adsorption of complex fluids still
needs to be implemented. Among these complex fluids, aromatic hydrocarbons,
benzene, toluene, and xylene (BTX) are interesting for sciences and engineers; this is
due to that they are hazardous organic compounds emitted from the chemical and
petrochemical industries. It has been reported that these aromatic hydrocarbons are
neurotoxic and consequently cause diseases of the nervous system and sterility (White
and Proctor, 1997). Stricter environmental regulations require that aromatics must be
removed before the effluents can be safely discharged into the environment. Among
the various available technologies, adsorption is the simplest mean to achieve this
goal due to its low energy consumption. While an activated carbon (AC), silica gel,
and zeolite are the possible candidate adsorbents, AC is preferable because of its non-
polar surface and high surface area. To understand the basic interaction between BTX
and graphitic walls better, physisorption of the simplest aromatic hydrocarbon,
benzene, on a graphite (or graphitized thermal carbon black) surface has been studied

both experimentally (Avgul et al., 1958; Avgul et al., 1959; Belyakov et al., 1968;



Berezin et al., 1972; Berezin et al., 1970; Carrott et al., 2000; Davis and Pierce, 1966;
Isirikyan and Kiselev, 1961; Isirikyan and Kiselev, 1963; Pierce and Ewing, 1967
Pierotti and Smallwood, 1966) and theoretically (Do and Do, 2006; Matties and
Hentschke, 1996a; Matties and Hentschke, 1996b; Vernov and Steele, 1991a; Vernov
and Steele, 1991b). The fundamental understanding of this adsorbate-adsorbent
interaction is the basic step to better design for adsorption of aromatic hydrocarbons
in pores whose walls are graphitic; such as activated carbon (Lai et al., 2010; Yun et
al., 1999), carbon nanotubes (Masenelli-Varlot et al., 2002; Terzyk et al., 2009) and
ordered solids with hexagonal pores (Morishige, 2011a; Morishige, 2011b; Wang et
al., 2011).

Water adsorption on porous carbons is also widely studied in the literature
because water adsorption in porous carbons is significantly different from that of
simple fluids such as argon, nitrogen, carbon dioxide, and hydrocarbons. The main
source differences come from the strong water-water interactions as hydrogen bond,
the weak water-carbon interactions, and the formation of hydrogen bond with
oxygenated groups on carbon surface. Thus, the adsorption of simple fluids in porous
carbon cannot be used to describe the behavior of water in the corresponding
materials.

Activated carbons can be prepared from a wide variety of precursors, thus
their amorphous pore structure is the most difficulty for pore characterization.
However, molecular simulation offers the possibility of studying the effects of pore
structure and geometry on the adsorption of fluid in order to better understand in
adsorption behavior of different adsobates in activated carbon. This research will play

more attention on the effects of pore morphology and structure of porous carbons on



the mechanism of adsorption-desorption especially hysteresis loop. The adsorption of

complex fluids, BTX and water on carbon surfaces is also a challenge issue in this

study, the simulation results will be used to describe the adsorption mechanism of

these fluids. To achieve these; a Grand Canonical Monte Carlo (GCMC) simulation is

used as a tool in this study.

1.2 Research Objectives

The aim of this research work is to study the effects of pore morphology on

the adsorption of fluid in porous carbons by using Monte Carlo simulation. This is

achieved through the following specific objectives.

1.

To develop the GCMC method to study benzene adsorption on graphitized
surface using different models of benzene and compare the simulation
results with experimental data to test whether which model can describe
well the adsorption behavior of benzene.

To develop the GCMC method to study BTX adsorption on graphitic
surface as well as in pores whose shape is either slit or cylinder to study
the effect of pore structure on the adsorption mechanism of aromatic
hydrocarbons with different sites of methyl group.

To develop the Bin-GCMC and Mid-Density scheme methods to
investigate the adsorption hysteresis loop and the equilibrium phase
transition, respectively, in slit pores for argon and benzene.

To develop the Bin-GCMC and Mid-Density scheme methods to
investigate hysteresis loop and determine the equilibrium phase transition,

respectively, in slit-shaped ink-bottle pores for argon.



5. To investigate polar fluid of water adsorption in either activated carbon or
ink-bottle pore using Bin-GCMC simulation to study the effect of pore
morphology on adsorption of polar fluid and compare the results with

those obtained for non-polar fluid of argon.

1.3  Scope of Works

The present research is focused on Monte Carlo simulation to study the effects
of pore morphology on the adsorption of fluid in porous carbons. The study is
separated into three main parts.

Aromatic hydrocarbons such as benzene, toluene, and xylene (BTX) are used
in the first part of this work in order to study the adsorption on graphitic surface and
in pores. To study the accuracy of the fluid models, we develop the GCMC simulation
to investigate benzene adsorption on graphite surface at different temperatures and
compare the simulation results obtained from different fluid models with experimental
data. Furthermore, the adsorption of BTX on graphitic surface, slit- and cylindrical
pores is investigated to study the affinity and packing.

In the second part, Slit-shaped ink-bottle pores are used to study the
adsorption of non-polar gases, argon and benzene, using Bin-GCMC. The acceptance
probability of the Bin-GCMC is based on local density which is more effective rather
than the conventional GCMC. Slit-shaped ink-bottle pores consisting of simple slit-
pore, single slit-pore closed at one end, two pores connected and bottle-pore with a
cavity connected to one neck are used in this part. All of the pores considered in this
part are of a finite length and are connected to a bulk reservoir so that they mimic real

materials for which confined fluid is always in contact with the external gas phase.



Not only the different of the pore structures is addressed in this part but their length
and width are also varied. For a bottle pore, the desorption occurs either through pore
blocking effects or cavitations depending on the pore width. In addition, a mechanism
behind the hysteresis loop which is the equilibrium phase transition in pores is
determined by using the Mid-Density scheme.

In the final part of this work, effects of pore morphology on the adsorption of
polar fluid in porous carbons are carried out using the Bin-GCMC method. The solid
models used are a single slit-pore and bottle-pore considering as finite length exposed
to bulk reservoirs. Here, water is used as a representation for polar molecule while
argon is that for non-polar molecule. The adsorption of polar and non-polar fluids in a
bottle pore is investigated and compare to each other. In addition, evidence from
experiment will be done in this work for water adsorption in activated carbon
prepared from coconut shell with physical heat treatment in a fixed-bed, Boehm
titration and ASAP2010 Micromeritics are used to measure surface functional groups
and physical properties, respectively. Water adsorption isotherm is measured by using
an intelligent gravimetric analyzer (IGA) and its observation is explained by GCMC
simulation qualitatively.

In order to complete the whole goal, we divide the whole works into eight
chapters; CHAPTER | presents the significance of the problem and the specific
objectives. CHAPTER 11 represents the theory involving in this work, for example,
the conventional Monte Carlo simulation and the Bin Monte Carlo simulation are
taken into account to investigate the adsorption and isosteric heat of fluid in
adsorbent. To determine the equilibrium phase transition in pores the Mid-Density

scheme which is the consequence of Bin-CMC and Bin-GCMC simulations is



described in this chapter as well. Results and discussion corresponding to each
specific objective are presented in CHAPTER 11l to VII. The last CHAPTER VIII
presents conclusions and recommendations for future work. The publications of this

work are listed in an APPENDIX.
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CHAPTER Il

THEORY

2.1 Gas Adsorption and Hysteresis

Gas adsorption is a widely used technique to investigate the morphology of
porous materials. In discussions of adsorption in these materials it is customary to
distinguish between micropores and mesopores, broadly speaking, the capillary
condensation phenomena are observed in the latter, while in the former, isotherms do
not exhibit this transition, and micropore filling (and cooperative filling) is the
dominant mechanism. It is noted that real materials contain pores ranging from
micropores to macropores, and there are ranges of pore sizes where an overlap

between these two mechanisms of adsorption occurred as shown in Figure 2.1.

Cavity

Micropore

Mesopore

<«——— Macropore

Figure 2.1 Schematic described of different types of pore sizes
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The mechanism of adsorption of simple gases in mesoporous materials begins
with the formation of a monolayer on the surface followed by multilayer formation
(unless the temperature is low enough, adsorption on higher layers occurs before the
lower layers are completed and this is due to the molecular thermal energy) and
finally by capillary condensation. At temperatures below the critical point, the amount
of gas adsorbed in a porous material increases with increasing relative pressure.
Isotherms are classified into six types according to the International Union of Pure
and Applied Chemist (IUPAC) classification. Figure 2.2 shows the six main
adsorption isotherm types. All adsorption isotherms should be categorized by one or a
combination of two or more of these isotherms. The detail of each isotherm is
outlined below.

Type | isotherm. This isotherm is the Langmuir type, showing a monolayer

coverage adsorption. The adsorbents are dominated by microporous structure. The
majority adsorption occurs at relative pressure below 0.1 and usually complete at the
relative pressure approximately 0.5.

Type Il isotherm. It involves the BET adsorption mechanism, monolayer

coverage is followed by multi-layering at high relative pressures.

Type 11l isotherm. This class of isotherm exhibits a characteristic of weak

adsorbate-adsorbent interactions leading to a low capacity of the uptake at low
relative pressures. This behavior usually occurs in the adsorption of water on
activated carbon because of the non-polar nature of the carbon surface. However, the
presence of the oxygenated surface functional groups of activated carbon may act as
the primary sites for water to adsorb on, and then this adsorbed molecule further acts

as the secondary site for the other water molecules to adsorb on by hydrogen bonding.
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The growing of the water cluster around the oxygenated group leads to rapid uptake at

higher relative pressures.

Type 1V isotherm. The general behavior of this isotherm is the same as type 1l

isotherm, but this type exhibits a limit uptake when the pressure approaches the
saturation pressure. The hysteresis loop is generally associated with the filling and
emptying of the mesopores by capillary condensation.

Type V isotherm. This isotherm type is the same as the type Ill, the

differences are the limit uptake and the presence of hysteresis loop. The water
adsorption isotherm on activated carbon may be classified as type V.

Type VI isotherm. This isotherm shape is due to the complete formation of

monolayer before the progression to a subsequent layer.

%

Amount adsorbed

Relative pressure

Figure 2.2 The IUPAC classification of isotherms

Type IV and V, show a hysteresis loop associated with the filling and
emptying of the mesopores by capillary condensation and evaporation, respectively.

There have been many studies reporting different isotherms, many of which exhibit a


http://www.sciencedirect.com/science/article/pii/S0001868611001497
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hysteresis loop. These hysteresis loops were subsequently classified into four types by
IUPAC, and these are shown in Figure 2.3. The shapes of the adsorption hysteresis
loop have been attributed to particular pore shapes. Type H1 loop, which is narrow
with very steep and parallel adsorption and desorption branches, is associated with
adsorbents with a narrow and uniform pore distribution such as MCM-41 (Kresge et
al., 1992), SBA-15 (Zhao et al., 1998) etc., both of which have open-ended pores.
Type H2 hysteresis loop has a broad loop with a gradual uptake on adsorption and a
very steep desorption branch and it is typically observed with porous materials having
networks of interconnected pores of progressive sizes and shapes. Type H3 and H4 do
not terminate in a plateau at relative pressure, and thus, the limiting desorption
boundary curve is not easy to define. Type H3 loop is associated with solids having
aggregates of platy particles or solids containing slit-shaped pores, and type H4 loop

is observed for solids having narrow slit-shaped pores, such as activated carbons.

Amount adsorbed

m/

Relative pressure

Figure 2.3 The IUPAC classification of hysteresis loop
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2.2  Fluid Models

The single-site Lennard Jones (LJ) 12-6 and Steele 10-4-3 potential energy
equations have been shown to give a good description of adsorption of small pseudo-
spherical molecules on surfaces and in pores. For argon, the molecular parameters are
e/ks = 119.8 K and ¢ = 0.3405 nm (Do and Do, 2005b; Hauschild and Prausnitz,
1993).

For benzene model, high-level ab initio quantum mechanical calculations have
been computed for dimers (Zhao and Truhlar, 2005), trimers (Tauer and Sherrill,
2005), and tetramers (Tauer and Sherrill, 2005), but their applications in condensed
phases and larger systems are limited because of the long computation times required.
As an alternative, empirical potentials (or force fields) are generally obtained by
deriving their molecular parameters and partial atomic charges from fitting simulation
results to the experimental data such as the liquid density, heat of vaporization and
vapour-liquid equilibrium. Most of the general force fields, such as AMBER (Cornell
et al., 1996), OPLS (Jorgensen and McDonald, 1998), and CHARMM (Feller and
MacKerell, 2000), are fitted to the experimental data at ambient conditions and their
application to other temperatures has not been tested, while the anisotropic OPPE
force field (Ahunbay et al., 2005; Contreras-Camacho et al., 2004), and the exp-6
force field for benzene (Errington and Panagiotopoulos, 1999) are limited because the
C—H bond are neglected and no electrostatic interactions are accounted for. The
better empirical potential models for benzene come from the TraPPE family, TraPPE-6
(Wick et al., 2000), TraPPE-UA-9 (Wick et al., 2002) and TraPPE-EH (Rai and

Siepmann, 2007). These models provide more accurate liquid and vapour densities,
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vapour pressures, and heats of vaporization over a wide range of temperatures than
the other models.

From an assessment of the various potential models for benzene that are
currently available in the literature, we selected three models and tested them for their
description of benzene adsorption on a graphite surface. The first model is TraPPE-UA-9
model with 6 LJ sites and 3 charges that account for quadrupole moment. The 6
dispersive sites lie at the centres of the carbon atoms and the C—C bond length is
1.40 A. The positive partial charge (+2.42 e) is put at the centre of the benzene ring,
and two negative partial charges (—1.21 e) are placed at a distance of 0.785 A on both
sides of the ring along a normal to the ring. The second model is the OPLS-AA
model, which was proposed originally by Jorgensen and Severance (Jorgensen and
Severance, 1990), and was tested by Rai and Siepmann (Rai and Siepmann, 2007)
who showed that it gives a good description of the vapor-liquid equilibria (VLE) data
at room temperature. This model has 12 dispersive sites and 12 partial charge sites at
the centres of the carbon atoms and hydrogen atoms. The C—C and C—H bond lengths
are 1.40 and 1.08 A, respectively. Finally, the new TraPPE-EH model proposed by
Rai and Siepmann is also studied in the present work. Again this model has 12
dispersive sites and 12 partial charge sites centered on the carbon and hydrogen
atoms; the C-C and C—H bond lengths are 1.392 and 1.08 A, respectively, but differ
from the TraPPE-EH model in the values of the parameters. The parameters of these

three models are listed in Table 2.1.
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Table 2.1 Potential parameters of benzene for three potential models

model group c(A) ks (K) q (e)
TraPPE-UA-9
(Wick et al., 2002) CH 3.74 48.00 )

z=0 +2.420
z=+0.785 A -1.210

OPLS-AA
(Jorgensen and Severance, 1990) ¢ 395 35227133 0115
H 2.42 15.09743  +0.115

TraPPE-EH
(Rai and Siepmann, 2007) ¢ 3.60 30.70 —0.09
H 2.36 25.45 +0.095

It has been found in our previous work (Klomkliang et al., 2012) that the
TraPPE-UA models (Wick et al., 2002) comprising six LJ sites and three charged
sites can describe the experimental data for fluid benzene reasonably well, and we
will employ this model here to study BTX adsorption on graphitic surface and in
pores. The six LJ sites are at the centres of the carbon atoms of the aromatic ring with
a C(aro)-C(aro) bond length of 1.40 A. For toluene and xylene (only p-xylene is
taken in this work), additional dispersive sites are located at the centre of mass of the
carbon atom of the methyl group and C(aro)-CHs; bond length is 1.54 A. A positive
partial charge (+2.42 e) is placed at the centre of the benzene ring, and two negative
partial charges (—1.21 e each) on both sides of the ring are placed at a distance of
0.785 A normal to the ring to account for the quadrupole. Since toluene has a dipole,
we investigate the effects of dipole by using the OPLS-AA model (Jorgensen and

Nguyen, 1993). The molecular parameters of these models are listed in Table 2.2.
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model group o (RA) | eks (K) q (e)
(wl:flztp ;EI.,UZ'?J\OZ) CH 3.74 | 48.00 i
C 3.88 21.00 -
CHs 3.75 98.00 -
z=0 +2.420
z=%0.785 A -1.210
bond length
C(aro)-C(aro) 1.40 A
C(aro)-CHs 1.54 A
(Jorgenser? aPnI(_jSNguAyen, 1993) X 3.55 35.227 —0.115
H 2.42 15.097 +0.115
CHjs 3.80 85.513 +0.115
bond length
C(aro)-C(aro) 1.40 A
C(aro)-H 1.08 A
C(aro)-CHs 1.51 A

There are many different models of water have been proposed; they can be

classified by the number of points used to define the model (atoms plus dummy sites),

whether the structure is rigid or flexible, and whether the model includes polarization

effects. We believe that a good prediction of vapor-liquid equilibria (VLE) is a

prerequisite for adsorption studies (Do et al., 2005; Do and Do, 2005a; Do and Do,

2005c; Do and Do, 2005d; Do et al., 2004). Therefore, we shall consider the

TIP4P/2005 model (Abascal and Vega, 2005) to represent with only dispersive and

Coulombic forces. The molecular parameters of this model are listed in Table 2.3.

There are four interaction sites. Three of them are placed at the oxygen and hydrogen

atom positions, respectively. The other site, often called the M site, is coplanar with
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the O and H sites and is located at the bisector of the H-O-H angle. The O-H
distance and H-O—H angle are 0.9572 A and 104.52°, respectively. The total potential
energy of the system is the sum of the pair interactions between molecules. The
intermolecular pair potential has two contributions, a Lennard-Jones term and an
electrostatic interaction. An important feature of the model is that the oxygen site
carries no charge, but contributes to the LJ term. Conversely, the H and M sites are

charged, but do not contribute to the LJ term.

Table 2.3 Potential parameters for TIP4P/2005 model (Abascal and Vega, 2005)

group c (A) elke (K) q (e)
o) 3.1589 93.2 -
M - - ~1.1128
H - - +0.5564
ron = 0.9572 A
rom = 0.1546 A

~HOH =104.52°

8] %)
ToH FoOH

2.3  Solid Models

The surface of solid models can be modeled as a structure-less surface and
atomistic model a shown in Figure 2.4 and 2.5, respectively. In the atomistic model of
a slit-pore, the solid surface is assumed to consist of four graphene layers, and these
layers are stacked on top of each other with an interlayer spacing of 0.3354 nm. The

carbon-carbon bond length in a graphene layer is 0.142 nm. The layers themselves are
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rather weakly bound to each other (weak longrange Van der Waals type interaction).
For the atomistic model of cylindrical pore, the carbon-carbon bond length is the same
as in the slit-pore. If the cylindrical pore is modeled as a multiwall carbon nanotube

the interlayer distance is also the same as in case of slit-pore.

Structure-less
surface

_V

A

@ L (b)

Figure 2.4 Graphitized structure-less model for (a) a slit-pore and (b) cylindrical pore

Figure 2.5 Graphitized atomistic model for (a) a slit-pore and (b) cylindrical pore

2.4 Fluid-Fluid Interaction Energy

The commonly accepted single-site LJ 12-6 and Steele 10-4-3 potential energy
equations work well for small pseudo-spherical molecules. However, for large
molecules, such as benzene, single-site models are not suitable. Here we consider

benzene to be a hexagonal molecule composed of at least 6 sites. For a polyatomic
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molecule with M LJ site centres, the potential energy of interaction between a site a
on a molecule i with a site b on a molecule j can be calculated using the following LJ

12-6 equation:

12 6

M M o@P o@D

(ab) _ (ab) i ij

USGY =22 4] [ (@n) | 7| @D (2.1)
a=1 b=1 ij ij

where . is the separation distance between the LJ site a on molecule i and the LJ

(a,b)
y|

(a,b

site b on molecule j, o; ¥ 'are the cross collision diameter and the cross

and ¢

(a,b)

well-depth of the interaction energy, respectively. The cross parameters, o;;" and

(ab)

8|,j

can be determined by the Lorentz-Berthelot — mixing rules:

(a,b)
i.j

= (08 +0{1")12 and £5% = (£557£"”)"2. The interaction energy due to the

(ox
electrostatic force between a charge o on a molecule i and a charge £ on a molecule j
can be calculated from the Coulomb law of electrostatic interaction

Mo Mq

1 q'qf
(e.) _ i
Uq;i,iﬂ _ZZ r((_z,ﬁ!) (2-2)

a=1 =1 47[(90 i

where Mg is the number of charges on the molecule, ¢ is the permittivity of free space
[e0 = 10"/(4nc®) = 8.8543 x 10™% CA'm™, c is the speed of light], r,# is the distance
between two charges o and # on molecules i and j, respectively, g~ is the value of
charge  on molecule i, and q is the value of charge # on molecule j. In the present

work, surface mediation is taken into account because of the surface influence on the

interaction among adsorbed molecules close to the surface (Do and Do, 2006). This is
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done empirically by reducing the contribution of each benzene molecule in the
intermolecular fluid-fluid interaction energy by a factor F whenever that molecule is

in the first layer.

2.5 Fluid-Solid Interaction Energy

Solid surface as atomistic model is able to be applied for both infinite and
finite pore lengths by accounting or untaken, respectively the periodic boundary
conditions. The potential between adsorbate and carbon atoms of solid is calculated
by using LJ 12-6 equation and/or Coulombic electrostatic interaction, while the
structure-less surface has to be accounted a particular equation by the following
sections.

2.5.1 Infinite Surface and Slit-Pore

To calculate adsorbate-adsorbent interaction, we employ a model
which the GTCB surface was modelled as a structure-less surface with infinitely long
length, and therefore the adsorbate-adsorbent potential energy can be calculated from
the Steele 10-4-3 equation (Steele, 1973). For a polyatomic molecule with M LJ site
centres, the interaction potential energy between molecule i and the homogeneous flat

solid substrate can be calculated from

4
L M (@9 @) 2 E(Gi(a,s) ]10 _E(Gi(a,s) j4 ) [Ji(a,s)]
s ;47[8' Ps [G' ] 5| z° 2\ 2z GA(Zia +0.61A)3 &

where z? is the distance of site a of molecule i from the graphite surface, £*¥ and

oi(""'s) are the adsorptive-graphite interaction potential well-depth and intermolecular
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collision diameter respectively, ps is the surface density (taken as 38.2 nm™ in this
work), and A is the spacing between the two adjacent graphite layers (0.3354 nm).
The parameters are calculated by combining the parameters for a
carbon atom in graphene with the appropriate adsorbate parameters using the
Lorentz-Berthelot mixing rules. The well-depth of interaction energy for the
adsorbate-adsorbent interaction was adjusted with the binary interaction parameter,

ks, to give agreement between the experimental Henry constant and GCMC

simulations, where , £®9 = (1-k),/e®¥&>* . The molecular parameters for a

carbon atom in the graphene layer are o** = 0. 34 nm and £®* /k, = 28 K. For the

structure-less model and the atomistic model, we assume that the binary interaction
parameter, ks is the same for all the interaction sites on a molecule; the values —0.120,
—0.060 and —0.036 were found for TraPPE-UA-9, OPLS-AA and TraPPE-EH models,
respectively for benzene adsorption on graphite surface. For a slit pore, the adsorbate
molecule interacts with both walls, so the fluid-solid potential energy Us; is calculated

from:
Uy =U,(2)+U,(H-2) (2.4)

where H is the physical pore width, defined as the distance between the plane passing
through all carbon atoms in the outermost layer of one wall and the corresponding

plane at the opposite wall.
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2.5.2 Infinite Cylindrical Pore
For a sufficiently long cylindrical pore and structure-less surface, the
end effects are neglected and the fluid-solid potential energy can be calculated using

the following equation (Tjatjopoulos et al., 1988);
M 2
Ui,s _ 24_72_2(c’.i(a,s)pS [O_i(a,s):l [|6 _ |3] (25)
a=1

The functions I3 and Ig are given by

] :E[Gfﬁ’s)J [l(rla] ] FHy{gigil{ﬁj ] (2.6)
4l R R 2 2 R

I :E[ai(aﬁ)] ll[ﬁ] ] Friyo |:g;9;1;(£] ] (2.7)
128 R R 2.2 \R

where 1. is the distance of site a of molecule i to the centre axis of the cylindrical

pore, and R is radius of the pore and Fpyp[a, b, c, d] is a hypergeometric function. The
cross molecular parameters are estimated using the Lorentz-Berthelot mixing rules.

2.5.3 Finite Slit-Pore
The interaction between a site at (Yy7,z')and a graphene strip as a

structure-less surface which is finite in the y-direction and infinite in the x-direction
(see Figure 2.6) is calculated from the Bojan-Steele equation (Bojan and Steele, 1988;

Bojan and Steele, 1989; Bojan and Steele, 1993):



27

Ui,s = i 2ﬂ-‘c“iaysps (Uia’s)2 {I:U rep (yia'+' Zia) _Urep (yl ’_’ Zia ]
a=1

- Uatt(Yia'Jr' Z?)_Uatt(yia'7’ Zla)]}

(2.8)

where
L L
(R Vi RV VL 29
Y=Y Y =S (2.9)

The repulsive and attractive terms on the right hand side of Eq. (2.8) are given by:

U (¥,2) = =2 {1(03‘7 L (@)

[y?+22 |50 z 10 28(y? + %)
3 (O_ia,S)lo 1 (O_ia,S)lO 2 10
"0 2°(y? + 2%)? 16 2*(y?* +2%)° (2.10)
7 (O_ia,S)lO
+
128 z%(y* +z°)*
U (y,2) =L 1) (1l (2.11)
ak y2+z2 |20 2 4 7% (y* +7%) '

where &**and o are the adsorptive-graphite interaction potential well-depth and
intermolecular collision diameter respectively, and p; is the surface density (38.2 nm).
The cross parameters, o °and & °can be determined from the Lorentz-Berthelot

mixing rules: 67° = (67 +0>°) /2 and &*° = (g*¢>*)"?
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Figure 2.6 Configuration of a finite strip

The potential equation energy in Egs. (2.8) to (2.11) is valid for any
positions around the strip, except z®—0, and in such cases we use the following

Taylor series expansion:
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(2.12)

where K = 1 for positive values of y;""and Y/~ K =—1 for negative values of y;""

and Y~

2.5.4 Finite Cylindrical Pore
In order to account for the pore end of a finite cylindrical pore as a

structure-less surface (see Figure 2.7), the fluid-solid potential energy between an
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adsorbate and a single wall finite cylindrical pore is obtained from the following
equation (a detailed derivation is given in ref. (Nguyen et al., 2011)):
2z
U, =4z,pRY aof [1(6,r,2,n,R,L)d0 (2.13)
n=3,6 0
where R is the pore radius, L is the pore length, r is the radial distance from the pore
center to the adsorbate, z is the axial distance from the middle of the pore to the

adsorbate, and a, is a constant (as=—1 and as=1).

()

Figure 2.7 The adsorbate is inside the finite cylindrical pore.

2.6  The Conventional Monte Carlo Simulation

Monte Carlo simulation is a powerful tool to study molecular simulation that
combined with statistical thermodynamics, allows calculation the properties of fluids
from the interaction of its constituent particles in both bulk phase and confined space.
Using Monte Carlo simulation, the properties of systems such as density, pressure,
energy, etc., are usually determined with the selection of an ensemble. An ensemble is
defined as a set of a large number of systems in different quantum states but sharing

the same macroscopic properties.
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In Monte Carlo there are four main ensembles (Allen and Tildesley, 1987):
canonical, isobaric-isothermal, grand canonical and Gibbs ensembles. A brief

description of them is presented in Table 2.4.

Table 2.4 Ensembles in Monte Carlo simulation

ensemble description applications
Grand canonical Monte | The chemical potential (1), | To use in adsorption.
Carlo simulation volume (V), and
(GCMC) temperature (T) are
constant.
Canonical Monte Carlo | The number of molecules | To estimate pressure when
simulation (CMC) (N), volume (V), and the density of fluid is
temperature (T) are known.
constant.
Isobaric-isothermal The number of molecules | To use in case where the
Monte Carlo simulation | (N), pressure (P), and experiments are performed
(NPT) temperature (T) are under conditions of
constant. pressure and temperature
controlled.
Gibbs ensemble Monte | There are two versions of | To use in conditions where
Carlo simulation this ensemble the CMC there is phase coexistence.
(GEMCQC) and NPT.

There are two ensembles used in this work CMC and GCMC, we have
described these ensembles by the following:
2.6.1 Canonical Monte Carlo Simulation
In this ensemble, the number of molecules (N), volume of simulation
box (V), and temperature (T) are fixed. N particles are addressed in the simulation
box and they are moved randomly one by one to minimize the total potential energy
interaction between all particles (and all particles with solid in case of a confined

space) of the system. The displacement of a particle from a position in where its
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potential energy is Ugg, to another position of potential energy Uney, IS accepted with

the following probability;

P= min{l,exp[—Mj} (2.14)

where kg is Boltzmann constant. To apply this ensemble for bulk phase or confined
space to calculate fluid properties such as density, pressure and chemical potential, it
is necessary to make the simulation box being at least ten times of the colloid
diameter of fluid and need to apply periodic boundary conditions. In Figure 2.8, how
to apply the periodic boundary condition is that all particles in the simulation box
(dark box) are calculated the distance between particles. For example particle number 1
in the dark box, if the distance of particle 1 with others in the dark box is greater than

half of box length (L/2), the distance between particle will be deducted by:

di2 = |dl1-d2|; if d12 > L/2, dl2 = |dl2-L/2|
dli3 = |dl1-d3|; if d13 > L/2, d13 = |d13-L/2|
dl4 = |dl-d4|; 1if d14 > L/2, dl4 = |dl4-L/2|
dl5 = |dl1-d5|; if d15 > L/2, d15 = |d15-L/2|
dle = |dl-de6|; if dl6 > L/2, dle6 = |dl6-L/2|

From Figure 2.8, the distance of d13, d14, d15, and d16 in the dark box
is greater than half of box length, so the distance is deducted to be in the circle which
is equivalent to particle 1 interacts with particles 3, 5, and 6 in the other boxes as
minimum image conventions. The new d14 is still larger than the radius of the circle,

the radius of the circle in Figure 2.8 equals to radius cut off which is the value of
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significant distance interaction between molecules, if the distance between particles is

greater than radius cut off the potential energy has no significance.
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Figure 2.8 Periodic boundary conditions and minimum image applied in bulk phase

2.6.2 Grand Canonical Monte Carlo Simulation

This ensemble looks for the calculation of the number of particles of a
system where chemical potential («), volume (V), and temperature (T) are fixed. The
calculation scheme for this ensemble is given by three main types of trial moves:
insertion, deletion, and displacement move of particles. The insertion step is carried
out by inserting a particle in the simulation box at a random position and calculating
its total potential with the existing particles in the box, and the solid (in case that
adsorption is simulated). The inserted particle is kept in the simulation box with the

fallowing probability otherwise it would be rejected.

P:min{l, - v exp{ﬂ_u(N +1)+U(N)}} (2.15)
A°(N +1) kT
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where V is the volume of the simulation box, N is numbers of particle, 4« is chemical

potential and A is the thermal de Broglie wavelength which is calculated by:

2
A= h (2.16)
27 MW -k, -T

To remove a particle from the simulation box a particle is randomly selected which its
total potential energy is calculated, the selected particle is removed with the following

probability:

P= min{l, AN exp[—/HU(N _1)_U(N)}} (2.17)
Y kT

The displacement move step is performed in the same manner as in the CMC. The
fractions of attempted displacement move, insertion, and deletion used in this work
are equal probability, hence in each cycle of calculation, the fraction number is
randomly selected and if it falls in the range of 0 to < 1/3, the system is allowed to
conduce insertion. When the fraction is in the range of 1/3 to < 2/3 and 2/3 to 1, the
system is allowed to conduce deletion and displacement move, respectively. When the
system is attempted with high and enough number of cycles, the system will raise the
equilibrium.

Figure 2.9 shows adsorption of fluid in pore and periodic boundary
conditions is applied in the direction parallel to the solid surface. For example, the
distance between particle 2 and 1 and 3 in the dark box is greater than half of box

length, so the distance is reduced to be which is within the cycle.
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Figure 2.9 Periodic boundary condition applied in confined space, here is adsorption

phase.

2.7 The Bin Monte Carlo Simulation

2.7.1 Bin Grand Canonical Monte Carlo Simulation

To simulate the adsorption isotherm we used the conventional GCMC
scheme (Allen and Tildesley, 1987), and the Bin-GCMC scheme (Fan et al., 2011),
the latter is described briefly here. The adsorption space is divided into bins as shown
in Figure 2.10 and a bin (say bin K) is randomly selected for particle insertion at a
random position, after which a randomly selected particle is displaced within that bin.
Then, a randomly selected particle in the same bin is deleted, followed by a
displacement of a randomly selected particle. The probabilities of acceptance of the
displacement move, insertion and deletion are given by Egs. (2.18), (2.19) and (2.20),

respectively.

Displacement: p = min {1, exp[_ sti )} (2.18)
B

Insertion: p = minJ1 Y« exp #=U Ny +1)+U(Ny) (2.19)
A*(N, +1) k,T
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Deletion: p = mind1 AN exp _HFUN -1 -U(Ny) (2.20)
V¢ kg T

where AU in Eg. (2.18) is the different energy between Upw and Ugg,
[U(Nk+1)+U(Nk)] in Eqg. (2.19) is the interaction energy of the inserted particle in bin
K with the existing particles of all bins and solid, [U(Nk-1)-U(Nk)] in Eq. (2.20) is
the interaction energy of the deleted particle with the remaining particles and solid, Vg
and N are volume and number of particles in bin K, respectively, kg is the Boltzmann
constant, T is the temperature, x is the chemical potential, and A is the thermal de
Broglie wavelength. It should be noted that the probabilities of insertion and deletion
depend on the local density, rather than the overall average density as in the
conventional GCMC. Table 2.5 shows the computer program in FORTRAN for the
main program of the Bin-GCMC comparison to the conventional GCMC developed in

this work.

Surface

Figure 2.10 The adsorption phase is divided into bins, for example in this figure

there are 4 bins.
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Table 2.5 The FORTRAN code for the main program of conventional GCMC and

Bin-GCMC

Conventional GCMC

do iEqui = 1, NCycle
do iMove = 1, 1000
call random number (rdm)

if (rdm <= 1.0D0/3.0D0) then

call Insertion (Temp, UFF, UC, UFS, V,
mu)

else if (rdm > 1.0D0/3.0D0 .AND. rdm <=
2.0D0/3.0D0) then

call Deletion (Temp, UFF, UC, UFS, V,
mu)

else
call MoveParticle (NMove, NAccpt,

DeltaRx, DeltaRy, DeltaRz, Temp, UFF,
uc, UFS, V)

end if
end do !do iMove = 1, 1000
end do !do iEqui = 1, NCycle

Bin-GCMC
do iEqui = 1, DispMove
do iBin = 1, NoMuBin!there are NoMuBin
bins.

call random number (rdm)
BinK = Select (NoMuBin)! BinK is selected

if (rdm <= 0.50D0) then

call Insertion (Temp, UFFbin, UCbin,
UFSbin, Vbin, UFF, UC, UFS, V, mu, BinK)

call MoveRotateParticle (NMove, NAccpt,
DeltaRx, DeltaRy, DeltaRz, Temp, UFFbin,
UCbin, UFSbin, Vbin, UFF, UC, UFS, V,
BinkK)

call Deletion (Temp, UFFbin, UCbin,
UFSbin, Vbin, UFF, UC, UFS, V, mu, BinK)

call MoveRotateParticle (NMove, NAccpt,
DeltaRx, DeltaRy, DeltaRz, Temp, UFFbin,
UCbin, UFSbin, Vbin, UFF, UC, UFS, V,
BinK)

else

call Deletion (Temp, UFFbin, UCbin,
UFSbin, Vbin, UFF, UC, UFS, V, mu, BinK)

call MoveRotateParticle (NMove, NAccpt,
DeltaRx, DeltaRy, DeltaRz, Temp, UFFbin,
UCbin, UFSbin, Vbin, UFF, UC, UFS, V,
BinkK)

call Insertion (Temp, UFFbin, UCbin,
UFSbin, Vbin, UFF, UC, UFS, V, mu, BinK)

call MoveRotateParticle (NMove, NAccpt,
DeltaRx, DeltaRy, DeltaRz, Temp, UFFbin,
UCbin, UFSbin, Vbin, UFF, UC, UFS, V,
BinK)

end if
end do !do iBin = 1, NoMuBin
end do !do iEqui = 1, DispMove

2.7.2 Bin Canonical Monte Carlo Simulation

Bin-canonical Monte Carlo simulation proposed by Fan and co-workers

(Fan et al., 2011) briefly described here. The system is divided into bins. There are

two moves in this scheme: displacement move and swapping a particle between two
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randomly selected bins, say bin K and bin L. For the swapping move, a particle is
selected at a random position in bin K and removed and as part of the same move, a
particle is inserted at a random position in bin L. After this, displacement moves are
made in both bins such that the displaced particles are not allowed to cross the
boundaries between bins to ensure that microscopic reversibility is satisfied,
otherwise they would have different maximum displacement lengths. The probability

to delete a particle in bin K and to insert a particle in bin L is given by Eq. (2.21).

P= min{l,Mexp[_[U (N, +1)—-U(ND)]-[U(N,)-U (N, _1)]}
(N, +1)/V, T

(2.21)

A related method, devised to overcome the sampling problem in non-uniform systems
was proposed earlier by Finn and Monson (Finn and Monson, 1988) in which moves
of different lengths were permitted throughout the whole simulation box, but no
division into bins was implemented. Table 2.6 shows the computer program in
FORTRAN for the main program of the Bin-CMC comparison to the conventional

CMC developed in this work.

2.8  Outputs from GCMC

Outputs from either the conventional GCMC or Bin-GCMC are calculated in
the same way, for example: The average surface excess for an open surface was
calculated from

<N>_pbvacc

r=-r ‘>3 2.22
W= 222)
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Table 2.6 The FORTRAN code for the main program of conventional CMC and

Bin-CMC

Conventional CMC

do iEqui = 1, NCycle
do iMove = 1, 1000

call MoveParticle (NMove, NAccpt,

DeltaRx, DeltaRy, DeltaRz, Temp,
uc, UFS, V)

end do !do iMove = 1, 1000

end do !do iEqui = 1, NCycle

UFF,

Bin-CMC
do iEqui = 1, DispMove
do iBin = 1, NoMuBin!there are NoMuBin
bins.
BinK = Select (NoMuBin)! BinK is selected
BinL = Select (NoMuBin)! BinL is selected
if (BinL == BinK) then
if (BinL == 1) then
BinL = BinL + 1
else if (BinL == NoMuBin) then
BinL = BinL - 1
else
BinL = BinL + 1
end if
end if

call SwapDelIns (Temp, UFFbin, UCbin,
UFSbin, Vbin, UFF, UC, UFS, V, BinK, BinL,

mu)

call MoveRotateParticle (NMove, NAccpt,
DeltaRx, DeltaRy, DeltaRz,Temp, UFFbin,
UCbin, UFSbin, Vbin, UFF, UC, UFS, V,
BinK)

call MoveRotateParticle (NMove, NAccpt,
DeltaRx, DeltaRy, DeltaRz,Temp, UFFbin,

UCbin, UFSbin, Vbin, UFF, UC, UFS, V,
BinL)

call SwapDelIns (Temp, UFFbin, UCbin,
UFSbin, Vbin, UFF, UC, UFS, V, BinL, BinkK,

mu)

call MoveRotateParticle (NMove, NAccpt,
DeltaRx, DeltaRy, DeltaRz,Temp, UFFbin,
UCbin, UFSbin, Vbin, UFF, UC, UFS, V,
BinL)

call MoveRotateParticle (NMove, NAccpt,
DeltaRx, DeltaRy, DeltaRz,Temp, UFFbin,

UCbin, UFSbin, Vbin, UFF, UC, UFS, V,
BinK)

end do
end do

!do iBin = 1, DispMove
!do iEqui = 1, NCycle

For the case of adsorption in pores, the pore density is defined by the excess

quantity

Prore _{Neay

(2.23)
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where py is the bulk molecular density, A is surface area of one wall of the simulation
box, and<N> is the ensemble average of the number of particles in the pore. The

volume, V, in Eq. (2.23) can be taken either as the accessible pore volume (Va) or as
the physical pore volume (Vpny). If the accessible volume (which is adsorbate-
dependent) is used, the pore density gives a measure of how dense the adsorbed phase
is. To compare the adsorptive capacities of different adsorbates, the volume V is
taken to be the physical volume because the experimental data are expressed as the
amount adsorbed per unit mass of solid adsorbent and the mass of the solid is related
to the physical volume (which does not depend on adsorbate).

A thermodynamic quantity of interest that can be readily obtained from the
GCMC simulations is the isosteric heat. Using the fluctuation theory, it is calculated

from (Nicholson and Parsonage, 1982)

(U)(N)-({UN) e (2.24)

where < > is the ensemble average, N is the number of particles, and U is the

configuration energy of the system.
In order to study the variation of density from the surface, the local density of

the centre of benzene ring is defined as:

p(2) =% (2.25)
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where <ANHAZ> is the ensemble average of the number of molecules whose benzene

ring centres are located in the segment having boundaries z and z + Az.

2.9 The Mid-Density Scheme

GCMC simulation has been widely used as a standard method to simulate
equilibrium isotherms of fluids in porous structures because it mimics the conditions
of an adsorption experiment in which the temperature, volume and chemical potential
(equivalent to the pressure of the bulk phase) are specified. Simulation of an
adsorption system with a GCMC is started with either an empty box or a box full of
particles. We increase the chemical potential and use the configuration of the previous
chemical potential as the starting configuration for the determination of the next
equilibrium point. This will give the adsorption branch. For the latter, we decrease the
chemical potential and repeat the same procedure to obtain the desorption branch.
Under conditions when the system exhibits a hysteresis, the adsorption and desorption
branches are distinct, and the hysteresis loop is enclosed by stable and metastable
states as shown in Figure 2.11. The equilibrium phase transition is shown in the same
figure as a vertical dashed line separated between dilute stable state branch and dens
stable state branch. It is this equilibrium transition that we aim to determine.

The Mid-Density scheme proposed recently by Liu and co-workers (Liu et al.,
2011) was used to determine the equilibrium phase transition which has not
previously been studied in detail in this type of pore model of this thesis. For a given
chemical potential in the hysteresis loop, say x*, the system exists in either a low

density state (o) or a high density state (o), from which we calculate the average

density, p., as the arithmetic average. The Mid-Density scheme starts with a
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canonical simulation of a system with this average density; the initial configuration
can be constructed by randomly inserting molecules into the empty box until the
average density is achieved. This system is then relaxed canonically, followed by a
grand canonical simulation at the chemical potential x*. The final state from this
simulation is taken to be the stable state. In this work, we have exploited the efficient
sampling of the Bin-GCMC scheme to obtain the hysteresis loop, and Bin-CMC
combined with Bin-GCMC in the Mid-Density scheme to find the path of the

equilibrium transition.

Matastable state Stable state

Pore density

Stable state Matastable state

v

Chemical potential

Figure 2.11 Schematic representation of the hysteresis loop during adsorption
enclosed by the stable and metastable states. The vertical dashed line is

the equilibrium phase transition.
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CHAPTER 111
ADSORPTION OF BENZENE ON GRAPHITIZED

THERMAL CARBON BLACK

3.1 Abstract

Grand Canonical Monte Carlo (GCMC) simulation was used to study
multilayer adsorption of benzene on graphitized thermal carbon black over a range of
temperature between 273 and 373 K. Three potential models for benzene were
compared: TraPPE-UA-9, OPLS-AA and TraPPE-EH, in order to study their
capability to correctly describe the adsorption isotherms and isosteric heats. In the
sub-monolayer region, there is no difference between the simulation results obtained
with the three models, which all describe the experimental data well. However, in the
multilayer region only the TraPPE-EH model, that includes the quadrupole moment
and explicit modelling of the hydrogen, is able to describe the experimental data
accurately; the other two models significantly under-predict the data. The TraPPE-EH
model was then used to investigate the microscopic behaviour of the adsorbed phase:
the local density distribution and the orientation of various layers, particularly the
change in orientation of benzene in the first layer with increase in loading from
sub-monolayer to multi-layer. It was found that the orientation of benzene molecules
in the first layer is affected by the presence of molecules in the higher layers, but that
most benzene molecules remain in an orientation parallel to the surface, which is

favoured by the interaction with the surface, while a smaller population takes 60° and
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verical orientations to the surface which maximizes the entropy. The ratio of the
number of molecules having parallel orientation to that having 60° and vertical
orientations decreases in higher layers due to the weaker influence of the adsorbate-
adsorbent interaction. Detailed study of the orientation shows that most slant and

vertical molecules have two of their hydrogen atoms closer to the surface.

3.2 Introduction

Benzene adsorption has been widely studied in the past because it is typical of
many aromatic toxic organic compounds that are present in gas and/or liquid effluents
from many chemical and petrochemical industries. The key step in an adsorption
process is the choice of a solid adsorbent, and activated carbon is often the solid of
choice because the graphitic nature of the pore walls offers two distinct advantages
over other solid adsorbents: it is both hydrophobic and has high atom density (greater
affinity for the adsorptive). The fundamental understanding of this adsorbate and
graphite surface interaction is the basic step to better design of adsorption systems for
benzene in pores whose walls are graphitic; for example activated carbon (Lai et al.,

2010; Yun et al., 1999).

3.3 Literature Review

Early experimental studies of adsorption of benzene on graphite or graphitized
thermal carbon black (GTCB) were made by Kiselev and co-workers (Avgul et al.,
1958; Berezin et al., 1972; Berezin et al., 1970; Isirikyan and Kiselev, 1961; Isirikyan
and Kiselev, 1963); they measured adsorption isotherms at ambient temperatures,
with a volumetric apparatus and isosteric heats with a calorimetric device for a

number of carbon blacks. As long as the carbon blacks were sufficiently well
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graphitized, the experimental data were in perfect agreement with each other because
the benzene molecules form a perfect hexagonal tessalation on the graphene surface.
Following this early work of Kiselev, adsorption over a wider range of temperature
(273-373 K), above and below the bulk freezing point of 278.7 K has been carried out
by a number of workers (Belyakov et al., 1968; Davis and Pierce, 1966; Pierce and
Ewing, 1967; Pierotti and Smallwood, 1966).

In recent years, with the advances of the computer simulation, molecular
simulation has also been used to study benzene adsorption on graphite. Vernov and
Steele (Vernov and Steele, 1991a; Vernov and Steele, 1991b) used Monte Carlo
simulation to investigate the structures and energies of benzene adsorption on graphite
at 85 and 298 K. They found that the heat of adsorption was nearly constant in the
sub-monolayer region, in agreement with the calorimetric data of Isirikyan and
Kiselev (Isirikyan and Kiselev, 1961). This constant heat is attributed to cancellation
between the increase in the benzene-benzene interaction and the decrease in the
benzene-adsorbent interaction; which changes as the orientation of benzene molecules
changes with increased loading in the sub-monolayer region. The structure of the
second layer was found to be less ordered than that of the first layer, as a result of the
weaker interactions of the benzene molecules in the second layer. Matties and
Hentschke (Matties and Hentschke, 1996a; Matties and Hentschke, 1996b) used
molecular dynamics to study the structure of the benzene adsorbate in the first and
higher layers on the basal plane of graphite over a wide range of temperature (60-320 K).
Their results showed that ordering beyond the nearest neighbours decreases rapidly
with coverage, and is virtually non-existent for second and higher layers. However,

since molecular dynamics does not yield adsorption isotherms or heats their
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simulation results cannot be tested against experimental data. More detailed study of
isotherms, heats and the structure of adsorbed benzene on graphite using grand
canonical Monte Carlo (GCMC) simulation was presented by Do and Do (Do and Do,
2006). They investigated the performance of various potential models for benzene
that were available up to 2006, the united atom models TraPPE-UA-6 (Wick et al.,
2000) and TraPPE-UA-9 (Wick et al., 2002) and the all atom model OPLS-AA (with
12 dispersive sites and 12 partial charges) (Jorgensen and Severance, 1990), for their
suitability in correctly describing the experimental adsorption isotherm and the heat of
adsorption, and found that the TraPPE-UA-9 gave the better results. From the
simulation data, they found that at very low loadings, most benzene molecules adopt
an orientation parallel to the surface which is the most energetically favourable
position. When the loading is increased within the sub-monolayer coverage, some
benzene molecules adopt a slant configuration, due to the quadrupolar interactions
between benzene molecules. However, the work by Do and Do was restricted to the
sub-monolayer region, and therefore a molecular simulation of benzene adsorption on
GTCB beyond the first layer is desirable to assess the ability of the potential models
to describe the isotherm and isosteric heat and to explore how molecules in higher
layers affect the orientation of molecules in the first layer. Furthermore, a new
potential model was recently proposed by Rai and Siepmann (Rai and Siepmann,
2007), TraPPE-EH, which includes twelve dispersive sites (carbon and hydrogen
atoms) and twelve partial charges on these atoms, and it is of interest to test its
capability to describe benzene adsorption. These authors compared this new model
with previous potential models for benzene, and have found that this model and

OPLS-AA are significantly more accurate than the 6-site model (TraPPE-UA-6) and
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the 9-site model (TraPPE-UA-9) for the description of vapour-liquid equilibria at
298.15 K. The OPLS-AA model performed well at 298.15 K (where it was fitted) but
its performance degraded rapidly with increasing temperature. Interestingly the better
models are the ones that account explicitly for the hydrogen atoms.

In this paper, we re-investigate the performance of various benzene potential
models, particularly the ones that account explicitly for the hydrogen atoms, and
examine whether this can describe the adsorption of benzene in the multi-layer
regions, despite the small value of the well-depth of interaction energy of hydrogen
atom. Physically we expect the presence of hydrogen atoms will affect packing when
loadings are high (i.e. when molecules are packed close to each other), and expect the
potential models, such as TraPPE-EH and OPLS-AA to perform better in the dense
adsorbed layer. We then study the structure of benzene to see whether the higher

layers change the orientation of benzene molecules in the first dense layers.

3.4 Simulation

The conventional Grand Canonical Monte Carlo (GCMC) simulation is
applied in this work. For modelling an open surface, we used a slit pore wide enough
to behave as two independent surfaces (10 nm width). The graphitized atomistic and
structure-less surface models are used as an infinitely long length. The long range
corrections are not required in the present work due to the box length is more than 10
times the collision diameter that taken as 80x80x80 A® in the case of structure-less
model. We also consider carefully to make the graphene layers to be continuous in the
case of infinite surface, therefore, the box length of the atomistic model is

76.68x78.72x80 A2 (which is L«XLyXL,, respectively).
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To more understand the variation in the molecular orientation, we consider the

orientational local density, which is calculated from (Klochko et al., 1999)

(AN, 0200)
7, 9 _ 2+AZ,0+A60 31
pz.0) L L,Azsin A0 3

where <AN >is the ensemble average of the number of benzene molecules

7+Az,0+A0

whose centres of mass are located in the segment having boundaries between z and
(z + Az) and an angle between 0 and (6 + Af). We describe the orientation of a
benzene molecule with two angles 8 and @ as shown in Figure 3.1a. The angle @ is
defined as the angle between the normal vector of benzene ring (n) and the vertical
z axis, while @ is defined as the angle between the vector passing through two
adjacent carbon atoms and the horizontal surface. An angle 6§ of 0 means that the
molecule lies parallel to the pore surface and a value 6 of 90° means that the molecule
is perpendicular to the pore surface. Due to the hexagonal shape of benzene, the
range of @ is from 0 to 30°. An angle of 0 means that the benzene molecule has one
side parallel to the surface (Figure 3.1b), and an angle of 30° indicates that benzene
take a vertical orientation as shown in Figure 3.1c. Any other angle falling between 0

and 30° are shown in Figure 3.1a.

3.5 Results and Discussion

3.5.1 Adsorption at 293 K
Figure 3.2 shows the simulated adsorption isotherm from structure-less
model and atomistic model at 293 K obtained using the TraPPE-UA-9 model in the

sub-monolayer region; the results agree with the experimental data of Isirikyan and



54

Kiselev (Isirikyan and Kiselev, 1961), when the surface mediation (Do and Do, 2006)

is accounted for.

(b)

Figure 3.1 Schematic showing: (a) the two angles defining the benzene orientation on
the surface, (b) perpendicular benzene rotated 0° and (c) perpendicular

benzene rotated 30°. n is the normal unit vector through the benzene ring.
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Figure 3.2 Adsorption isotherm of benzene on GTCB at 293 K; comparison between
the GCMC simulation results using the TraPPE-UA-9 model with and
without surface mediation and experimental data from Isirikyan and

Kiselev (Isirikyan and Kiselev, 1961). F is the surface mediation factor.

R? is R-squared error.
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The mediation of the TraPPE-UA-9 potential between the benzene
molecules by 3-body interaction through the adsorbent was accounted for empirically
by reducing these interactions by 10% (F = 0.9) when two benzene molecules are in
the first layer, i.e. their pairwise interaction is mediated by the surface. Without
mediation, the simulation results over-predict the experimental data when the first
layer is close to completion. This raises the question of whether surface mediation is
required when we consider the more complex OPLS-AA and TraPPE-EH potential
models for benzene. The results are shown in Figure 3.3, and it is interesting to see
that the OPLS-AA model does not require surface mediation to describe the
adsorption isotherm correctly because of the effective parameters of this model, but it
does not mean that surface mediation is not required at other temperatures. While a
reduction of 10% (F = 0.9) is required for the TraPPE-EH model, which is similar to
the TraPPE-UA-9 model. Thus except for the difference in surface mediation, all
three models give a good description of the data in the sub-monolayer region (the
monolayer concentration is 4.2 pmol/m?). The TraPPE-UA-9 and OPLS-AA are
comparable in the adsorption of benzene on graphite surface that is different from
what have been allowed in our early publication that is due to the number of cycles
was not sufficient in our early work for OPLS-AA because of its 12 dispersive sites
and 12 partial charges. In addition, the simulation results using the structure-less
model and the atomistic model with the same binary interaction parameter, ks and the
surface mediation factor, F give almost the same results due to benzene is a big
molecule. Therefore, we would like to study benzene adsorption on GTCB for the

next sections by using the structure-less model because of simulation time consuming.
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Figure 3.3 Adsorption isotherm of benzene on GTCB at 293 K; comparison between
the GCMC simulation results using (a) the OPLS-AA model and (b) the
TraPPE-EH model with and without surface mediation and experimental
data from lIsirikyan and Kiselev (Isirikyan and Kiselev, 1961). F is the

surface mediation factor. R is R-squared error.

We now investigate the performance of the three potential models for
their description of the multi-layer region. The simulated results are shown in Figure 3.4

for a wide range of pressure over which five layers of benzene are adsorbed. As the
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surface excess versus bulk pressure, all these potential models describe the data in the
sub-monolayer region quite well, but only the TraPPE-EH model is capable of
describing the data well, up to five adsorbed layers of benzene. The surface excess of
the experimental data, TraPPE-UA-9 and TraPPE-EH is also plotted as a function of
relative pressure by taking vapor pressure (Po) from the literature of Isirikyan and
Kiselev (Isirikyan and Kiselev, 1961), Wick and co-workers (Wick et al., 2002), and
Rai and Siepmann (Rai and Siepmann, 2007), respectively. The vapour pressure of
the OPLS-AA was not mentioned in the literature. As can be seen in this figure, the
TraPPE-EH is still the best fit in monolayer coverage and multilayer coverage.

To support the statement that the TraPPE-EH potential is a better
model, we test their performance in the description of the isosteric heat. The
simulation results are shown in Figure 3.5, together with the experimental data
obtained from the calorimetric measurements. Over the range of two layers where the
heat data are available, we can draw the conclusion that the TraPPE-EH, as a whole,
is the best model for the description of the isotherm and heat data as we can see from
the percentage deviation in Figure 3.5b.

To see the contributions of the benzene-solid and benzene-benzene
interactions toward the isosteric heat, we plot these contributions in Figure 3.6 as a
function of loading for the TraPPE-EH model. In the sub-monolayer region, the
increase in the benzene-benzene interactions compensates for the decrease in the
benzene-solid interaction, resulting in a relatively constant isosteric heat in this region
(although we note a modest increase of the isosteric heat in the sub-monolayer

region).
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Figure 3.4 Adsorption isotherm of benzene on GTCB at 293 K obtained by GCMC
by using the TraPPE-UA-9 model (with F = 0.9), the OPLS-AA model
(with F = 1.0), and the TraPPE-EH model (with F = 0.9); the experimental
data are from Isirikyan and Kiselev (Isirikyan and Kiselev, 1961).
(a) Surface excess vs bulk pressure and (b) surface excess vs relative

pressure . R? is R-squared error.
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Figure 3.5 (a) Isosteric heat vs loading for benzene adsorption on GTCB at 293 K;
comparison with the GCMC simulation results (structure-less model)
using the TraPPE-UA-9 model (F = 0.9), the OPLS-AA model (F = 1.0),
and the TraPPE-EH model (F = 0.9) and (b) their percent deviation; the
experimental data are from Isirikyan and Kiselev (Isirikyan and Kiselev,

1961).

The benzene-adsorbent interaction diminshes in the second layer
because molecules are further away from the surface, while the adsorbate interaction
increases only slightly giving a constant isosteric heat, of 35 kJ/mol, compared to

42 kJ/mol in the sub-monolayer region. The isosteric heat in the second layer of
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35 kJ/mol is close to the heat of liquefaction of benzene (34 kJ/mol), but this does not
mean that the second layer is a liquid phase. The Fluid-Fluid (FF) interaction of the
second layer is less than that in the bulk liquid because each molecule has fewer
neighbours, and this is only partially compensated by the small Fluid-Solid (FS)
interaction. This is further supported when we study the structure of benzene

molecules in the next section.
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—&— F-S Isosteric Heat

Isosteric Heat (kJ/mol)
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Figure 3.6 Total, benzene-benzene, and benzene-solid isosteric heats vs loading for
benzene adsorption on GTCB at 293 K; comparison with the GCMC
simulation results (structure-less model) using the TraPPE-EH model

(F = 0.9); the experimental data are from Isirikyan and Kiselev (Isirikyan

and Kiselev, 1961).

3.5.2 Structure of Adsorbed Benzene
Since the TraPPE-EH gives the best description of the isostherm and
the isosteric heat of adsorption, we shall use it to study the structure of the adsorbed
layer. Figures 3.7-3.10 show the local density distributions for the centre of mass of

benzene with respect to the distance from the graphite surface at 293 K.
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First, we analyze the structure of benzene molecules in the sub-
monolayer region, and then later show how the presence of higher layers disturbs this
structure because of the FF interactions from higher layers. The chosen isotherm
points are shown in the inset of Figure 3.7, where A and B represent points well
below the monolayer coverage and C and D are points just before and after the
completion of the first layer. At points A and B, the surface is 10% and 50% covered
with benzene molecules, respectively. The first layer is about 3.44 A from the
graphite surface. At very low loadings there is a single peak indicating that all
molecules have the same orientation parallel to the surface, as will be shown later.
However, at point C a shoulder develops which then evolves into two minor peaks in

the local density distribution at point D (Figure 3.7).
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Figure 3.7 (a) Local density distribution vs distance from the graphite surface and (b)
electrostatic interaction vs pressure at 293 K for the TraPPE-EH model at

points A, B, C, and D.
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These peaks do not result from the formation of another layer, but
rather reflect the change in the orientation of some molecules, such that their centres
of mass shift further away from the surface. These minor peaks are at 4.7 and 5 A.
The peak at 4.7 A is associated with molecules having a slant configuration and the
peak at 5 A corresponds to those having a vertical configuration. These
configurations are not energetically favoured by the adsorbate-adsorbent interaction,
but are favoured by the increase in the fluid-fluid interaction energy by having more
benzene molecules closer to the surface. This is supported by the plot of the fluid-fluid
energy contributed by the electrostatic interactions (Figure 3.7b). However, it can be
seen that the majority of molecules in the first layer remain parallel to the surface
because the area under the first peak at 3.44 A is still the largest. Thus at the
completion of the first layer we have three configurations, parallel, slant and vertical.
This interesting conclusion is slightly different from the conclusions derived from our
earlier work using the TraPPE-UA-9 model (Do and Do, 2006) in that only the
parallel and slant configurations were observed, with a much smaller population
taking the vertical orientation (see Figure 3.8). This can be atrributed to the fact that
the TraPPE-UA-9 model has no explicit hydrogen atoms, which occupy significant
space when the packing is dense. Interestingly, although the OPLS-AA model has
explicit hydrogen atoms, it does not show vertical orientations (see dotted line in
Figure 3.8). However, since this model does not give an accurate description of the
isotherm; we take the view that the local density distribution derived from the

TraPPE-EH model is superior.
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Figure 3.8 Local density distribution vs distance from the graphite surface at 293 K
for 10,000 Pa for the TraPPE-UA-9 model (F = 0.9) and the OPLS-AA

model (F = 1.0).

It is also interesting to observe that the minor peaks become higher
when the second layer starts to form (point D), i.e. more benzene molecules in the
first layer then adopt the slant and vertical configurations with the increase in the
concentration of the second layer although the majority still remain in the parallel
orientation.

When the loading increases from the onset of the second layer to the
third layer (points D to F in the inset of Figure 3.9), the positions of the major and two
minor peaks of the first layer are unchanged, but the peak position of the second layer
moves from 7 to 8 A and becomes more delocalised. This is due to the presence of
third layer, coupled with the thermal motion of molecules in the second layer. At
point F, the third layer occurs at 11.3 A, and we note that although the positions of the
minor peaks of the first layer do not change, the density of the major peak of the first

layer is increased at the expense of the two minor peaks, indicating that some
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molecules re-orientate themselves to the energetically favoured parallel configuration.
This also maximises the quadrupolar interaction if benzene molecules lie in offset
positions when higher layers are present. This is shown in Figure 3.7b where we

show the enhancement in the electrostatic (quadrupole) interactions.
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Figure 3.9 Local density distribution vs distance from the graphite surface at 293 K

for the TraPPE-EH model at points D, E, and F.

When the loading is further increased the concentration at the fourth
layer distance increases (Figure 3.10) (point H). The position of the first two layers
remains unchanged, but the the third layer becomes more diffuse. This is similar to
the redistribution of the second layer when the third layer forms (at distances between
10 and 16 A from the surface). Thus we can draw a general conclusion that the
presence of a layer only affects the adjacent layer underneath. When the pressure is

increased further to point I (about 6 layers are formed above the surface), the layering
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structure of the third and fourth layers disappears and the adsorbate has the uniform

structure of a bulk liquid phase (Figure 3.10).
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Figure 3.10 Local density distribution vs distance from the graphite surface at 293 K

for the TraPPE-EH model at points F, G, H, and I.

To study in detail the orientation of molecules, the orientation density
distributions versus the distance and & are presented in Figure 3.11-3.14. It is seen
that at very low loadings (for example, point B) benzene molecules lie flat on the
surface, with a peak at zero degrees. This orientation is expected at low loadings
because it is the most energetically favorable position. This observation is also

supported by the snapshot as shown in Figure 3.11.
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Figure 3.11 (a) Local density distribution vs distance from the surface to the centre
of mass and the angle @ and (b) top view of the snapshot of benzene

molecules adsorbed on a graphite surface at 293 K and point B.

When the loading is increased to point D (just after the formation of the
first layer and at the onset of the second layer), we see the beginning of the formation
of a second layer at 7 A from the surface (Figure 3.12). At this coverage, most
molecules in this layer are parallel to the surface, but some molecules in the first layer
have orientations other than parallel, including slant and vertical orientations. It is
seen that the slant peak at 4.7 A from the surface is associated with molecules having
0 about 60° to the surface. When loading is increased to point E (Figure 3.13), the
second layer continues to fill but the peak shifts further away from the surface (from 7
to be 8 A), because as molecules fill the second layer they adopt orientations away
from parallel. We note that the second layer is beginning to form before the first layer
is complete, and the third layer also starts before the completion of the second layer as

shown by the snapshot in Figure 3.13b as is usual in physical adsorption processes.
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When loading is increased to point H (Figure 3.14), there is an adsorbate thickness
equivalent to about 5 layers above the surface and there is no preference for any

orientation, suggesting a liquid-like structure above the second layer.
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Figure 3.12 (a) Local density distribution vs distance from the surface to the centre
of mass and the angle 8 and (b) top view of the snapshot of benzene
molecules adsorbed on a graphite surface (molecules in purple colours

are those in second layer) at 293 K and point D.
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Figure 3.13 (a) Local density distribution vs distance from the surface to the centre
of mass and the angle 6 and (b) top view of the snapshot of benzene
molecules adsorbed on a graphite surface (molecules in purple and blue
colours are those in second and third layer, respectively) at 293 K and

point E.
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Figure 3.14 Local density distribution vs distance from the surface to the centre of

mass and the angle 4 at 293 K and point H.
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Figure 3.15 shows the orientational local density distribution as a
function of distance and @. The peaks J, K, and L in this figure are associated with
the first layer and the two minor peaks K and L are for molecules having slant and
vertical orientations where the centre of mass is further away from the surface (see the
earlier discussion of Figure 3.7). In Figure 3.15, we see that most slant and vertical
benzene molecules have @ equal to 0, meaning that one side of the molecule lies

parallel to the surface (i.e. with two hydrogen atoms close to the surface).
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Figure 3.15 Local density distribution vs distance from the surface to the centre of

mass and the angle & at 293 K and point H.

3.5.3 Adsorption at Wider Temperature Range
To further test the TraPPE-EH model description of multilayer
adsorption, we have carried out simulations at 273 K (below the bulk phase triple

point of 278.7 K). In Figure 3.16, we compare simulation results using this model
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(including surface mediation with a factor F = 0.9, used earlier for a temperature of
293 K) with experimental data over a range of temperatures from 273 up to 373 K.
The agreeement between simulation and experiment (data of Pierotti and Smallwood
(Pierotti and Smallwood, 1966) at 288 K, 303 K and 323 K, and of Belyakova and
co-workers (Belyakov et al., 1968) at 343 K and 373 K) is good over the whole 50 K
range. The potential model tends to slightly overestimate the adsorption, but there is

no particular trend with temperature.
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Figure 3.16 Adsorption isotherms for benzene on GTCB at various temperatures;
comparison between the GCMC simulation results using the TraPPE-EH
model with surface mediation (F = 0.9) and experimental data from
Pierotti and Smallwood (Pierotti and Smallwood, 1966) and Belyakova

and co-workers (Belyakov et al., 1968).

To illustrate the difference in the structure of the adsorbed film as
temperature is increased, we show, in Figure 3.17, the local density distributions for

273 K and 343 K. The structure of the first layer remains unchanged (although lower
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in density), but the structure of the second layer starts to disappear and to become
more uniform and liquid-like, which can also be seen from the orientation density

distributions of Figures 3.18 and 3.19 for 343 K.
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Figure 3.17 Local density distribution vs distance from the graphite surface at 273

and 343 K using the TraPPE-EH model for 30 pmol/m?.
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Figure 3.18 Local distribution vs distance from the surface to the centre of mass and

the angle 0 at 343 K for 30 umol/m?.
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Figure 3.19 Local density distribution vs distance from the surface to the centre of

mass and the angle @ at 343 K for 30 pmol/m?.

Finally, in Figure 3.20, we show the temperature dependence of the
isosteric heat, at 293 K and 343 K. The experimental data at 293 K are taken from
Isirikyan and Kiselev (lIsirikyan and Kiselev, 1961), and those at 343 K are from
Belyakova and co-workers (Belyakov et al., 1968). The excellent agreement between
simulation and experiment reinforces our conclusion that the TraPPE-EH potential is
the best model to describe the adsorption of benzene on graphite. A weak

temperature dependence of the isosteric heat is also noted in this figure.
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Figure 3.20 Isosteric heat vs loading for benzene adsorption on GTCB at 293 and
343 K: comparison between GCMC simulation results (structure-less
model) using the TraPPE-EH model with surface mediation (F = 0.9)
and experimental data from Isirikyan and Kiselev (Isirikyan and Kiselev,

1961) and Belyakova and co-workers (Belyakov et al., 1968).

3.6 Conclusions

This study of benzene adsorption on a graphite surface at various temperatures
in both the submonolayer and the multilayer regions provides a detailed picture of the
molecular behaviour of this system. Of the various potential models for benzene
tested, we have found that the TraPPE-EH model is the most suitable, and the GCMC
simulation results for adsorption isostherms and isosteric heats are in excellent
agreement with experimental data taken from the literature.

The GCMC simulation allows us to probe the structure of the adsorbed phase
using local density distributions plots. The molecular orientation in the lower layers
is influenced by the presence of molecules in higher layers. Most benzene molecules

in the first layer adopt an orientations parallel to the surface plane but there are two
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minor populations having slant and vertical orientations. The slant orientation has an
azimuthal angle of about 60° to the surface. The parallel configuration is
energetically favorable in term of benzene-adsorbent interaction. The slant
orientation optimises the quadrupole interactions and together with the vertical
configuration is entropically favoured over the parallel orientation as temperature
increases. However, the ratio of the number molecules adopting parallel orientation
to that having slant and vertical orientations decreases in higher layers due to the
weaker influence of the adsorbent interaction. We find that most slant and vertical
molecules optimise the balance between energy and entropy when one side of the

molecule lies parallel to the surface (i.e. two hydrogen atoms are closer to the surface)
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CHAPTER IV

ADSORPTION OF BTX ON A GRAPHITIC

SURFACE AND IN PORES

4.1 Abstract

Grand canonical Monte Carlo simulation has been carried out at ambient
temperature to investigate the adsorption of benzene, toluene and xylene (BTX) on a
graphite surface and in graphitic slit and cylindrical pores. Particular emphasis has
been paid to the effects of the confined space on the affinity and packing density.
Simulation results for adsorption on a graphite surface were tested against the
experimental data to validate the potential models used in the description of
adsorption. Our extensive simulation has shown that on an open graphite surface,
where there is no restriction in the packing, xylene has the highest affinity and
adsorbed amount at a given reduced pressure and benzene is the lowest, due to the
additional interaction of the methyl groups with the surface. In a confined space the
order of the affinity remains the same, but the packing (hence the amount adsorbed
per unit physical pore volume) is affected by the geometry of the space. It was found
that benzene has the highest packing density, whether it is expressed in terms of mole

Oor mass.
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4.2 Introduction

Benzene, toluene and xylene (BTX) are hazardous organic compounds that are
emitted from chemical and petrochemical industries. These toxic compounds have to
be removed from the effluents before release to the environment. As mentioned
previously in CHAPTER |, adsorption is preferred to remove these compounds by
using activated carbon (AC). To design the adsorptive process the equilibrium of

adsorption such as adsorption isotherm and adsorbed heat is needed.

4.3 Literature Review

The physisorption of aromatics on a graphitic surface has been studied
thoroughly both experimentally (Avgul et al., 1958; Avgul et al., 1959; Belyakov et
al., 1968; Berezin et al., 1972; Berezin et al., 1970; Carrott et al., 2000; Davis and
Pierce, 1966; Isirikyan and Kiselev, 1961; Isirikyan and Kiselev, 1963; Pierce and
Ewing, 1967; Pierotti and Smallwood, 1966) and theoretically (Do and Do, 2006;
Matties and Hentschke, 1996a; Matties and Hentschke, 1996b; Vernov and Steele,
1991a; Vernov and Steele, 1991hb); the affinity for the adsorbent being the most
important criterion for better design of an adsorption system. For example AC (Lai et
al., 2010; Yun et al., 1999), carbon nanotubes (Masenelli-Varlot et al., 2002; Terzyk
et al., 2009), and advanced adsorbents with hexagonal pores (Morishige, 2011a;
Morishige, 2011b; Wang et al., 2011) have all been the subject of investigation in the
last decade. The affinity of the adsorbent for the adsorbate is characterized by the
Henry constant, and has been obtained experimentally for BTX in a number of
carbonaceous systems at various temperatures (Avgul et al., 1958; Berezin et al.,

1972; Berezin et al., 1970; Isirikyan and Kiselev, 1961; Isirikyan and Kiselev, 1963;
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Kiselev et al., 1979). These authors have shown that the order of affinity isB<T < X,
due to the methyl groups attached to the benzene ring that augment the interaction
with the surface. Although xylene is the strongest adsorbate on this basis, there are
conflicting reports in the literature that the adsorption capacity for benzene is the
highest (among BTX) in some activated carbons (Lai et al., 2010; Wang et al., 2004;
Yun and Choi, 1997) but is the lowest in others (Yun et al., 1999). This raises
questions about the affinity and packing of BTX in a confined space. Although it has
been reported that the surface functional group can have an effect on the packing
(Haghseresht et al., 2002), we will concentrate our investigation on the effects of the
confined space, in terms of its size and curvature, on the packing of BTX using a
grand canonical Monte Carlo (GCMC) simulation. Simulation of benzene adsorption
on a graphite surface has been studied previously (Klomkliang et al., 2012). On the
other hand, there are no reports in the literature of simulation of toluene and xylene
adsorption on a graphite surface, and we will therefore study their adsorption on a
planar graphite surface first to establish suitable potential models and then investigate

the effects of confinement on adsorption on toluene and xylene.

4.4 Simulation

The conventional grand canonical Monte Carlo (GCMC) simulation is used in
this chapter. As have been seen in our previous work (Klomkliang et al., 2012), the
adsorptions of benzene on GTCB by assuming the graphite surface as an atomistic
and a structure-less models were in good agreement with each other and described the
experimental data really well. In order to save CPU time, therefore, we consider solid

surface as a structure-less model with infinitely long length in this chapter. The box
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length was more than 10 times the collision diameter (100 Ax100 Ax100 A for open
surface, 100 Ax100 AxLz for slit pores and 100 AxaR? for cylindrical pores), and the

cut-off radius was half the box length.

45 Results and discussion

4.5.1 Adsorption on Graphitized Surface

Figure 4.1a and 4.1b shows the simulation results and the experimental
data for adsorption isotherms and isosteric heats of benzene and toluene on GTCB at
293 K. The experimental data were taken from Avgul et al. (Avgul et al., 1959) and
Isirikyan and Kiselev (Isirikyan and Kiselev, 1961). Good agreement between
simulation and experiment can be achieved for loadings of 10 pmol/m? for benzene
and 8 pmol/m? for toluene, when a binary interaction parameter ks of -0.12 and -0.06
was set for for benzene and toluene, respectively, and a surface mediation factor, F, of
0.90. When we used the OPLS-AA model to account the effects of dipole moment
for toluene, we found that the dipole has no significant effect as seen in Figure 4.1c,
where the isotherms simulated with the OPLS-AA and the TraPPE-UA are essentially
the same.

Unfortunately, the experimental data for xylene adsorption on a
graphite surface are not available in the literature, we can only study xylene
adsorption with molecular simulation. To compare the adsorption performance of
BTX on a graphite surface with the same basis of potential models, we have therefore
carried out simulations without introducing the binary interaction parameter or surface

mediation.
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Figure 4.1 (a) Adsorption isotherms and (b) isosteric heats of benzene and toluene on
GTCB at 293 K using the TraPPE-UA model and the adjustment
parameters, ks and the surface mediation factor F as described in the text.
(c) Toluene adsorption isotherms on GTCB at 293 K obtained from the
TraPPE-UA and OPLS-AA models. The simulations are compared with
experimental data from Avgul’s group (Avgul et al., 1959) and Isirikyan
and Kiselev (Isirikyan and Kiselev, 1961). ks is the binary interaction

parameter.
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Figure 4.2a shows the simulated isotherms of BTX adsorption on a
graphite surface at 298 K as surface excess (umol/m?) as a function of relative pressure,
P/Po.  Since different adsorbates have different saturation vapour pressure and the
driving force for adsorption is the reduced pressure, where Py is the simulated
saturation vapour pressure (2, 6, and 20 kPa, for benzene, toluene and Xxylene,
respectively) (Wick et al., 2002). It is seen that the order of the affinity towards the
graphite surface is B < T < X, which is expected because of the stronger dispersion
interaction from the additional methyl groups. Interestingly, at loadings greater than
3 pumol/m? which is close to the monolayer coverage concentration of toluene (4.30
umol/m?) and xylene (3.61 pmol/m?) as listed in Table 4.1, the adsorptive capacity of
benzene, expressed in mole per surface area, becomes greater than those of the other
two adsorbates.  This result comes about because benzene has a smaller molar
volume than the other two adsorptives. If we express the isotherms as mass excess
per unit surface area versus reduced pressure, as shown in Figure 4.2b, we observe the

expected order of adsorption capacity for a given reduced pressure, thatisB < T < X.
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Figure 4.2 Adsorption isotherms of BTX on GTCB at 298 K using the TraPPE-UA
model without adjusting ks and F. (a) Surface excess per mole vs relative

pressure; (b) surface excess per unit mass vs relative pressure .
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Table 4.1 Monolayer coverage concentration of BTX adsorption on GTCB at 298 K

adsorbate monolayer coverage concentration (umol/m?)*
B 5.22
T 4.30
X 3.61

* The monolayer concentration is defined as the number of molecules in the first layer (z < 6 A) at the
completion of the first layer.

The isosteric heat of BTX adsorption on a graphite surface at 298 K is
shown in Figure 4.3. At zero loading, the isosteric heats of benzene, toluene, and
xylene are 36, 43, and 51 kJ/mol, respectively, which is in agreement with the
calorimetric data of Kiselev et al. (Kiselev et al., 1979), that the zero loading-isosteric
heat is in the order B < T < X, and is consistent with the order of the Henry constant.
The isosteric heat versus loading curve is typical of adsorbates that have stronger
fluid-solid interaction compared to fluid-fluid interaction, and the order of heat at any

loadings is the same as that at zero loading.
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Figure 4.3 Isosteric heats of BTX on GTCB at 298 K using the TraPPE-UA model
without adjusting k¢ and F. (a) Total isosteric heat. (b) fluid-fluid and
fluid-solid isosteric heats. SE is surface excess at any loadings. SEw is

monolayer coverage concentration.
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The local density distribution versus the distance from the surface to
the centre of the ring is shown in Figure 4.4 for BT X adsorption on a graphite surface.
There are two overlapped peaks in the monolayer region; the main peak at 3.5 A
corresponds to molecules parallel to the plane of the surface and a minor peak at
4.5 A corresponds to non-parallel configurations with their ring centres shifted further
away from the surface to maximize the quadrupolar interaction between adsorbate
molecules (Klomkliang et al., 2012). Interestingly the magnitude of the major and
minor peaks is in order: B < T < X and B > T > X, respectively because the stronger

interaction of the methyl groups with the surface acts against this trend.
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Figure 4.4 Local density distributions as a function of distance from a graphite

surface to the centre of a benzene ring in BTX at 298 K and a loading of

20 pmol/m? using the TraPPE-UA model without adjusting ksand F.

4.5.2 Adsorption on Graphitic Pores
Adsorption and desorption isotherms of BTX in a 20 A graphitic slit-pore

at 298 K are shown in Figure 4.5. As expected the adsorption affinities at low loadings
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follow the same order as for an open graphite surface (i.e. B < T < X) because the
enhancement in the adsorption potential in a confined space works equally for all
adsorbates. However, when the pore is completely filled with adsorbate, benzene has
a higher capacity than toluene and xylene. The pore densities are calculated as moles
per unit accessible volume (the accessible pore volume is listed in Table 4.2), and
even though benzene has the highest accessible pore volume its pore density is still
greater than those of toluene and xylene. This is tantamount to saying that the
packing is more efficient for benzene than for aromatics with side chains. If we
express the adsorptive capacity in terms of mass of adsorbate per unit accessible
volume (Figure 4.5b), the order of the capacity at high loadings is opposite to when it
is expressed in terms of moles (B < T < X). This conclusion remains valid for pores
having width greater than 12 A. However, for ultra-micropores smaller than 12 A, the
order for the capacity by mole and mass at low loadings remains the same as that for
pores whose widths are greater than 12 A (B < T < X), but the opposite is observed at
high loadings (B > T > X). This can be explained by the fact that only one layer can
be accommodated in these ultra-micropores and the accessible pore volume of
benzene is much greater than that of toluene and xylene (see Table 4.2).

The pore density discussed so far is based on the accessible pore
volume, and gives the density of the adsorbed phase that occupies the accessible
volume. However, experimental measurements are reported in the literature as the

amount adsorbed per unit mass of the adsorbent.
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Figure 4.5 Adsorption/desorption isotherms of BTX at 298 K using the TraPPE-UA

model without adjusting ks and F on graphitized slit-pore width of 20 A.

(a) Pore density per mole vs relative pressure; (b) pore density per unit

mass vs relative pressure. The pore density is based on accessible pore

volume.

Table 4.2 Pore volume at different physical pore widths of slit-pore

Physical Vace (NM°) 2
pore width Vory (NM*) ® | Vige (nm?) ©
(nm) B T X
0.8 5.52 3.93 3.30 80.00 70.15
1.0 24.70 19.55 15.82 100.00 89.11
1.2 44.05 38.79 33.70 120.00 97.17
1.6 83.65 78.40 72.90 160.00 138.36
2.0 123.63 118.44 113.00 200.00 179.09
3.0 223.86 218.10 212.79 300.00 281.60

 The accessible pore volume is defined as the volume accessible to the centre of a particle at zero

loading and is determined by the Monte Carlo method of integration (Do et al., 2008).

® The physical pore volume is defined as the volume that occupy the distance between the plane

passing through the centres of carbon atoms of the outermost layer of one wall and the corresponding

plane of the opposite wall (Do et al., 2008).

¢ The pore volume is determined by helium adsorbed in the pore using GCMC at latm and room

temperature.
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Wang et al. (Wang et al., 2004) and Lai et al. (Lai et al., 2010)
measured benzene and toluene adsorption on an activated carbon at 298 K, and
observed that the adsorption capacity of toluene (mg of adsorbate/g of activated
carbon) at high loadings (P/Po > 0.03) was lower than benzene. On the other hand,
Yun et al. (Yun et al., 1998) and Lillo-Rddenas et al. (Lillo-Rodenas et al., 2006)
found that benzene adsorption capacity (by mole) was lower than that of toluene at
low loadings (P/Py < 0.03), but becomes greater when P/P, > 0.03.

To make a direct comparison between the simulation results and the
experimental data, the simulation results are expressed either as molar concentrations
or as mass per unit physical volume of the pore since, for a given porosity of the solid,
the physical volume is proportional to the mass of the solid adsorbent. Figure 4.6
shows the simulated isotherms for BTX in terms of mole or mass per unit physical
volume (the physical volumes are listed in Table 4.2). It is seen that the pore density
per mole or per unit mass for BTX at low loadings follows the order B < T < X, while
at high loadings the order is reversed, i.e. B > T > X, in agreement with the
experimental data (Lai et al., 2010; Lillo-Rodenas et al., 2006; Wang et al., 2004; Yun

etal., 1998).
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on the physical pore volume.

The single particle density distributions at P/P, = 1.0, plotted against
distance from one of the pore walls to the centre of the benzene ring, are shown in
Figure 4.7 for three pore sizes. In the 8 A pore there is only one peak since the
adsorbates are constrained to adopt a parallel configuration. In the 10 A pore most
molecules adopt a vertical orientation, but it is notable that, as on the plane surface,
the proportion of parallel to inclined molecules decreases in the order BTX, showing
that the molecule-surface interaction is stronger than the molecule-molecule

interaction. The 12 A pore, wide enough to accommodate two layers and therefore
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shows two distinct peaks in the local density distribution. For pores in which more

than two layers can be accommodated, there are more than two peaks in the local

density distribution.

The two peaks closest to the pore walls corresponding to the

first layer are subdivided into two parts with the more distant minor peaks

corresponding to molecules with orientations inclined to the surface, as previously

noted for adsorption on a flat graphite surface (Figure 4.4) (Klomkliang et al., 2012).
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To understand better the orientation of BTX in a confined space, we
presented in Figures 4.8 and 4.9 the orientation density distributions and
corresponding snapshots for 8 and 20 A pores, respectively. For 8 A pore, most
molecules are parallel to the pore surface because the pore is too small to allow other
orientations. However, for 20 A pore there are two peaks associated with the layers
close to the pore wall, one peak occurs at 3.5 A and the other at 4.5 A. The first peak
at 3.5 A is associated with molecules parallel to the surface (4 = 0, which @ is defined

as the angle between the normal vector of the benzene ring (n) and the vertical z axis),

while the second peak at 4.5 A for those exhibiting a slant configuration to the surface.
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Figure 4.8 Local density distributions as a function of distance from a pore wall to
the centre of the benzene ring and the angle & (3D) and top view of the
snapshot of molecules adsorbed of BTX at 298 K and P/Py; = 1.0 on

graphitized slit-pore width of 8 A; (a) B, (b) T, and (c) X.
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Figure 4.9 Local density distributions as a function of distance from a pore wall to
the centre of the benzene ring and the angle 8 (3D) and top view of the
snapshot of molecules adsorbed for monolayer of BTX at 298 K and

P/P, = 1.0 on graphitized slit-pore width of 20 A; (a) B, (b) T, and (c) X.

To examine the effects of pore curvature, we present, in Figure 4.10,
the BTX adsorption isotherms for cylindrical pores at 298 K. The order of adsorption
affinity in a cylindrical pore is the same that for a surface and slit-pore and
demonstrates that the packing order is not affected by the surface curvature. To
understand better the packing at high loadings, we present in Figure 4.11 the local
density distribution and the snapshot for BTX at P/Py = 1 in a pore of 30 A diameter.
We observed that the two peaks corresponding to the first layer are associated with

molecules having a parallel orientation and those having other orientations, similar to

what seen earlier with slit-pore.
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Figure 4.10 Adsorption/desorption isotherms for BTX at 298 K on graphitized

cylindrical pore width range between 18 and 30 A. (a) Pore density per

mole vs relative pressure; (b) pore density per unit mass vs relative

pressure. The pore density is based on physical pore volume.

4.6 Conclusions

We have presented computer simulations of adsorption and desorption of BTX

on a graphite surface and in slit and cylindrical pores with different pore sizes at 298K

to investigate the adsorption affinity at zero loading and the adsorption capacity at

high loadings. It was found that the side chains (methyl group) on the aromatics ring

increase the affinity in the order benzene < toluene < xylene but decrease the capacity

at high loadings (benzene > toluene > xylene).
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CHAPTER V
HYSTERESIS AND EQUILIBRIUM TRANSITION
OF ARGON AND BENZENE ADSORPTIONS

IN FINITE SLIT PORES

5.1 Abstract

Bin grand canonical Monte Carlo (Bin-GCMC) is compared with conventional
GCMC in a comprehensive investigation of the effect of simulation method for the
description of the adsorption-desorption hysteresis of argon and benzene in graphitic
slit pores. To study the equilibrium phase transition, we applied the Mid-Density
scheme and show how pore width, length and adsorption temperature affect the
equilibrium transition. It was found that the desorption branch becomes closer to the
equilibrium transition as the pore length is increased, while its relative position
between the adsorption and desorption segments of the hysteresis loop is rather
insensitive to pore width and temperature. This is distinctly different from a previous
study of cylindrical pores where the equilibrium transition is closer to the adsorption

segment of the hysteresis loop as the pore size is increased (Liu et al., 2012).

5.2 Introduction
Adsorptions of fluid in a simple solid model have been initially implemented
to more understand those in a more complex solid model as well as in a real material.

Adsorption in simple mesopores (for example open ended cylindrical pores) always
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exhibits hysteresis when temperature is less than the critical hysteresis temperature
and pore size is greater than a critical value (Morishige, 2008; Morishige and Tateishi,
2003). The characteristics of the hysteresis loop depend on the material examined,
the adsorbate and the temperature (Kruk and Jaroniec, 2003; Morishige, 2008;
Morishige and Tateishi, 2003). The equilibrium phase transition (vapor-liquid
transition) in the hysteresis loop can be found for these systems by using the Mid-
Density scheme (Liu et al., 2012; Liu et al., 2011). Understanding such confinement

of fluids is of crucial interest for both fundamental research and potential applications.

5.3 Literature Review

To investigate hysteresis, the recently proposed a Bin Monte Carlo scheme
(Fan et al., 2011) in which sampling has been shown to be 2 to 3 times more efficient
than in conventional Monte Carlo, being especially advantageous when the system is
very dense. Furthermore this method gives more reproducible and reliable adsorption
and desorption branches, from which the recently introduced Mid-Density scheme
(Liu et al., 2012; Liu et al., 2011) can be applied to obtain the equilibrium transition.
Bin-MC has been successfully applied to give a much better description of the spike
in the heat curve versus loading for argon, nitrogen and methane adsorption on
graphite (Fan et al., 2012) than had been previously achieved by other simulation
methods. Bin-MC has also been applied to study adsorption in mesopores, and it was
found that the hysteresis loop obtained with this method is larger than that obtained
with conventional MC (Fan et al., 2011), but that study has so far been restricted to a

single pore size and argon adsorbate.
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The Mid-Density scheme (Liu et al., 2012; Liu et al., 2011) was suggested as
an alternative to more complex methods such as gauge cell Monte Carlo (Neimark et
al.,, 2003; Neimark and Vishnyakov, 2000; Puibasset, 2010; Vishnyakov and
Neimark, 2001; Vishnyakov and Neimark, 2003), the grand thermodynamic potential
(Rowley et al., 1975; Walton and Quirke, 1989) or thermodynamic integration
(Peterson and Gubbins, 1987; Peterson et al., 1988) to determine the equilibrium
phase transition in pores. This method has been used to study the equilibrium phase
transition of argon adsorbed in graphitic pores at 87.3 K, and the results were shown
to be in excellent agreement with the more demanding gauge cell method (Liu et al.,
2012; Liu et al., 2011).

In this chapter, we use Bin-GCMC to study the hysteresis loop of argon and
benzene in graphitic slit pores. The effect of changing the acceptance ratio for
displacement (and rotation, in the case of benzene) on the adsorption isotherms has
been examined for both GCMC and Bin-GCMC schemes. We then apply the Mid-
Density scheme in sequential Bin-CMC and Bin-GCMC simulations to investigate the

equilibrium phase transition.

5.4 Simulation

The pore walls of slit pores are assumed to be composed of layers of constant
surface density. The fluid-solid interaction energy for a slit-pore of infinite extent was
calculated with the Steele 10-4-3 equation (Steele, 1973), and for slits with a finite
length in one direction, bulk gas was placed at both ends of the pore as shown in

Figure 5.1 and the Bojan-Steele equation (Bojan and Steele, 1988; Bojan and Steele,
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1989; Bojan and Steele, 1993) was used to calculate the fluid-solid potential energy

(see section 2.5.3 in CHAPTER II).

bulk pore bulk

Figure 5.1 Schematic diagram of a slit-pore of finite length in the y-direction; the
pore is connected to the bulk gas phase at each end in the y-direction.

Periodic boundary conditions are applied in the x-direction

To simulate the adsorption isotherm we used the conventional GCMC scheme
(Allen and Tildesley, 1987), and the Bin-GCMC scheme (Fan et al., 2011). The box
length was more than 10 times the collision diameter for pores of infinite extent in the
x- and y-directions, parallel to the pore walls, and the cut-off radius was taken to be
half of the box length. The number of configurations generated for both GCMC and
Bin-GCMC was 5x10’ for both equilibration and sampling. For Bin-MC, the box was
divided into bins in the z-direction and the bin width was 0.2 nm approximately
controlled by the pore width.

The acceptance ratio for the displacement move is calculated at the end of

each cycle as follows (for cycle i)

- Naccpt i
Ratio, . = : (5.1)

accpt, i

move, i
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where Nmove, i and Nacept, i are number of attempted moves and number of successful
moves, respectively, that accumulate from zero to the cycle i. The initial maximum
displacement lengths were half the box length in the x- or y-direction and half the bin
thickness in the z-direction for every bin. The maximum displacement lengths were
updated every cycle. When the acceptance ratio was greater than the set value the
maximum displacement length was increased by 1.05, otherwise it was decreased by

0.95.

5.5 Results and Discussion

5.5.1 Acceptance Ratio for Ar Adsorption on a Surface and in an

Infinitely Long Slit-Pore

Conventional GCMC and the Bin-GCMC simulations were made at
87.3 K, in slit pores of width 10 nm (taken to be equivalent to an open graphite
surface) and 2 nm. Two values of the acceptance ratio recommended in the literature:
0.20 and 0.50 (Mountain and Thirumalai, 1994) were tested. The acceptance ratio
and choice of simulation scheme do not affect the isotherm or the isosteric heat for the
open surface, as shown in Figures 5.2 and 5.3. However, for slit pores there is a
significant difference between the simulation results obtained with the two simulation
schemes, especially in the dense regions (Figure 5.4). The sampling is most effective
when an acceptance ratio of 0.20 was used with the Bin-GCMC scheme, while the
two schemes (GCMC and Bin-GCMC) fail to provide good sampling when the
acceptance ratio is 0.50. Our finding that the 0.20 acceptance ratio is more efficient is
in agreement with the conclusions of Mountain and Thirumalai (Mountain and

Thirumalai, 1994).
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Figure 5.2 Ar adsorption isotherms on graphitized thermal carbon black (GTCB) at
87.3 K: comparison between GCMC and Bin-GCMC schemes with
different displacement/acceptance ratios; the experimental data are taken
from Avgul and Kiselev, 1970. The saturation vapour pressures of
101.300 and 88.500 kPa are taken from the experimental data and the

simulation, respectively (Do and Do, 2005).
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Figure 5.3 Isosteric heats of Ar adsorption on GTCB at 87.3 K comparison between

GCMC and Bin-GCMC schemes at different displacement acceptance

ratios; the experimental data is taken from Avgul and Kiselev (1970).
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Figure 5.4 Ar adsorption-desorption isotherms in infinitely long slit-pore of width 2 nm

at 87.3 K: comparison between GCMC and Bin-GCMC schemes at

different displacement/acceptance ratios.
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55.2 GCMC and Bin-GCMC Simulations for Benzene on Surface and in

an Infinitely Long Slit-Pore
In these simulations, we used an acceptance ratio of 0.20 and
investigated the effects of the simulation scheme on benzene (TraPPE-EH model for
benzene is used in this work) adsorption at 293 K on a graphite surface and in a 3nm
slit pore at 298 K. The adsorption isotherms on an open graphite surface obtained
with the two schemes are the same (Figure 5.5a), implying that sampling is equally

effective with either method, as was found for argon.
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Figure 5.5 (a) CgHs adsorption isotherms on GTCB at 293 K and (b) Cg¢Hs
adsorption-desorption isotherms in an infinitely long slit-pore of width
of 3 nm at 298 K comparing the GCMC and Bin-GCMC schemes. The
Po of 10.052 and 9.800 kPa are taken from the experimental data and
simulation, respectively (lIsirikyan and Kiselev, 1961; Rai and

Siepmann, 2007).
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However, in slit pores there are differences between the two schemes
and, like argon, the sampling for benzene adsorption is more efficient with the
Bin-GCMC scheme and the 0.20 acceptance ratio. The effectiveness of the Bin-GCMC
lies in the fact that the probabilities of insertion and deletion are based on local
densities, rather than the overall average density used in conventional MC. It is
interesting to note that the desorption branch obtained with conventional GCMC
shows an increase in loading when pressure is decreased (see the inset in Figure 5.5b)
this is contrary to the second law of thermodynamics and is not observed with
Bin-GCMC.

5.5.3 Simulations with the Mid-Density Scheme

The Mid-Density scheme was applied to determine the equilibrium
phase transition in slit pores, using both conventional Monte Carlo and Bin-Monte
Carlo simulations. We denote the Mid-Density scheme using conventional MC as
“CMC+GCMC”, and the results from these simulations for argon adsorption in an
infinitely long slit pore of width 2 nm at 87.3 K are shown in Figure 5.6a. The
coexistence pressure was found to be 5.6 kPa.

The Mid-Density scheme used with the Bin-MC is denoted as
“Bin-CMC+Bin-GCMC” and the results are shown in Figure 5.6b. The coexistence
pressure is the same as that obtained with the “CMC+GCMC” scheme, despite the
differences in the two hysteresis loops; particularly the desorption branch prior to
evaporation, where the Bin-MC results give a higher density. A similar observation
was made by Liu and co-workers. (Liu et al., 2011), who examined the effects of
changing the number of MC cycles on the hysteresis loop. There the area of the

hysteresis loop was found to decrease when the number of cycles was increased from
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10,000 to 100,000, but the equilibrium transition pressures for the different cycle

numbers were the same.
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Figure 5.6 (a) GCMC adsorption-desorption isotherm of Ar and showing the
equilibrium phase transition obtained by the Mid-Density scheme using
CMC+GCMC and (b) Bin-GCMC adsorption and desorption isotherms
for Ar and the equilibrium phase transition obtained by the Mid-Density
scheme using Bin-CMC+Bin-GCMC in an infinitely long slit-pore of
width 2 nm at 87.3 K. Vertical dashed lines show the equilibrium

transition.
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5.5.4 The Effect of Pore Width

Bin-GCMC simulations for argon adsorption at 87.3 K in infinitely
long slit pores of 2 nm, 3 nm and 3.6 nm width are shown in Figure 5.7a. The
condensation and evaporation pressures were found to increase with pore size, but the
latter increases less, resulting in a larger hysteresis loop. The same general trend in
the change in position and area of the hysteresis loop was found for benzene at 298 K
as shown in Figure 5.7b.

The equilibrium phase transitions obtained using Bin-CMC+Bin-GCMC,
are shown as dashed lines in Figure 5.7. The equilibrium transition is in
approximately the same relative position between the vertical segments of the
adsorption and desorption branches for all pore widths. This differs from previous
results for infinitely long cylindrical pores, where the equilibrium transition shifts
closer to the adsorption segment as pore size increases (Liu et al., 2012). The results
from the Mid-Density simulations are in very close agreement with those from the
gauge cell method (Liu et al., 2011) which adds further support to our claim that the

two methods are equivalent.
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Figure 5.7 Bin-GCMC adsorption-desorption isotherms of (a) Ar at 87.3 K and (b)

CsHe at 298 K, and the equilibrium phase transition obtained by the Mid-

Density scheme using Bin-CMC+Bin-GCMC in an infinitely long slit-

pore of different pore widths. The coexistence pressure of Ar in the 3 nm

pore is compared with results obtained by the gauge-cell method and Mid-

Density scheme from Liu and co-workers (Liu et al., 2011). Vertical

dashed lines show the equilibrium phase transition.

5.5.5 The Effect of Pore Length

Understanding of hysteresis for pores of infinite extent does not truly

reflect the practical situations where desorption begins from a meniscus separating the

liquid condensate and the gas, rather than from cavitation within the pore that leads to
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an instant evaporation of an infinite column of liquid-like condensate in pores of
infinite extent. The evaporation pressure for “cavitation” is always less than the
desorption pressure observed experimentally, and proceeds by a mechanism in which
the menisci recede from the ends of the pore to its interior. To observe this type of
process in simulation, we considered finite pores in contact with the bulk gas at each
end. The simulation results are shown in Figures 5.8a and 5.8b for argon and
benzene, respectively. As was found for infinitely long pores, the adsorption
mechanism starts with layering of molecules on the pore walls, followed by a steep
condensation once the remaining core is small enough to induce it via fluid-fluid
interactions. The condensation pressure is higher than in the corresponding infinitely
long pore because the solid-fluid interactions are weaker, due to the absence of
adsorbent atoms beyond the pore ends. The desorption process, on the other hand,
proceeds by the retreat of the meniscus into the pore interior, resulting in a loss of
adsorbate which is reflected in a decrease in density along the desorption branch as
pressure is decreased. The liquid bridge in the middle of the pore becomes smaller as
pressure is reduced and instantly evaporates when it is no longer thick enough to
remain stable through mutual fluid-fluid interactions. The evaporation pressure is
higher than in the infinitely long pore of the same width and therefore in closer accord
with experimental observation.

Using the Mid-Density scheme, we determined the pressure of the
equilibrium phase transition (shown in Figures 5.8 as red dashed lines), and observe
that when the pore length is less than twice the pore width, the phase transition is
discontinuous. When the pore length is greater than four times the pore width, the

equilibrium transition becomes continuous, but is discontinuous again when the pore
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length is infinite. The discontinuous transition in an infinitely long pore is a
consequence of the absence of menisci at the pore ends and formation of cavities,
followed by evaporation of molecules from the inner core. The discontinuous
transition occurs in very short pores because the two menisci enclose a liquid lens that
becomes unstable as explained above.

Figures 5.9 and 5.10 show snapshots of argon and benzene in finite
3nm pores at a density p,,*, defined in Figure 5.8. These snapshots were obtained at
the end of the Bin-CMC simulation (first half of the Mid-Density scheme). The
adsorbate at the equilibrium transition has gas-like and liquid-like regions, separated
by cylindrical interfaces. In the gas-like regions there are two adsorbed layers for
argon but only one for benzene, which suggests that the adsorbed film of one/two
layers is in equilibrium with the liquid condensate in the pore. It is interesting that the
thickness of this adsorbed layer is independent of pore size, implying that the liquid
bridge is larger in larger pores. The molecular configuration at the equilibrium
transition is distinctly different from that at the metastable desorption branch where
there are two conical interfaces, as seen in Figure 5.11, which are not as stable as the

cylindrical interfaces observed at the equilibrium transition.
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Figure 5.9 Snapshots from Bin-CMC of Ar at the mid-density p,* and 87.3 K in

pores of 3 nm width with lengths from 2 to 16 times the pore width (H).
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Figure 5.10 Snapshots from Bin-CMC of CgHs at the mid-density pa* and 298 K in

pores of 3 nm width with lengths from 2 to 16 times the pore width (H).
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16H

Figure 5.11 Snapshot of CgHg at the metastable desorption branch corresponding to

point A in Figure 5.8b.

5.5.6 The Effect of Temperature

Finally, we investigated the effects of temperature on the hysteresis
loop and the equilibrium phase transition of argon and benzene adsorption in finite
3 nm slit pores (Figure 5.12). As temperature is increased, we observe the following:
(1) The hysteresis loop becomes smaller and disappears at the critical hysteresis
temperature, which is lower than the pore critical temperature. (2) The equilibrium
transition moves closer to the desorption branch but not that significant. (3) When the
pore length is less than four times the pore width the equilibrium transition is always
discontinuous, irrespective of temperature.  In Figure 5.13 we show snapshots of argon
adsorption as a function of temperature at the equilibrium state. A pore length of 16H
was used in order to ensure that we can capture the nucleation state at high
temperatures despite the high thermal motion. In the range from 77 K to 110 K there
are two liquid bridges of unequal length and one cavity. As temperature is increased,
the cavity becomes larger and the small liquid bridge becomes larger while the large
liquid bridge becomes smaller and both lose definition because of the greater thermal

motion.
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Figure 5.13 Snapshots from Bin-CMC of Ar at the mid-density p,* in pores of width

3 nm with length 16 times the pore width.

5.6 Conclusions

We have used conventional GCMC and the new Bin-GCMC techniques, to
study adsorption and desorption isotherms of argon and benzene in graphitic slit-pores
at 87.3 K and ambient temperatures, respectively. We find that the Bin-GCMC, with
an acceptance ratio of 0.20, is superior to conventional GCMC. The Mid-Density
scheme using a combined Bin-CMC and Bin-GCMC is effective and efficient in
determining the equilibrium transition and the results are in excellent agreement with
gauge cell simulations. We find that the desorption branch is closer to the equilibrium
transition as the pore length is increased, while the relative position of the equilibrium
transition against the adsorption and desorption segments of the hysteresis loop is
insensitive to pore width and temperature, but differs from the relative position

previously found for cylindrical pores.
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CHAPTER VI
HYSTERESIS AND EQUILIBRIUM TRANSITION OF

ARGON IN SLIT-SHAPED INK-BOTTLE PORES

6.1 Abstract

Bin Grand Canonical Monte Carlo (Bin-GCMC) simulation was carried out to
study adsorption-desorption of argon at 87.3 K in a model of ink-bottle mesoporous
solid in order to investigate the interplay between the pore blocking process controlled
by the evaporation through the pore mouth via the meniscus separating the adsorbate
and the bulk gas surroundings and the cavitation process governed by the instability
of the stretched fluid (with a decrease in pressure) in the cavity. The evaporation
mechanism switches from the pore blocking to the cavitation when the size of the
pore neck is decreased, and it is relatively insensitive to the neck length under
conditions where cavitation is the controlling mechanism. For isotherms with a
hysteresis loop, we applied the Mid-Density scheme to determine the equilibrium
branch, and we have found that unlike the ideal case of simple pores of constant size
and infinite extent in length where the equilibrium transition is vertical the
equilibrium branch of an ink-bottle pore has three distinct sub-branches within the
hysteresis loop. The first sub-branch is sharp but continuous and it is close to the
desorption branch (which is typical for a pore with two open ends); this is associated
with the equilibrium state in the neck. The third sub-branch is much sharper and it is

close to the adsorption branch (which is typical for either a pore with one end closed
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or a closed pore), and it is associated with the equilibrium state of the cavity. The
second sub-branch, connecting the other two sub-branches, is gradual. The domains
of these three sub-branches depend on the system parameters: the sizes of the cavity

and the neck and their respective lengths.

6.2 Introduction

The behaviour of fluids confined within porous materials is significantly
different from that of the bulk. In particular, fluids confined in mesopores exhibit the
phase transition characteristic quantities (capillary condensation and evaporation).
The other type of phase transition is vapour-liquid transition (the equilibrium phase
transition) which occurs within the hysteresis loop. The characteristics of the
hysteresis loop and the equilibrium phase transition (vapour-liquid transition) depend
on the material examined, the adsorbate and the temperature (Kruk and Jaroniec,
2003; Morishige, 2008; Morishige and Tateishi, 2003). Thus, for a given adsorbate
and temperature, the adsorption and desorption branches of the isotherm depend on
the material properties: the pore size distribution, the pore shape and the connectivity
(Fan et al., 2011b; Grant and Jaroniec, 2012; Horikawa et al., 2004; Lu and Schiith,
2005; Lu and Schiath, 2006; Nguyen et al.,, 2011; Rasmussen et al., 2010;
Reichenbach et al.,, 2011). The existence of the hysteresis is attributed to the
metastable states of the adsorbed layer along the adsorption branch and the metastable
state of the liquid condensates along the desorption branch (Neimark and Vishnyakov,
2000). Understanding such fluid in network pores can be extended to more understand

the calculation of reliable pore sizes from the adsorption data which is complicated
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since the pore of disordered materials deviate from ideal pores as assumed in many

models computing pore size distributions.

6.3 Literature Review

The practical mesoporous materials such as activated carbon, porous glass and
silica gel consist of interconnected networks of pores of varying shape, curvature, and
size. Due to the complexity of pore networks, the adsorption and desorption
isotherms having either a singly or doubly hysteresis loop are observed
experimentally (Grosman and Ortega, 2008; Kruk and Jaroniec, 2003; Lu and Schiith,
2005; Morishige et al., 2006; Morishige and Yasuki, 2010; Morishige and Yoshida,
2010; Rasmussen et al., 2010; Ravikovitch and Neimark, 2002; Reichenbach et al.,
2011; Rigby and Fletcher, 2004), and the two-step hysteresis depends on the pore size
distribution, adsorbate and temperature (Grosman and Ortega, 2011; Liu et al., 2008;
Morishige and Ito, 2002; Morishige et al., 2006; Morishige and Tateishi, 2003;
Morishige et al., 2003; Morishige and Yoshida, 2010; Reichenbach et al., 2011; Sahu
et al., 2009). The two steps in adsorption and desorption branches causing by two
different pore size distribution, when the two pore size distributions became less
different from disappearing of one, the hysteresis loop exhibited one stage (Liu et al.,
2008; Sahu et al., 2009). The adsorption step at lower pressure is indicated capillary
condensation in narrower pore while the condensation at higher pressure is associated
in the wider pore. Similarly, desorption step at higher and lower pressures are
indicated the evaporation in wider and narrower pores, respectively. In the desorption
step, there are two mechanisms can be observed, evaporation as a receding meniscus

and cavitation when pressure is decreased. The evaporation as a receding of meniscus
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can be occurred in such as a single pore with both ends contacting to the gas bulk
phase, a single pore closed one end, two connected pores with both ends contacting to
the gas bulk phase, and/or ink-bottle pore. The desorption step induced by a meniscus
shows a knee shape while the desorption step by cavitation is much steeper. Pore
blocking and cavitation behaviours are found in a network porous material as an ink-
bottle pore. The pore blocking is observed with evaporation as a receding of meniscus
in the pore neck when the pore neck size is greater than the critical size and the pore
body is still filled full with adsorbate. When the neck width is smaller the cavitation
induced by evaporation is occurred, the liquid-like in the cavity (pore body) is
evaporated while the neck pore remains filled by condensed liquid that induced a
vapour bubble happened in the cavity. In addition, evidence from experimental work
proposed by Morishige (Morishige et al., 2006) was strongly suggested that the
desorption mechanism was altered from pore blocking to cavitation with increasing
temperature. In a given temperature, the pore blocking and cavitation is depended on
adsorbate in a corresponding material, for example, argon adsorbed onto a porous
glass at 77 K was observed pore blocking where was not observed that for nitrogen
in the same material and temperature, while the cavitation was found in the case of
nitrogen adsorbed (Reichenbach et al., 2011). In order to explain the hysteresis by
pore blocking and cavitation, different simple models on the level of single ink-bottle
pores have been developed (Cohan, 1944; Fan et al., 2011b; Libby and Monson,
2004; Nguyen et al., 2011; Rasmussen et al., 2012; Sarkisov and Monson, 2001;
Vishnyakov and Neimark, 2003a).

The recently proposed Bin Monte Carlo scheme (Fan et al., 2011a) would be

used to investigate the hysteresis loop because of its better sampling than the
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conventional Monte Carlo scheme (Norman and Filinov, 1969), especially when the
system is very dense. This gives us more reproducible and reliable adsorption and
desorption branches, from which the Mid-Density scheme can be applied to obtain the
equilibrium transition. The Mid-Density scheme introduced recently (Liu et al., 2012;
Liu et al., 2011) was suggested as an alternative to more complex methods such as the
gauge cell Monte Carlo method (Jorge and Seaton, 2002; Neimark et al., 2003;
Neimark and Vishnyakov, 2000; Puibasset, 2010; Vishnyakov and Neimark, 2001;
Vishnyakov and Neimark, 2003b) and the grand thermodynamic potential (Rowley et
al., 1975) or by a thermodynamic integration (Peterson and Gubbins, 1987; Peterson
et al., 1988) to determine equilibrium phase transition in pores. An example of the
application of the Mid-Density scheme is the study of equilibrium phase transition of
argon adsorption in graphitic pores at 87.3 K, and the results were in good agreement
with the more demanding gauge cell method (Liu et al., 2011). As we have known the
equilibrium phase transition in confined space is difficult to measure and so far can be
made only for a limited class of materials such as MCM-41 and controlled porous
glasses but can investigate theoretically and has been mostly done so far in a single
pore such as slit pore, cylindrical pore, and spherical pore (Jorge and Seaton, 2002;
Kierlik et al., 2002; Liu et al., 2012; Liu et al., 2011; Neimark et al., 2003; Neimark
and Vishnyakov, 2000; Puibasset, 2010; Vishnyakov and Neimark, 2001; Vishnyakov
and Neimark, 2003a; Vishnyakov and Neimark, 2003b). Most studies were focused
on infinite pore and it had been found that the equilibrium transition in an infinite
pore extended in length was the first-order transition (Jorge and Seaton, 2002; Liu et
al.,, 2011; Neimark et al., 2003; Neimark and Vishnyakov, 2000) while the

equilibrium transition in a finite pore had been studied in a few papers and the
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second-order transition (continuous) was observed due to the molecules in the mouth
interacts with the gas bulk phase (very weak interaction) and the molecules further in
the pore resulting the meniscus happened in the mouth (Liu et al., 2012). As we have
seen, the equilibrium phase transition in slit-shape ink-bottle pores has not been
investigated.

In the present work, we perform the Bin-GCMC simulation of capillary
condensation and desorption in slit-shaped ink-bottle pores. We confirm two
mechanisms of spontaneous evaporation from the cavity, the cavitation induced
desorption and the pore blocking controlled desorption. The equilibrium phase
transition in the pores exhibiting the pore blocking and the cavitation is determined

using the Mid-Density scheme (Bin-CMC+Bin-GCMC).

6.4 Simulation

The fluid-solid interaction energy for a slit-pore of infinite length is calculated
with the 10-4-3 Steele equation (Steele, 1973), while for slits of finite length in one
direction, we modelled a slit pore with bulk gases at both ends as shown in Figure 6.1.
There are four solid models studied in this work; the first solid model is a simple slit-
pore model where both ends are exposed to gas reservoir, the second solid model is a
slit-pore where one end is closed and other end is exposed to gas reservoir, the third
solid model is a connected pores exposed to gas bulk phase at both ends, and the last
model is an ink-bottle pore exposed to gas reservoir at the end of neck side. We used
Bojan-Steele equation (Bojan and Steele, 1988; Bojan and Steele, 1989; Bojan and

Steele, 1993) to calculate the fluid-solid potential energy (see section 2.5.3 in
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CHAPTER II) for solid having finite length in one direction (y-direction) where the

spacing between the two adjacent graphite layer is 0.34 nm.
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Figure 6.1 Schematic diagrams of a slit-shaped pores of finite length in the y-direction;
the pore is connected to the bulk gas phase at two ends in the y-direction.
Periodic boundary conditions are applied in the x-direction. (a) Finite simple
slit pore, (b) finite slit pore with one closed end, (c) two connected pores

exposed to bulk, and (d) ink-bottle pore (one cavity with one neck)

To simulate the adsorption isotherm we used the Bin-GCMC scheme (Fan et
al., 2011a), which is described in section 2.7.1 of CHAPTER Il. We construct the
simulation box into bins having the length of bins parallel into y-direction for all
pores, for example in the case of simple slit-pore and ink-bottle pore as shown in
Figure 6.2, the width of bins in z-direction is equally and approximately of 0.2 nm
depending on the width of simulation box controlled by the width of adsorbed pore.

For the simple slit-pore exposed to reservoir at both ends, the length of bins in
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y-direction is parallel to the length of solids which is the same direction of adsorbed
layers that can gain the efficiency of the Bin concept at high dens phase. For pore
closed end, it seems to divide the bin being the length of bins parallel to solid length
in z-direction. But in this work, the pore length is significantly greater than its width;
therefore, adsorbate would be dominated to form the adsorbed layer parallel to the
pore length in y-direction. The amount adsorbed at the end of solid contacting to gas
reservoir to form surface adsorption is very small; therefore, the direction of

constructed bin in Figure 6.2 has no significance.

Jwidth of bin

(b)

Figure 6.2 Division of bins in simulation box, for example, (a) there are 10 bins with
equal size for a simple slit-pore and (b) there are 13 bins with equal size
for an ink-bottle pore. The number of bins depended on the width of
simulation box which we evaluate the width in z-direction of bins

approximately of 0.2 nm and equally.
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6.5 Results and Discussion
6.5.1 Simple Slit Pores
The simulation results of the adsorption-desorption isotherms of 3 nm
finite slit pore of length 10 nm and 3 nm slit pore of infinite in extent (i.e. periodic

boundary conditions are imposed) are shown in Figure 6.3.
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Figure 6.3 Adsorption and desorption isotherms of argon in infinite and finite pores
at 87.3 K. The vertical dash line indicates the equilibrium phase transition
in infinite pore. The dotted line indicates the equilibrium phase transition

in finite pore (both end exposed to gas reservior).

Because it is more difficult to evaporate an infinite column of liquid
condensate in the pore of infinite extent than the finite liquid condensate in the finite
pore, the desorption pressure for the infinite pore is lower than that for the finite pore,
resulting a very large hysteresis loop for the infinite pore. It is known that the pore of

infinite length does not describe experimental data because the evaporation
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mechanism is purely by the stretching of the fluid until it becomes unstable
(cavitation; at the liquid spinodal point), while in finite pores the mechanism of
evaporation is due to two simultaneous processes: the receding of the menisci from
the pore mouth to the interior and the stretching the fluid in the pore interior. Another
distinct difference between the infinite pore and the finite pore is that in the former
the desorption branch (prior to evaporation) only decreases slightly due to the
stretching of the fluid as pressure is decreased (i.e. the average distance between two
fluid molecules is slightly larger) while in the finite pore the capacity along the
desorption branch decreases a lot more, due to the combined loss of mass at the pore
mouth, resulting from the receding of the menisci to the pore interior, and the
stretching of the fluid. The receding of the menisci is due to the fact that molecules at
the gas-liquid interface are pulled towards the liquid-like region (cohesive forces)
rather than towards the gas-like region as seen in Figure 6.4.
6.5.1.1 Equilibrium Transition

The equilibrium phase transition in an infinite slit pore is first
order (shown as the vertical dashed line in Figure 6.3); on the other hand the
equilibrium branch for the finite length pore is sharp but continuous (second-order)
and it is close to the desorption branch. Interestingly, we observed that the
equilibrium branches for the infinite pore and finite pore are fairly close to each other.
The reason why the equilibrium branch for the finite length pore is close to the
desorption branch is because of the balance between the receding of the gas-liquid
interface, which is maintained at equilibrium, and the stretching of the fluid interior

which is under a metastable state.
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Figure 6.4 Snapshot of argon along adsorption and desorption branches in finite slit

pore at 87.3 K for 3 nm pore width and 10 nm pore length.

The snapshot of the equilibrium branch for the 10 nm length
finite pore is shown in Figure 6.5. For this short length, we observe a single liquid
bridge in the middle of the pore, while for longer pores two liquid bridges are formed
with an existence of a cavity in the middle. This has been observed in our previous

work (Klomkliang et al., 2012) with 48 nm length pore.
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Figure 6.5 Snapshot of argon at the equilibrium phase transition state (point C1 in
Figure 6.4) output from the Mid-Density scheme at 87.3 K for 3.0 nm

pore width and 10 nm pore length.

6.5.2 Finite Slit Pore with One Closed End
The adsorption and desorption isotherms of argon at 87.3 K for a 10 nm
length pore of 3 nm width closed at one end are shown in Figure 6.6. Also shown in the

same figure, for comparison, is the isotherm of an open ended pore of the same width.
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Figure 6.6 Adsorption and desorption isotherms of argon in finite slit pore (both ends
are exposed to gas reservoir) and finite slit pore with one closed end at
87.3 K. The dotted line along the cross symbol indicates the equilibrium

phase transition in the pores.
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The closed end has a higher adsorption affinity than the walls along the
pore, and adsorption will follow a mechanism involving two simultaneous processes:
the progression of a gas-liquid interface from the closed end towards the pore mouth
and the build up of layer on the pore wall, with the former being the dominating one
because of the greater fluid-fluid interactions, resulting from the concave curvature
from the gas-like side (a fluid molecule interacts with more neighbours at the gas-
liquid interface than at the pore walls). Because of this mechanism the adsorption
branch does not have a sharp jump in density as in the case of open ended pore, but
rather it exhibits a gradual increase with pressure. Upon desorption, the process is
reverse to what we just described for adsorption, but the liquid-like region can be
maintained in a metastable state because of the cohesive force (especially at low
temperatures), resulting a hysteresis but its size is much smaller than the loop
observed with a comparable pore (same width and length) with two open ends. The
extent of the metastability is less for larger pores, and we expect the loop is smaller
for larger pores of the same length and for shorter pores of the same size. The
snapshots of the closed end 3nm pore having 10nm length are shown in Figure 6.7. It
is seen that adsorption starts with layering on the pore walls including the closed end,
followed by the formation of a meniscus at the closed end and its progression towards

the pore mouth as pressure is increased.
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Figure 6.7 Snapshot of argon along adsorption and desorption branches in slit pore

with one closed end at 87.3 K for 3 nm pore width and 10 nm pore length.

6.5.2.1 Equilibrium Transition

The equilibrium phase transition for closed end pore is shown

as the dotted line in Figure 6.6. The equilibrium phase transition coincides exactly

with the adsorption branch of the hysteresis loop, and this is different from an open
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ended pore for which the equilibrium transition is closer to the desorption branch (see
Figure 6.3, and for direct comparison we also include the results of the open ended
pore in Figure 6.6). This supports both arguments that were put forwarded in the
literature about which branch is the equilibrium branch.

6.5.3 Two Connected Pores Exposed to Bulk

For a connected pore exposed to the bulk surrounding at both ends, we
consider the case where the widths of the two sections of the pore are larger than the
critical hysteresis pore width so that a hysteresis loop can be observed for both of
them if they are unconnected. We shall consider two cases: (1) these widths are close
to each other; (2) the widths are very different. In the first case, the capillary
condensation in this connected pore occurs in one step (the top graph of Figure 6.8)
because when condensation starts in the narrow section it will quickly spread to the
larger section of the pore (an avalanche effect). However, upon desorption from a
completely filled pore we observe a two-stage desorption, which is resulted from the
receding of the meniscus from both ends of the pore, with the receding from the larger
end being faster with the reduction in pressure. Therefore, the first stage of
desorption is due to the emptying of the larger section through the larger end of the
pore, and the second stage of desorption is due to the emptying of the narrow section
through both ends because the larger section is now essentially empty.

However, in the second case where the widths of the two sections of a
connected pore are very different we observed two steps in the adsorption branch of
the isotherm. The first step is the capillary condensation (of course followed from the
molecular layering) of the narrower section of the pore. After the narrower section has

been filled, adsorption continues in the larger section which now behaves like a closed
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end pore; one end is closed by the liquid condensate in the narrower section and the
other end remains opened to the bulk surrounding (see the snapshots in Figure 6.9).
Because of this closed end, adsorption in the wider section is progressed via
movement (towards the pore mouth) of the meniscus formed at the junction of the two
sections, and therefore the adsorption is gradual as seen in the bottom graph of
Figure 6.8. Upon desorption from a completely filled pore, like the first case, we also
observe a two-stage desorption, and the mechanism is the same as that described

earlier for the first case.
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Figure 6.8 Adsorption and desorption isotherms of argon in the two connected pores
exposed to bulk at 87.3 K. The dotted line is the equilibrium phase

transition in the pores.
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Figure 6.9 Snapshot of argon along the adsorption and desorption branches output
from the Bin-GCMC at 87.3 K for the two connected pores exposed to

bulk. Desorption by receding of pressure as menisci is investigated.
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6.5.3.1 Equilibrium Transition

The equilibrium phase transition is shown as the dotted line in
Figure 6.8. Unlike the simple pores dealt with earlier, the equilibrium branch of a
connected pore exhibits a two-stage behaviour. The first is second-order like, and it is
close to the desorption branch and is associated with the equilibrium in the narrower
section of the pore. This is so because the adsorption and desorption of this narrow
section behave exactly the same as an independent pore with both ends opened to the
surrounding gases (see Section 6.5.1). The second stage is sharper, and it is close to
the adsorption branch of the hysteresis loop. This stage is associated with the wider
section of the pore because the adsorption and desorption of this section is similar to
an independent pore with one end closed, whose detailed behaviour has been
discussed in Section 6.5.2.

We have explained the two distinct stages of the equilibrium
transition, which are associated with the two sections of the pore. They occur over
two different pressure ranges, and there exists an equilibrium branch that connects
these two stages. For the ease of explanation, we shall call this branch the connecting
equilibrium transition. When the sizes of the two sections are not very different, this
connecting equilibrium transition is between the adsorption and desorption branches
of the hysteresis loop (top graph of Figure 6.8). However, when they are very
different, this transition is spanning along the desorption branch of the first hysteresis
loop and the adsorption branch of the second hysteresis loop. The middle portion of
this transition is spanning along the stable states of the isotherm (bottom graph of

Figure 6.8).
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We show in Figure 6.10 the snapshots at the equilibrium phase
transition for the case where the sizes of the narrow and wide sections are not very
different. The snapshots of the connecting equilibrium at the points H1 and H2 show
that the system evolves at the junction of the two sections. The snapshots of the
equilibrium transition in the wider section of the pore (points H3 and H4) show the
molecules are building up the liquid bridge in the wider pore. It is worthwhile to
study the snapshots of the metastable state (point G3) and the equilibrium transition at
the same density (point H2) as shown in Figure 6.10. Although the topology of these
two snapshots is the same, the difference between these two states lies in the

distribution of molecules in the pore.
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Figure 6.10 Snapshot of argon at the equilibrium phase transition state output from the

Mid-Density scheme at 87.3 K for the two connected pores exposed to bulk.
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6.5.4 Ink-Bottle Pore
We next consider the case of an ink-bottle pore where a cavity is
connected to the surroundings via a neck smaller in size. This ink-bottle pore is the
classic example for the discussion of the phenomena of cavitation and pore blocking
in the literature.
6.5.4.1 Pore Blocking

First we investigate the case where the desorption is controlled
by pore blocking, we choose the neck size to be greater than a critical size, above
which we have pore blocking while below which we have cavitation. This critical
size is known to be a function of temperature and adsorbate (Cohan, 1944; Libby and
Monson, 2004; Morishige and Ito, 2002; Morishige and Yasuki, 2010; Morishige and
Yoshida, 2010; Rasmussen et al., 2012; Sarkisov and Monson, 2001). This is shown
in Figure 6.11 (top graph) with an ink-bottle pore whose cavity size is 4.34 nm and
neck size is 3 nm. The lengths of the cavity and the neck are 10 nm.

The adsorption branch of the isotherm shows two steps, the
first of which is the capillary condensation in the neck and the second step is
associated with the growth of the adsorbed layer in the cavity followed by a
condensation when the gas-like core is sufficiently small (this is known in the
literature as the delay condensation). Upon decreasing pressure from a completely
filled pore, we observe a gradual change in the density with a decrease of pressure,
followed by a sharp evaporation. This desorption is facilitated with the presence of a
meniscus starting at the mouth of the neck and its receding into the pore interior until
all the liquid condensate has been removed. Further decrease in pressure would result

in the removal of molecules from the adsorbed layer.
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Figure 6.11 Adsorption and desorption isotherms of argon in the ink-bottle pore at

87.3 K. The dotted line is the equilibrium phase transition in the pores.

When the neck size is increased from 3 nm to 3.67 nm (the
cavity size remains the same at 4.34 nm), the two-stage condensation observed earlier
when the sizes of the cavity and the neck are different becomes an one-stage
condensation (bottom graph of Figure 6.11) because the sizes of the neck and the
cavity are very close to each other. The mechanism of this pore is very similar to that
for the case of the closed end pore discussed in Section 6.5.2, that is after some layers
have been built up on the pore walls adsorption proceeds via the movement of a
meniscus from the closed end towards the pore mouth. Upon desorption from a

completely filled pore, the process is reverse to adsorption, but it is delayed because
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of the metastability of the liquid condensate. We support this case with the snapshots

in Figure 6.12.
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Figure 6.12 Snapshot of argon along the adsorption and desorption branches output
from the Bin-GCMC at 87.3 K for the ink-bottle pore corresponding to

Figure 6.11 (bottom graph). Pore blocking is investigated.

6.5.4.2 Cavitation
When the neck is small enough (smaller than a critical size,

which is a function of temperature and adsorbate) the evaporation proceeds via a
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cavitation mechanism. For an ink-bottle pore with one neck with the sizes of the
cavity and the neck being 4.34 nm and 2.33 nm, respectively and the lengths of the
cavity and the neck are 10 nm each, the adsorption isotherm is shown in the top panel
of Figure 6.13. Two distinct hysteresis loops are detected, associated with the neck
and the cavity. Adsorption occurs with initial molecular layering on the pore walls,
followed by the condensation of the neck (resulted in the first jump in the adsorption
branch), and once the neck has been completely filled the process is proceeded with
further build up of mass via the movement of the two menisci in the cavity; one is
from the closed end and the other is from the junction between the filled neck and the
cavity. Once the gas-like core of the cavity is small enough, condensation in the
cavity occurs, resulting in the second jump in the adsorption branch. Once the pore
has been completely filled, desorption occurs on the reduction in pressure. We see
desorption occurs in two stages, the first of which is due to the cavitation in the
cavity, resulted from the stretching of the fluid beyond its stability limit, while the
second stage is due to the receding of the two menisci in the neck. Since the
cavitation pressure of the cavity is greater than the evaporation pressure of the neck,

the desorption branch exhibits a two-stage behaviour.
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87.3 K. The dotted line along the cross symbol indicates the equilibrium
phase transition in the pores. The square symbol indicates the desorption
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Density scheme (Bin-CMC+Bin-GCMC). The equilibrium transition in

pores having cavitation.

In Figure 6.14 we show snapshots of adsorption and
desorption cycles, where cavitation of the fluid in the cavity can be seen. One feature
that should be noted is the size of the bubble just after the cavitation and the size of

the gas-like core just before the condensation in the cavity. The former is much
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greater and this is due to the metastability of the liquid condensate in the cavity before
the cavitation.

The effects of the neck length on the desorption behaviour
where cavitation is the mechanism evaporation can be studied in the bottom graphs of
Figure 6.13. The neck length is reduced to 0.5 nm, which is a very short neck,
compared to the long neck of 10 nm in the top graph of Figure 6.13, and the other
dimensions are kept the same. Because the neck is so short, its capacity is negligible
and the hysteresis associated with the neck is also almost invisible. The adsorption
branch associated with the cavity is the same as before because the cavity dimensions
are the same as those used in the top graph of Figure 6.13. Once the pore has been
filled completely, the desorption starts when pressure is decreased. The desorption
branch before the evaporation changes only slightly because of the stretching of the
fluid, and once the evaporation occurs, we have a cavitation in the cavity as shown by
snapshots in Figure 6.15 (points R1 and R2) and the cavitation pressure is much
greater than the cavitation pressure observed with the case where the neck length is
long. This interesting feature shows that the common belief that the cavitation is a
fluid property is not correct, but rather it can depend on the length of the neck, as we
just showed, and also on the size of the cavity. We shall show the latter now.

Let us consider the pore with the neck size and cavity size of
2.33 nm and 3 nm, respectively. The lengths of these sections are 10 nm each. The
isotherm is shown as the plot 2 in the bottom graph of Figure 6.13. In this case, the
sizes of the neck and the cavity are not very different. Adsorption follows a two-stage

behaviour, the first of which is due to the condensation of the neck and the other is
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Figure 6.14 Snapshot of argon along the adsorption and desorption branches output
from the Bin-GCMC at 87.3 K for the ink-bottle pore corresponding to

top graph of Figure 6.12. Cavitation is investigated.
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associated with the cavity. Once the pore has been filled, the desorption occurs in a
single stage with a small shoulder. This is due to the cavitation of the fluid in the
cavity, followed almost immediately with the evaporation of the neck as shown by
snapshots in Figure 6.15 (points S1 and S2) because the sizes of the neck and cavity
are not too different. Like the case of very short neck, we see that the cavitation
pressure is lower than that for the case when the size of cavity is large. Thus, we have
shown two cases to show that the cavitation pressure is not just only the property of

the fluid, but also on the dimensions of the neck and the cavity as well.
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Figure 6.15 Snapshot of argon along the desorption branches output from the Bin-GCMC
at 87.3 K for the ink-bottle pore corresponding to bottom graph of

Figure 6.13. Cavitation is investigated.
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6.5.4.3 Equilibrium Transition

With the Mid-Density scheme we determined the equilibrium
transition in the ink-bottle pore where the pore blocking is the mechanism for
desorption. This transition is shown as dotted line in Figure 6.11. It is seen that the
equilibrium transition associated with the neck is similar to an independent pore
having the same size as the neck and opened at both ends, that is it is close to the
desorption branch. On the other hand, the equilibrium transition associated with the
cavity is essentially very close to the adsorption branch, which is similar to a single

pore with closed end discussed in Section 6.5.2.
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Figure 6.16 Snapshot of argon at the equilibrium phase transition state (point K1-K4
in Figure 6.12) output from the Mid-Density scheme at 87.3 K for the

ink-bottle pore.
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Let us now explore the snapshots of the stable equilibrium
transition, shown in Figure 6.16. The snapshots of the metastable states of adsorption
and desorption branches have been shown in Figure 6.12, where we see the movement
of the meniscus towards the pore mouth for adsorption branch and the receding
towards the closed end for desorption. On the other hand, the equilibrium transition
shows the appearance of a bubble in the cavity to form three menisci; one at the
closed end and two in the neck. Thus the system is stable when we have a bubble in
the cavity and the neck is relatively full. The penalty for the presence of additional
interfaces (of the bubble) comes from the lower energy of the dense fluid in the neck.
Upon further reduction in pressure we see the movement of the last two menisci into
the interior of the neck, as is the case for an independent pore with two open ends.
The stability of bubble, stabilized by the full neck, is also seen with the connecting
equilibrium transition between the two equilibrium transitions associated with the
neck and the cavity, as seen in the snapshots of Figure 6.17.

The equilibrium transitions in the pore where cavitation is the
evaporation mechanism are indicated as dotted line in Figure 6.13, and the snapshots
of the equilibrium transition are shown in Figure 6.18. It is interesting to see that the
equilibrium transition in the pore having cavitation is similar to the pore for which
pore blocking is the mechanism for desorption, suggesting that equilibrium is
achieved when a bubble is formed so that molecules could be relocated in the region
where the solid-fluid interactions and fluid-fluid interactions are greater, which the

provide the stabilization force for maintaining the interfaces of the bubble.
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Figure 6.17 Snapshot of argon at the equilibrium phase transition state output from

the Mid-Density scheme at 87.3 K for the ink-bottle pore corresponding

to top graph of Figure 6.11.



153

Z Data
s
1

Y Data Q]_
[ e ———— 17 entttmt————————— =
o—— P r—— . o= == —m— —
S = g Sg -
©
5 F . - S oF ===
N - N [N i+ =SS
deag B = = 4eR
= = - z
D ——— e a— Jommer & ce ® e e
c s e i v
0 20 0 60 0 20 0 60
Y Data Q2 Y Data P4

Z Data
s O O
]

Y Data Q3

Figure 6.18 Snapshot of argon at the equilibrium phase transition state (point Q1-Q3
in Figure 6.14) output from the Mid-Density scheme at 87.3 K for the

ink-bottle pore.

6.6 Conclusions

We have investigated the pore blocking and the cavitation mechanisms in
desorption from ink-bottle pores using the Bin-GCMC. These mechanisms are
dictated by the size of the neck, and are somewhat insensitive to the neck length.
When the neck size is smaller than some critical value, cavitation is the dominant
mechanism; otherwise pore blocking is the mechanism for evaporation. A feature to
distinguish these mechanisms is the manner in which the desorption branch behaves
prior to complete evaporation. When cavitation is the controlling mechanism in
evaporation, the desorption branch only decreases gradually before a sharp
evaporation, while it decreases more when pore blocking is the controlling

mechanism and it exhibits a knee shape prior to evaporation.
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The equilibrium transition in various ink-bottle pores is determined using the
Mid-Density scheme, and we found that it has three stages: the first stage is associated
with the neck and is close to the desorption branch, the last stage is associated with
the cavity and is very close to the adsorption branch, and the second stage joining the

other two stages and it falls between the adsorption and desorption branches.
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CHAPTER VII

ADSORPTION OF WATER IN ACTIVATED CARBON

AND BOTTLE PORE MODEL

7.1 Abstract

Water adsorption in a coconut shell-based activated carbon prepared in our
laboratory was measured at temperature range 278-303 K using an Intelligent
Gravimetric Analyser. The simulation results were obtained using a grand canonical
Monte Carlo (GCMC) method, and the TIP4P/2005 water potential model is used in
this study. We have found that the isotherm as a function of relative pressure shows
an unusual behavior at temperatures lower than 293 and 278 K for experimental and
simulation studies, respectively. If the temperature is greater than that point, the water
uptake in activated carbon increase by decreasing temperature as expected because of
energy of motion. In contrast, when temperatures decrease lower than that
temperature, the adsorption decreases with a decrease in temperature, which is in
opposite to what thermodynamics suggests. This unusual behavior is explained
qualitatively by using GCMC simulation, suggesting that water adsorption in carbon
could be affected strongly by the metastable state and the slow kinetics of cluster
formation at low temperatures. The simulation of water adsorption in an ink bottle
pore model is investigating and it is found that the pore blockage is observed while

the pore blockage cannot be found in the case of non-polar fluid of argon.
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7.2 Introduction

Activated carbon can be manufactured from a wide variety of raw materials.
The predominant qualification is that the raw material should have a high percentage
of carbon content. Commonly used raw materials are coal, wood, peat, coconut shell,
and petroleum coke, etc. The process of converting the raw material into the finished
adsorbent may be divided into chemical and thermal process. Furthermore, the end
product may be granular, palletized or powder.

It is known that the adsorption behavior of activated carbons cannot be
determined by their specific surface area or pore size distribution alone. The porous
structure of the carbon determines its adsorption capacity, while its surface functional
groups affect its interaction with polar and non-polar adsorbates. The existence of
surface functional groups on carbons, such as carboxyl, phenol, lactone, and acid
anhydride, has been postulated as constituting the source of surface acidity. Morimoto
and Miura (Miura and Morimoto, 1986; Miura and Morimoto, 1988; Miura and
Morimoto, 1991; Miura and Morimoto, 1994; Morimoto and Miura, 1985; Morimoto
and Miura, 1986) had prepared surface oxide of graphite surface using heat treatment
and found that lactone and carboxyl groups were not detected while phenol and
carbonyl groups can be detected at heat treatment higher than 973 K. The oxide
surface of graphite was used to measure water vapor adsorption at 283, 291 and 298 K.
The uptake as a function of pressure at low temperatures was higher than that at high

temperatures.
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7.3 Literature Review

Water adsorption isotherm in an activated carbon at different temperatures was
mostly presented in the range of 293 to 303 K (Harding et al., 1998; Liu and Monson,
2006; Ohba et al., 2004a; Ohba et al., 2004b; Salame and Bandosz, 1998), and it was
found that the water vapor uptake at low temperatures was higher than that at high
temperatures (either plotted water uptake versus pressure or relative pressure). This is
due to the energy motion of molecules in the pore. The adsorption isotherm of water
at temperatures less than room temperature was presented by Salame and Bandosz
(Salame and Bandosz, 1998). The water uptake was plotted as a function of pressure
and found that the uptake was ordered as 283 > 288 > 293 K. When the data from
Salame and Bandosz (Salame and Bandosz, 1998) are ploted as the uptake as a
function of relative pressure and have found that the uptake at 288 K is still higher
than that of at 293 K while the uptake at 283 K is slightly lower than that of 293 K.
However, Kim and co-workers (Kim et al., 2009) measured water vapor adsorption in
single-wall carbon nanotubes including activated carbons at temperature range of
278-308 K, and they found that the water uptake at different temperatures was ordered
as 278 < 293 < 308 K (plotted as water uptake versus relative pressure) which is
different from what Salame and Bandosz found. This is due to the strong interaction
of water-water and the weak interaction of water-adsorbent which accounted for this
unusual behavior and the amount of surface functional groups is also affected (Muller
and Gubbins, 1998; Muiller et al., 1996). The unusual temperature dependence of
water adsorbed into hydrophilic porous solid is difficult to explain experimentally.
Therefore the investigation of the unusual behavior of water adsorption at low

temperatures with other methods is still a challenging issue for scientists and
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engineers. Molecular simulation has been used to investigate adsorbate adsorption
especially Monte Carlo (MC) simulation. This is due to the fact that MC allows us to
probe the microscopic picture and fluid-fluid or fluid-solid interactions. The
adsorption is controlled by a number of parameters such as fluid-fluid interaction,
relative contribution from dispersion interaction and hydrogen bonding, fluid-solid
interaction hydrophilic or hydrophobic nature of the surface, pore geometries, and
operating conditions including temperature and pressure. The adsorption of water in
graphite pores does not take place at low pressures due to the loss of water-water
hydrogen bonds when adsorbed on the surface from the bulk fluid; the adsorption
occurs at higher pressures by capillary condensation (Mdller et al., 1996; Striolo et al.,
2005; Wongkoblap and Do, 2007). The adsorption of water in heterogeneity graphite
pores by introducing polar groups on to the surface shows different behavior (Jorge et
al., 2002; McCallum et al., 1998; Muller et al., 1996; Wongkoblap and Do, 2007).
The loss of water-water hydrogen bonds in graphitic pores is compensated by the
ability of water molecules to form hydrogen bonds with the surface sites in activated
carbon pores.

In this work, we prepare coconut shell-based activate carbon in a fixed bed
reactor by using heat treatment. The adsorption of water vapor into the activated
carbon is measured at temperature range from 278 to 303 K. The behavior of water
adsorption at different temperatures is described qualitatively by molecular
simulation. Furthermore, water adsorption in a bottle pore model is investigated by

using GCMC simulation.



164

7.4 Simulation

The model of slit-pore with a structure-less surface coupled with introduced
surface functional group is investigated. The interaction between this kind of solid
model and adsorbate is calculated from the summation of the continuous surface and
functional group on the surface by using Steele 10-4-3 equation and LJ 12-6 plus
Coulombic force, respectively with the adsorbate. To describe theoretically and
qualitatively water adsorption on activated carbon having some amount of functional
groups on the surface, it is no matter what kind and how amount of the surface
functional groups is. The only type of functional group considered in this study is
phenol. This is modeled with a single LJ site at the oxygen a distance C4-O
perpendicular to the carbon surface, positive charges on the surface (C,) and hydrogen
atom (H) and negative charge at the oxygen atom (O). A side projection of the
functional group used in this study is presented in Figure 7.1a and the distance from
the surface to the hydrogen charge is 0.17 nm. The parameters for phenol group have
been taken from potential model for phenol molecule (Mooney et al., 1998) and are
given in Table 7.1. The LJ interaction parameters between fluid molecules and
functional group are calculated using Lrentz-Berthelot mixing rule. In this study nine
functional groups are placed on the bottom surface and other nine are placed on the
upper surface of the pore with opposite position. The angle of phenol group are fixed
and allocated in the same direction. The simulations in this thesis used the
configuration presented in Figure 7.1b. The periodic boundary conditions are applied

in x and y directions.
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Figure 7.1 (a) Side view of surface functional group of phenol used in simulation and

(b) functional group configuration.

Table 7.1 Potential model parameters of surface functional group

group o (nm) &/kg (K) q(e)
Ca - - +0.20
0] 0.307 78.2 —0.64
H - - +0.44
CaO 0.1364 nm
O-H 0.096 nm
Z/C,0OH 110.5°

C, is carbon located in plane of graphene sheet

7.5 Experimental Work

7.5.1 Preparation of Activated Carbon

Activated carbons were prepared from dried coconut shell; one-step

procedure was used to produce activated carbon as shown in Figure 7.2. Preparation
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of coconut shell activated carbons was as follows. The pre-dried coconut shell was
crushed and sieved to obtain a sample fraction with the average screen size of 0.841 to
0.594 mm (20x30 mesh) and then carbonized in a horizontal steel tube furnace at
873 K for 1 hour under a constant flow of nitrogen 100 ml/min. Next, the char was
activated in the same tube furnace under a constant flow of carbon dioxide and
nitrogen of 100 and 100 ml/min, respectively at 1,273 K for 1 hour. Then the system

was cooled down to room temperature under nitrogen atmosphere.
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Figure 7.2 Thermal histories during the preparation of activated carbon (one-step

method)

7.5.2 Characterization of Activated Carbon
7.5.2.1 BET Surface Area and Pore Size Distribution
The sample was characterized for the structural porous
properties by N, adsorption at 77 K using an automated adsorption apparatus (ASAP
2010 Micromeritics). In this experiment, 200 mg of sample was used; the system was

degassed at 573 K under vacuum for 12 hours under nitrogen flow and then the
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adsorption isotherm for nitrogen at 77 K was measured. The BET surface area (Sger)
and the total pore volume were calculated from the nitrogen adsorption isotherms.
Pore size distribution of carbon was also determined by the application of the density
functional theory (DFT) to the isotherm data.
7.5.2.2 Boehm Titration
Procedures for the analysis of oxygen functional group follow
those established by Boehm (Boehm, 1994). The activated carbon sample was first
dried in an oven (378 K) for 24 hours. Then 100 ml of an alkali solution (0.1 N
NaHCO3, Na,COg3, or NaOH) and strong acid (0.1 N HCI) were added to test tubes
containing a given amount of the activated carbon sample (1 g). The samples were
constantly mixed over a vibrator (140 rpm) at 298 K for 24 hours. A given amount of
the supernatant (20 ml) was then drawn from the test tubes and back titrated with HC1
(0.1 N) and NaOH (0.1 N) solutions. The concentrations of various functional groups
were determined by the residual bases after back titration as described by Boehm
(Boehm, 1994).
7.5.3 Water Adsorption Measurement
The apparatus used for both water vapor adsorption and sorption
kinetics studies is an Intelligent Gravimetric Analyser (IGA) supplied by Hiden
Analytical Ltd. The IGA instrument allows the adsorption and desorption isotherms
and the corresponding kinetics of adsorption or desorption at each pressure step to be
determined. The system consists of a fully computerized microbalance, which
automatically measures the weight of carbon sample as a function of time, at a
specified water vapor pressure and temperature under computer control. Prior to the

measurements, the adsorbent is outgassed until a constant weight is achieved at a
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pressure of 10°° mbar and the temperature of 423 K. About 100 mg of carbon sample
will be loaded for each run. HPLC grade water is used as adsorbate, and dissolved
gases are removed by repeated evacuation and vapor equilibration cycles of the liquid
supply side of the vapor reservoir. The vapour pressure is gradually increased, over a
period of 30 seconds, to prevent disruption of the microbalance, until the desired
value is achieved. Pressure transducer, in the range 0-10 kPa (accurate to 0.02% of the
full scale), is used to monitor the pressure of water vapour in the system. A pressure
step is maintained constant during relaxation with the help of inlet/outlet control
valves with high-resolution stepper motors. Pressure steps in the range of P/P, values
0-0.95 are used to obtain the equilibrium isotherm. The weight change as a function of
time is analyzed in real-time with a computer algorithm in order to predict the
equilibrium. After the equilibrium is established, the vapor pressure is increased to the
next set pressure value, and the subsequent uptake is measured until equilibrium is re-
established. The increase in weight due to adsorbate uptake for each pressure step is
used to calculate the kinetic parameters for adsorption. The errors in the fitted rate
constants are typically smaller than 2% of the value. The sample temperature is
constantly monitored throughout the duration of the experiment, and the variation is

found to be +0.05 K.

7.6 Experimental Data and Simulation Results

7.6.1 Porous Characterizations of Activated Carbon
The adsorbed amount versus relative pressure (P/Py) for N, adsorption
at 77 K is presented in Figure 7.3, the adsorption isotherm shows type | isotherm

showing that the adsorbent is dominated by microporous structure. The porous
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properties of activated carbon are presented in Table 7.2. It is seen that the BET
surface area is 1,120 m%g of AC, the micropore volume is 0.50 cm®/g of AC, while
the mesopore is 0.08 cm®g of AC. The chemical properties are also listed in Table 7.2
by Boehm titration method. The total base and acid concentration on the carbon
surface are of 1.14 and 0.30 mmol/g of AC, respectively. For total acid, carboxyl
group is not detected, while phenol and lactonic groups can be detected and the
amount of phenol is greater than that of lactonic groups. This is in a good agreement
with experimental work of Morimoto and Miura (Miura and Morimoto, 1986; Miura
and Morimoto, 1988; Miura and Morimoto, 1991; Miura and Morimoto, 1994;
Morimoto and Miura, 1985; Morimoto and Miura, 1986) that lactone and carboxyl
groups were not detected while phenol and carbonyl groups were detected at heat
treatment higher than 973 K. In our work, the heat treatment is controlled at 1,273 K
and lactonic group can be detected but the amount is relatively low (0.07 mmol/g of
AC). Because the bond of C—C, of carboxyl group (C,—COOH) is weaker than the
bond of O—C, of phenol (C,—OH) group, thus is can be destroyed at high temperatures
(>1,273 K). When the graphene sheet is activated at high temperatures the hexagonal
shape between carbon atoms is destroyed, thus it is difficult to form the lactonic
group. The basic group is detected which is the bond kind of C,=0. This is due to the

gases agent used are only N, and CO..

Table 7.2 Physical properties and Boehm titration results of activated carbon

physical properties chemical properties

SgeT Vnic Vr total base | total acid carboxyl phenol lactonic
(mlg) | (cm®g) | (cm%g) | (mmol/g) | (mmol/g) | (mmol/g) | (mmol/g) | (mmol/g)
1,120 0.50 0.58 1.1379 0.3014 0 0.2314 0.0700
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Figure 7.3 N, Adsorption isotherms at 77 K on the activated carbon.

7.6.2 Adsorption of Water in Activated Carbon

The experimental data for water vapor adsorption in the prepared
activated carbon at different temperatures are presented in Figure 7.4. The
experimental isotherms obtained for AC at 293 and 303 K show a gradual increase in
slope at relative pressures (P/Po) lower than 0.3, after which the isotherm increases
dramatically, and then it increases with a decreasing rate, which is the typical
behavior observed in micropore sizes for activated carbons. The water uptake at 303 K
is lower than that at 293 K which is normally observed for water adsorption in that the
amount adsorbed decreases when the temperature is increased. This is due to that
water adsorption is an exothermic system. However the interesting behavior is
observed for water adsorption isotherm at 278 K which is closed to the melting point
of water, the water uptake at this temperature increases gradually and is lower than

those at higher temperatures that is opposite to that we have discussed above. This



171

unusual behavior will be described theoretically by using the GCMC simulation in the

next section.

Amount Adsorbed [mmol/g]

Relative Pressure, P/Pq

Figure 7.4 Water vapor adsorption isotherms in the original and modified activated

carbons at different temperatures obtained from IGA.

7.6.3 Simulation Results for Water Adsorption
The infinite slit pore model with functional groups located on its wall
surfaces and the TIP4P/2005 are used in this study. As mentioned above the unusual
temperature dependence of water is found in the range close to the melting point of
water, we shall list its parameters in Table 7.3 to compare the parameter obtained by

the potential model used in this work and experiment.

Table 7.3 Melting points of water and the water potential model

model melting point (K) reference

Experiment 273.15
TIP4P/2005 252.1 (Abascal and Vega, 2005)
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We present in Figure 7.5 the adsorption of water in a slit-pore with
phenol groups on the surface at different temperatures. The melting and boiling points
of TIP4P/2005 water model is 252.2 and 401 K, respectively (Abascal and Vega,
2005), therefore the temperature used in this study is varied from 253 to 293 K. We
see that if temperatures are greater than 278 K, the water uptake decreases by
increasing temperatures which is consistent with experimental work when
temperature is greater than 293 K. Like the experimental work, the unusual
temperature dependence for water adsorption is observed when simulation
temperatures are less than 278 K where the pore density decreases with temperatures
and the insignificant adsorbed amount occurred at the melting point of the model. In
the range of temperatures lower than 278 K, the isosteric heat of water adsorption at
low loading at lower temperature (T253K) is greater than that at higher temperature
(T273K) which is similar to those observed for physical adsorption. This is due to the
contribution of fluid-solid interaction as one can see from Figure 7.6, the fluid-solid
interaction at 253 K (FS253K) is greater than that at 273 K (FS273K). However,
when the relative pressures increase, the total isosteric heat at both temperatures
becomes close to the heat of liquefaction. The fluid-solid interaction contributed to
isosteric heat is greater than the contribution of fluid-fluid interaction, because at low
adsorption loading, water molecules initially adsorbed at the functional groups and
this leads to the greater fluid-solid interaction, after that the opposite is true. While the
FS253K is still greater than the FS273, but heat of adsorption at both temperatures are
close to each other. Therefore water molecules adapt themselves to have the adsorbed
heat close to the heat of liquefaction by decreasing the fluid-fluid interaction. The low

interaction of fluid-fluid causes the low capacity adsorbed at temperatures lower than
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278 K. At temperatures greater than 278 K, water molecules are nucleated around the
functional groups, and the water clusters grow in all directions but predominantly in
the direction perpendicular to the pore wall. However, at 253 K, water cluster grows
across the pore forming a bridge which prevents water molecules entering the pore

interior.
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Figure 7.5 Adsorption isoterms of water at different temperatures in slit-pore of 3 nm

width with hydrophilic surface obtained from GCMC.
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Figure 7.6 Isosteric heat of water adsorption in 3 nm width of slit-pore with

introducing phenol group on the solid surface.
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Figure 7.7 shows snapshot of water adsorption in slit-pore with
hydrophilic surface. Because the position and angle of functional groups are in the
same manner, water molecules begin to be adsorbed to construct hydrogen bond with
oxygen atom of phenol groups. Interestingly, the interaction between hydrogen atom
of TIP4P/2005 water model and oxygen atom of phenol is more favorable than other
hydrogen bond between hydrogen atom of phenol and oxygen atom of the

TIP4P/2005 water.

a2 *0 e

(b)

Figure 7.7 Snapshot of water onto slit-pore of 3 nm width with hydrophilic surface;
(@) x-y-z plane and (b) y-z plane. All of carbon, oxygen and hydrogen
atoms of phenol group are indicated in red. Oxygen and hydrogen atoms

of water molecule are indicated in gray and black, respectively.

7.6.4 Water Adsorption in an Ink Bottle Pore at 298 K
Having seen the adsorption isotherms of water in heterogeneous slit

pore without connectivity, now turn to the other morphology of solid model. Water
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adsorption in the bottle pore at 298 K and argon adsorption in the same pore model at
87.3 K are shown in Figure 7.8a. The adsorption of water in graphitic bottle pore does
not take place at pressures lower than 4.5 kPa due to the weaker interaction between
water molecule and carbon surface. When pressures increase, water molecule starts to
adsorb at the pore neck by creating the cluster, after that water cluster is spread out
and moves to the cavity starting from the connecting pore to the bottom of the larger
pore as shown in Figure 7.8a, point A. At pressures lower than point A, the pore
bottom is unfilled by water molecules. We call this phenomenon as pore blockage.
Water initially adsorbs in the neck because the potential interaction of fluid-solid is
stronger than elsewhere. The cluster of water is formed in the neck and then it grows
in the direction perpendicular to the pore wall with increasing pressures. This is due to
the stronger interaction between water molecules as shown in Figure 7.9. When the
pressures increase, the capillary condensation of water molecules occur as shown in
Figure 7.8a at point B and C, water molecules fill full in both pore neck and cavity.
However, the pore blockage is not found in the case of non-polar fluid as argon
adsorption in the corresponding solid at 87.3 K as shown in Figure 7.8b. For more
information, we have presented it in CHAPTER VI. Unlike water adsorption, argon
starts to adsorb at the carbon surfaces for the pore neck, the cavity and the bottom of
larger pore to form the monolayer. When pressures increase the layering phenomenon
is observed especially at the pore neck following by the capillary condensation as
shown in Figure 7.8b at point D, E and F. The condensation of adsorbed phase at the
pore neck blocked argon molecules entering the larger pore and this leads to the

cavitation observed in the larger pore.
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7.7 Conclusions

We have prepared coconut shell-based activated carbon by heat treatment in a
fixed-bed reactor. Water vapor adsorption isotherm is measured in the range from 278
to 303 K. In the range of 293 to 303 K, the water uptake at high temperatures is lower
than that at low temperatures as expected. The unusual behavior is found when
temperature is less than 293 K. The uptake at low temperatures is lower than that at
high temperatures. We have used GCMC to explained this unusual behavior and
found that water molecules exhibit themselves to balance the potential interaction
between the fluid-fluid and fluid-solid interactions to have the adsorbed heat closed to
the heat of liquefaction. The fluid-solid interaction at low temperatures in this low
range is relatively strong; this causes the fluid-fluid interaction having a low value.
The other unusual behavior for water have been found for adsorption in bottle-pore,

this unusual behavior is called pore blockage which is not found for non-polar fluid



178

like argon. The later unusual observation has been found in this work because of the
strong interaction between water-water and the weak interaction of water and porous

carbon.

7.8 References

Abascal, J.L.F. and Vega, C. (2005). A general purpose model for the condensed
phases of water: TIP4P/2005. The Journal of Chemical Physics. 123:
234505.

Boehm, H.P. (1994). Some aspects of the surface chemistry of carbon blacks and
other carbons. Carbon. 32: 759-769.

Harding, A.W., Foley, N.J., Norman, P.R., Francis, D.C. and Thomas, K.M. (1998).
Diffusion barriers in the kinetics of water vapor adsorption/desorption on
activated carbons. Langmuir. 14: 3858-3864.

Jorge, M., Schumacher, C. and Seaton, N.A. (2002). Simulation study of the effect of
the chemical heterogeneity of activated carbon on water adsorption.
Langmuir. 18: 9296-9306.

Kim, P., Meyer, H.M. and Agnihotri, S. (2009). Effect of surface oxygen and
temperature on external and micropore adsorption of water in single-walled
carbon nanotubes by gravimetric and spectroscopic experiments. The Journal
of Physical Chemistry C. 113: 12109-12117.

Liu, J.C. and Monson, P.A. (2006). Monte Carlo simulation study of water adsorption
in activated carbon. Industrial & Engineering Chemistry Research. 45:

5649-5656.



179

McCallum, C.L., Bandosz, T.J., McGrother, S.C., Miller, E.A. and Gubbins, K.E.
(1998). A molecular model for adsorption of water on activated carbon:
comparison of simulation and experiment. Langmuir. 15: 533-544.

Miura, K. and Morimoto, T. (1986). Adsorption sites for water on graphite. 3. Effect
of oxidation treatment of sample. Langmuir. 2: 824-828.

Miura, K. and Morimoto, T. (1988). Adsorption sites for water on graphite. 4.
Chemisorption of water on graphite at room temperature. Langmuir. 4: 1283-
1288.

Miura, K. and Morimoto, T. (1991). Adsorption sites for water on graphite. 5. Effect
of hydrogen-treatment of graphite. Langmuir. 7: 374-379.

Miura, K. and Morimoto, T. (1994). Adsorption sites for water on graphite. 6. Effect
of ozone treatment of sample. Langmuir. 10: 807-811.

Mooney, D.A., Miller-Plathe, F. and Kremer, K. (1998). Simulation studies for liquid
phenol: Properties evaluated and tested over a range of temperatures.
Chemical Physics Letters. 294: 135-142.

Morimoto, T. and Miura, K. (1985). Adsorption sites for water on graphite. 1. Effect
of high-temperature treatment of sample. Langmuir. 1: 658-662.

Morimoto, T. and Miura, K. (1986). Adsorption sites for water on graphite. 2. Effect
of autoclave treatment of sample. Langmuir, 2: 43-46.

Miiller, E.A. and Gubbins, K.E. (1998). Molecular simulation study of hydrophilic
and hydrophobic behavior of activated carbon surfaces. Carbon. 36: 1433-

1438.



180

Miller, E.A., Rull, L.F., Vega, L.F. and Gubbins, K.E. (1996). Adsorption of water on
activated carbons: A molecular simulation study. The Journal of Physical
Chemistry. 100: 1189-1196.

Ohba, T., Kanoh, H. and Kaneko, K. (2004a). Affinity transformation from
hydrophilicity to hydrophobicity of water molecules on the basis of adsorption
of water in graphitic nanopores. Journal of the American Chemical Society.
126: 1560-1562.

Ohba, T., Kanoh, H. and Kaneko, K. (2004b). Cluster-growth-induced water
adsorption in hydrophobic carbon nanopores. The Journal of Physical
Chemistry B. 108: 14964-14960.

Salame, I.I. and Bandosz, T.J. (1998). Experimental study of water adsorption on
activated carbons. Langmuir. 15: 587-593.

Striolo, A., Gubbins, K.E., Gruszkiewicz, M.S., Cole, D.R., Simonson, J.M., Chialvo,
A.A., Cummings, P.T., Burchell, T.D. and More, K.L. (2005). Effect of
temperature on the adsorption of water in porous carbons. Langmuir. 21:
9457-9467.

Wongkoblap, A. and Do, D.D. (2007). Adsorption of water in finite length carbon slit
pore: Comparison between computer simulation and experiment. The

Journal of Physical Chemistry B. 111: 13949-13956.



CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

We have presented a molecular simulation to study the effects of pore
morphology on the adsorption of fluid in porous carbons. The outcome of this study
will be an important and complementary role to the experiment in achieving a
fundamental understanding of the relationship between the structural and geometrical
properties of porous carbons and adsorption of fluid. This understanding is crucial to
developing rational design principles to characterize these materials for specific
applications.

8.1.1 Benzene, Toluene and Xylene on Graphitic Surface and in Pores

Conventional pore structures slit and cylindrical pores is first
investigated in this thesis to demonstrate the adsorption affinity and packing of
hazardous organic compounds such as benzene, toluene and xylene (BTX) which is
difficult to study experimentally. It is found that the order of adsorption affinity in a
cylindrical pore is the same as that for a surface and slit-pore (B < T < X) and the
packing order is not affected by the surface curvature (B > T > X). The molecular
orientation in either graphitic slit or cylindrical pores is the same saying that most
benzene molecules in the first layer adopt an orientation parallel to the solid surface
but there are minor populations having slant and vertical orientations. While, in the
second and higher layers adsorbed the orientations are similar to in the first layer but

the ratio of molecules associated slant and vertical formation to parallel to the solid
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surface became higher. This is emphasized for a pore that can pack more than two
layers if the porous carbon can pack only one layer the orientation is depended on the
pore width, most molecules may orientate themselves as slant or vertical orientation
to the solid surface.
8.1.2 Hysteresis and Equilibrium Transition of Argon and Benzene in
Slit-Shaped Ink-Bottle Pores
Slit-shaped ink-bottle pores consisting of simple slit-pore, single slit-
pore closed at one end, two pores connected and bottle-pore with a cavity connected
to one neck are used in this part. All of the pores considered in this part are of a finite
length and are connected to a bulk reservoir so that they mimic real materials for
which confined fluid is always in contact with the external gas phase. Adsorption and
desorption of non-polar fluid of argon and benzene in the pores are investigated by
using Bin-GCMC as well as the equilibrium transition in the pores is determined by
using the Mid-Density scheme. Observations in the case of argon and benzene are
consistent qualitatively. The hysteresis loop in infinite and finite pores are different
the desorption branch in the hysteresis loop region is kept constant while that for
finite pore is slightly decreased with reducing of pressure as a receding of menisci
from the mount to the interior. Moreover, in simple slit-pore, we found that the
desorption branch is closer to the equilibrium transition as the pore length is
increased, while the relative position of the equilibrium transition against the
adsorption and desorption segments of the hysteresis loop is insensitive to pore width
and temperature. The adsorption-desorption and equilibrium transition in connected
pore are interesting to understand adsorption in network pore, especially pore

blocking and cavitation in the pores. These mechanisms are dictated by the size of the
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neck, and are somewhat insensitive to the neck length. When the neck size is smaller
than some critical value, cavitation is the dominant mechanism; otherwise pore
blocking is the mechanism for evaporation. A feature to distinguish these
mechanisms is the manner in which the desorption branch behaves prior to complete
evaporation. When cavitation is the controlling mechanism in evaporation, the
desorption branch only decreases gradually before a sharp evaporation, while it
decreases more when pore blocking is the controlling mechanism and it exhibits a
knee shape prior to evaporation. The equilibrium transition in pores having pore
blocking and cavitation is determined. We found that it has three stages; the first stage
is exhibited second-order like transition indicated in the neck and closed to desorption
branch. The third stage is associated with the cavity exhibited as first-order transition
and closed to adsorption branch. The second stage joining the other two stages and it
falls between the adsorption and desorption branches.
8.1.3 Water Adsorption in Activated Carbon and Bottle Pore Model

In the final part, the adsorption of water in porous carbons is studied
experimentally and theoretically. The adsorption behavior of water on activated
carbon and bottle-pore model is qualitatively different from that of simple fluid of
argon. This major difference comes from two sources: (i) for water the fluid-fluid
interaction is much more strongly attractive than the interaction of water with the
carbon surface, in contrast to the situation for simpler fluids, where the reverse is the
case, and (ii) the adsorption behavior for water is largely controlled by the formation
of hydrogen bonds with oxygenated groups on the surface. For graphitic carbon, for
which surface chemical groups have been removed, there is almost no adsorption at

low and moderate pressures; in the case of porous carbons, capillary condensation
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occurs at some higher pressure. For this same carbon, simple fluid argon is adsorbed
strongly at much lower pressures. For graphitic carbon with surface functional groups,
simple fluid pore filling occurs via the formation of a fluid monolayer on the surface,
often followed by a second and possibly further layers, prior to capillary condensation
and pore filling. By contrast, water molecules are first adsorbed onto oxygenated
surface sites, and these adsorbed water molecules then act as nuclei for the formation
of larger water clusters; eventually these clusters connect along the surface or across
the pore, and pore filling usually occurs. When the density of oxygenated sites on the
surface is appreciable, the pore filling seems to occur by a continuous filling process
without capillary condensation. In addition, the unusual temperature of dependence of
water adsorption in activated carbon is found. The experimental data and simulated
results are in good agreement qualitatively that the uptake of water in the range of
temperature closed to the melting point of water is found reversibly to that in the
higher range of temperature. This is due to that water molecules adapt themselves to
have the adsorbed heat close to the heat of liquefaction by decreasing the fluid-fluid
interaction. The other unusual observation of water is that pore blockage in bottle-
pore is occurred which is not found that in the case of argon. This unusual observation

of water adsorption is from two sources as mentioned above.

8.2 Recommendations for Future Work

This thesis is focused only on pure component adsorption into porous carbons
in order to investigate effects of pore morphology by using molecular simulation. The
equilibrium adsorption isotherm and heat of adsorption are studied which is useful for

designed applications how minimum adsorbent to be used, and how to model the
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adsorber to release the heat adsorbed. The study of effects of pore morphology on
fluid adsorption is advantageous to better understand for characterization of network
adsorbent. However, in the reality the adsorption is mostly involved with vapor or

liquid mixtures, so multi-component adsorption is interesting for our further work.
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Grand Canonical Monte Carlo (GCMC) simulation was used to study multilayer adsorption of benzene
on graphitised thermal carbon black over a range of temperature between 273 K and 373 K. Three
potential models for benzene were compared: TraPPE-UA-9, OPLS-AA and TraPPE-EH, in order to study
their capability to correctly describe the adsorption isotherms and isosteric heats. In the sub-monolayer
region, there is no difference between the simulation results obtained with the three models, which all
describe the experimental data well. However, in the multilayer region only the TraPPE-EH model, that

Keywords: includes the quadrupole moment and explicit modelling of the hydrogen, is able to describe the
Adsorption experimental data accurately; the other two models significantly under-predict the data. The TraPPE-EH
i‘ﬂr:'n“;ttft?m model was then used to investigate the microscopic behaviour of the adsorbed phase: the local density
Separation distribution and the orientation of various layers, particularly the change in orientation of benzene in
Benzene the first layer with increase in loading from sub-monolayer to multi-layer. It was found that the
Graphite orientation of benzene molecules in the first layer is affected by the presence of molecules in the higher

layers, but that most benzene molecules remain in an orientation parallel to the surface, which is
favoured by the interaction with the surface, while a smaller population takes 60° and verical
orientations to the surface which maximises the entropy. The ratio of the number of molecules having
parallel orientation to that having 60° and vertical orientations decreases in higher layers due to the
weaker influence of the adsorbate-adsorbent interaction. Detailed study of the orientation shows that
most slant and vertical molecules have two of their hydrogen atoms closer to the surface.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction (Avgul et al., 1958; Isirikyan and Kiselev, 1961, 1963; Berezin et al.,

1970, 1972; Pierotti and Smallwood, 1966; Belyakova et al., 1968;

Benzene adsorption has been widely studied in the past because
it is typical of many aromatic toxic organic compounds that are
present in gas and/or liquid effluents from many chemical and
petrochemical industries. Stricter environmental regulations require
that aromatics need to be removed before the effluents can be safely
discharged into the environment. Adsorption is among the most
effective means of achieving this goal, and is the simplest process to
implement. The key step in an adsorption process is the choice of
a solid adsorbent, and activated carbon is often the solid of choice
because the graphitic nature of the pore walls offers two distinct
advantages over other solid adsorbents: it is both hydrophobic
and has high atom density (greater affinity for the adsorptive).
To understand the basic interaction between benzene and graphitic
walls better, physisorption of benzene on a graphite (or graphitised
thermal carbon black) surface has been studied both experimentally

* Corresponding author. Tel.: + 61 7 3365 4154; fax: +61 7 3365 2789.
E-mail address: d.d.do@uqg.edu.au (D.D. Do).

0009-2509/$ - see front matter @ 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ces.2011.11.001

Pierce and Ewing, 1967; Davis and Pierce, 1966) and theoretically
(Vernov and Steele, 19914, 1991b; Matties and Hentschke, 1996a,
1996b; Do and Do, 2006). The fundamental understanding of this
adsorbate-adsorbent interaction is the basic step to better design of
adsorption systems for benzene in pores whose walls are graphitic;
for example activated carbon (Yun et al, 1999; Lai et al, 2010),
carbon nanotubes (Masenelli-Varlot et al., 2002; Terzyk et al., 2009)
and ordered solids with hexagonal pores (Morishige, 2011a, 2011b;
Wang et al,, 2011).

Early experimental studies of adsorption of benzene on gra-
phite or graphitised thermal carbon black (CTCB) were made by
Kiselev and co-workers (Avgul et al., 1958; Isirikyan and Kiselev,
1961, 1963; Berezin et al., 1970, 1972); they measured adsorption
isotherms at ambient temperatures, with a volumetric apparatus
and isosteric heats with a calorimetric device for a number of
carbon blacks. As long as the carbon blacks were sufficiently well
graphitised, the experimental data were in perfect agreement
with each other because the benzene molecules form a perfect
hexagonal tessalation on the graphene surface. Following this
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early work of Kiselev, adsorption over a wider range of tempera-
ture (273-373K), above and below the bulk freezing point of
278.7 K has been carried out by a number of workers (Pierotti and
Smallwood, 1966; Belyakova et al., 1968; Pierce and Ewing, 1967;
Davis and Pierce, 1966).

In recent years, with the advances of the computer simulation,
molecular simulation has also been used to study benzene adsorption
on graphite. Vernov and Steele (1991a, 1991b) used Monte Carlo
simulation to investigate the structures and energies of benzene
adsorption on graphite at 85 and 298 K. They found that the heat
of adsorption was nearly constant in the sub-monolayer region, in
agreement with the calorimetric data of Isirikyan and Kiselev (1961).
This constant heat is attributed to cancellation between the increase
in the benzene-benzene interaction and the decrease in the benzene-
adsorbent interaction; which changes as the orientation of benzene
molecules changes with increased loading in the sub-monolayer
region. The structure of the second layer was found to be less ordered
than that of the first layer, as a result of the weaker interactions of the
benzene molecules in the second layer. Matties and Hentschke
(1996a, 1996b) used molecular dynamics to study the structure of
the benzene adsorbate in the first and higher layers on the basal
plane of graphite over a wide range of temperature (60-320 K). Their
results showed that ordering beyond the nearest neighbours
decreases rapidly with coverage, and is virtually non-existent for
second and higher layers. However, since molecular dynamics does
not yield adsorption isotherms or heats their simulation results
cannot be tested against experimental data. More detailed study of
isotherms, heats and the structure of adsorbed benzene on graphite
using grand canonical Monte Carlo (GCMC) simulation was presented
by Do and Do (2006). They investigated the performance of various
potential models for benzene that were available up to 2006,
the united atom models TraPPE-UA-6 (Wick et al, 2000) and
TraPPE-UA-9 (Wick et al., 2002) and the all atom model OPLS-AA
(with 12 dispersive sites and 12 partial charges) (Jorgensen and
Severance, 1990), for their suitability in correctly describing the
experimental adsorption isotherm and the heat of adsorption, and
found that the TraPPE-UA-9 gave the better results. From the
simulation data, they found that at very low loadings, most benzene
molecules adopt an orientation parallel to the surface which is the
most energetically favourable position. When the loading is increased
within the sub-monolayer coverage, some benzene molecules adopt a
slant configuration, due to the quadrupolar interactions between
benzene molecules. However, the work by Do and Do was restricted
to the sub-monolayer region, and therefore a molecular simulation of
benzene adsorption on GTCB beyond the first layer is desirable to
assess the ability of the potential models to describe the isotherm and
isosteric heat and to explore how molecules in higher layers affect
the orientation of molecules in the first layer. Furthermore, a new
potential model was recently proposed by Rai and Siepmann (2007),
TraPPE-EH, which includes twelve dispersive sites (carbon and
hydrogen atoms) and twelve partial charges on these atoms, and it
is of interest to test its capability to describe benzene adsorption.
These authors compared this new model with previous potential
models for benzene, and have found that this model and OPLS-AA are
significantly more accurate than the 6-site model (TraPPE-UA-6) and
the 9-site model (TraPPE-UA-9) for the description of vapour-liquid
equilibria at 298.15K. The OPLS-AA model performed well at
298.15 K (where it was fitted) but its performance degraded rapidly
with increasing temperature. Interestingly the better models are the
ones that account explicitly for the hydrogen atoms.

In this paper, we re-investigate the performance of various
benzene potential models, particularly the ones that account
explicitly for the hydrogen atoms, and examine whether this
can describe the adsorption of benzene in the multi-layer regions,
despite the small value of the well-depth of interaction energy of
hydrogen atom. Physically we expect the presence of hydrogen

atoms will affect packing when loadings are high (i.e. when
molecules are packed close to each other), and expect the
potential models, such as TraPPE-EH and OPLS-AA to perform
better in the dense adsorbed layer. We then study the structure of
benzene to see whether the higher layers change the orientation
of benzene molecules in the first dense layers.

2. Theory
2.1. Multisite potential model

The commonly accepted single-site Lennard Jones (L]} 12-6
and Steele 10-4-3 potential energy equations work well for small
pseudo-spherical molecules. However, for large molecules, such
as benzene, single-site models are not suitable. Here we consider
benzene to be a hexagonal molecule composed of at least 6 sites.
For a polyatomic molecule with M L] site centres, the potential
energy of interaction between a site a on a molecule i with a site b
on a molecule j can be calculated using the following L] 12-6
equation:

(a,by 2 U(q,bj
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where rE”f’” is the separation distance between the L] site a on
molecule i and the L] site b on molecule j, rrgg'b’ and ::gj:b’ are the
cross collision diameter and the cross well-depth of the interac-
tion energy, respectively. The cross parameters, o-i[.“fm and al(”f'b' can
be determined by the Lorentz-Berthelot mixing rules: r';g‘;'b':
(ﬂi;'ﬂi‘Ffng'bj)‘f’z and ag'“.'b':(agg'“'sgg'b’)”z. The interaction energy
due to the electrostatic force between a charge « on a molecule i
and a charge f# on a molecule j can be calculated from the

Coulomb law of electrostatic interaction

ylh o 1 ?qf 2
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where My is the number of charges on the molecule, & is
the permittivity of free space [gp=107/(4nc?)=8.8543 x 10~ 12
2] 'm~ !, cis the speed of light], r;’jf'ﬁ' is the distance between
two charges o and £ on molecules i and j, respectively, qf is the
value of charge « on molecule i, and q‘.q is the value of charge ff on
molecule j. In the present work, surf’ace mediation is taken into
account because of the surface influence on the interaction among
adsorbed molecules close to the surface (Do and Do, 2006). This is
done empirically by reducing the contribution of each benzene
molecule in the intermolecular fluid-fluid interaction energy by a
factor F whenever that molecule is in the first layer.

High-level ab initio quantum mechanical calculations have been
computed for dimers (Zhao and Truhlar, 2005), trimers (Tauer and
Sherrill, 2005) and tetramers (Tauer and Sherrill, 2005), but their
applications in condensed phases and larger systems are limited
because of the long computation times required. As an alternative,
empirical potentials (or force fields) are generally obtained by
deriving their molecular parameters and partial atomic charges from
fitting simulation results to the experimental data such as the liquid
density, heat of vaporisation and vapour-liquid equilibrium. Most
of the general force fields, such as AMBER (Cornell et al, 1996),
OPLS (Jorgensen and McDonald, 1998), and CHARMM (Feller and
MacKerell, 2000), are fitted to the experimental data at ambient
conditions and their application to other temperatures has not been
tested, while the anisotropic OPPE force field (Contreras-Camacho
et al, 2004; Ahunbay et al, 2005), and the exp-6 force field for
benzene (Errington and Panagiotopoulos, 1999) are limited because
the C-H bond are neglected and no electrostatic interactions are
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Table 1
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Potential parameters of benzene for three potential models.

Model Group o (A) elkg (K) q(e)
TraPPE-UA-9 (Wick et al., 2002) CH 374 48.00
z=0 +2.420
z=+0.785A —~1.210
OPLS-AA (Jorgensen and Severance, 1990) C 355 35.22733 —-0.115
H 242 15.09743 +0.115
TraPPE-EH (Rai and Siepmann, 2007) C 3.60 30.70 —0.095
H 236 25.45 +0.095

accounted for. The better empirical potential models for benzene
come from the TraPPE family, TraPPE-6 (Wick et al., 2000), TraPPE-
UA-9 (Wick et al, 2002) and TraPPE-EH (Rai and Siepmann, 2007).
These models provide more accurate liquid and vapour densities,
vapour pressures, and heats of vaporisation over a wide range of
temperatures than the other models.

From an assessment of the various potential models for
benzene that are currently available in the literature, we selected
three models and tested them for their description of benzene
adsorption on a graphite surface. The first model is TraPPE-UA-9
model with 6 Lennard-Jones sites and 3 charges that account for
quadrupole moment. The 6 dispersive sites lie at the centres of
the carbon atoms and the C-C bond length is 1.40 A. The positive
partial charge (+2.42e) is put at the centre of the benzene ring,
and two negative partial charges (-1.21 e) are placed at a distance
of 0.785 A on both sides of the ring along a normal to the ring. The
second model is the OPLS-AA model, which was proposed
originally by Jorgensen and Severance (1990) and was tested by
Rai and Siepmann (2007) who showed that it gives a good
description of the VLE data at room temperature. This model
has 12 dispersive sites and 12 partial charge sites at the centres of
the carbon atoms and hydrogen atoms. The C-C and C-H bond
lengths are 1.40 and 1.08 A, respectively. Finally, the new TraPPE-
EH model proposed by Rai and Siepmann is also studied in the
present work. Again this model has 12 dispersive sites and 12
partial charge sites centred on the carbon and hydrogen atoms;
the C-C and C-H bond lengths are 1.392 and 1.08 A, respectively,
but differ from the TraPPE-EH model in the values of the
parameters. The parameters of these three models are listed
in Table 1.

2.2. Adsorbate-adsorbent interaction energy

To calculate adsorbate—adsorbent interactions, we employ two
models one of which, the GTCB surface, was modelled as a
structure-less surface, and therefore the adsorbate-adsorbent
potential energy can be calculated from the 10-4-3 Steele
(1973) equation. For a polyatomic molecule with M L] site centres,
the interaction potential energy between molecule i and the
homogeneous flat solid substrate can be calculated from

10 4
U= % A @2 E (“5”:') _1 (ﬁ) i 3]
= 2 2\ & 64z +0.61.4)

3)
where z{! is the distance of site a of molecule i from the graphite
surface, & and ¢!* are the adsorptive-graphite interaction
potential well-depth and intermolecular collision diameter
respectively, ps is the surface density (taken as 0.382 A~Zin this
work), and A4 is the spacing between the two adjacent graphite
layers (3.354 A). In the other model, which we call the atomistic
model, the solid surface is assumed to consist of three graphene
layers, and these layers are stacked on top of each other with an

interlayer spacing of 3.354 A. The carbon-carbon bond length in a
graphene layer is 1.42 A. The interaction energy between a fluid
particle and a carbon atom is calculated by the L] 12-6 equation.

The parameters are calculated by combining the parameters
for a carbon atom in graphene with the appropriate benzene
parameters using the Lorentz-Berthelot mixing rules. The well-
depth of interaction energy for the adsorbate-adsorbent interac-
tion was adjusted with the binary interaction parameter, kg to
give agreement between the experimental Henry constant and

GCMC simulations, where, & = (1—kg)/&"&*. The molecular

parameters for a carbon atom in the graphene layer are rr?'" =34 A

and aE“’]kE:?.S K. For the structure-less model and the atomistic

model, we assume that the binary interaction parameter, kyis the
same for all the interaction sites on a molecule; the values —0.120,
—0.060 and —0.036 were found for TraPPE-UA-9, OPLS-AA and
TraPPE-EH models, respectively. For a slit pore, the adsorbate
molecule interacts with both walls, so the fluid-solid potential
energy Ug is calculated from

Ug =U;5(2)+U; (H-2) “4)

where H is the physical pore width, defined as the distance
between the plane passing through all carbon atoms in the outer-
most layer of one wall and the corresponding plane at the
opposite wall.

2.3. Grand canonical Monte Carlo simulation

For modelling an open surface, we used a slit pore wide
enough to behave as two independent surfaces. Long range
corrections were not applied, instead we used a large simulation
box whose linear dimensions were 80 x 80 x 80 A? for the struc-
ture-less surface, while for an atomistic model of graphite, the
dimensions were 76.68 x 7872 x 80 A% (L, x L, x L;). Periodic
boundary conditions were applied in the x and y directions,
parallel to the graphite surface, and the cut-off radius was half
of the box length in both cases. The standard Metropolis sampling
scheme (Allen and Tildesley, 1987) was applied. The ideal gas
chemical potential was used because of the low pressures in this
work. The number of cycles for an equilibration step and for
statistics collection was 50,000. In each cycle, there are 1000 steps
to move or rotate, insert, and delete with equal probability.

In order to compare with experimental data available in the
literature, the average surface excess was calculated as

(N> pbLLH
T2LL, 2L,

where pb is the bulk molecular density, Ly and L, are the box
lengths in the x and y directions, respectively, {N» is the
ensemble average of the number of particles in the pore, and H’
is the accessible pore width.

A thermodynamic quantity of interest that can be readily
obtained from the GCMC is the isosteric heat. Using the fluctuation

Ty

(3)
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theory (Hill, 1956), the isosteric is calculated from (Nicholson and
Parsonage, 1982)

Uy (N>—<UN>
FETUNTY —(NY (N

where ¢ > is the ensemble average, N is the number of particles
and U is the configuration energy of the system. This configuration
energy can be divided into two contributions: one is due to the
adsorbate interactions, and the other is due to the adsorbate-
adsorbent interaction

In order to study the variation of density from the surface, the
local density of the centre of mass of benzene is defined as

< ANZ+ Az >
LAz @

+ksT ©)

pz)=

where (AN;,,.> is the ensemble average of the number of
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benzene molecules whose centres of mass are located in the
segment having boundaries z and z+Az. To understand the
variation in the molecular orientation, we consider the orienta-
tional local density, which is calculated from (Klochko et al.,
1999)

ANz Az 0480

Pt = T AzsinAGe ®

where (AN, a;04a0> is the ensemble average of the number of
benzene molecules whose centres of mass are located in the
segment having boundaries between z and z+Az and an angle
between 0 and 0+ A¢. We describe the orientation of a benzene
molecule with two angles ¢ and @ as shown in Fig. 1a. The angle ¢/
is defined as the angle between the normal vector of benzene ring
(n) and the vertical z axis, while @ is defined as the angle between
the vector passing through two adjacent carbon atoms and the
horizontal surface. An angle 8 of 0 means that the molecule
lies parallel to the pore surface and a value € of 90° means
that the molecule is perpendicular to the pore surface. Due to the
hexagonal shape of benzene, the range of @ is from 0° to 30°.
An angle of 0° means that the benzene molecule has one side
parallel to the surface (Fig. 1b), and an angle of 30° indicates that
benzene take a vertical orientation as shown in Fig. 1c. Any other
angle falling between 0° and 30° are shown in Fig. 1a.

3. Results and discussion
3.1. Adsorption at 293 K

Fig. 2 shows the simulated adsorption isotherms from the
structure-less model and from the atomistic model at 293 K
obtained using the TraPPE-UA-9 model in the sub-monolayer
region; the results agree with the experimental data of Isirikyan
and Kiselev (1961), when the surface mediation (Do and Do,
2006) is accounted for.

a

(=2

(2]

Fig. 1. Schematic showing: the two angles defining the benzene orientation on the
surface (a), perpendicular benzene rotated 0° (b), and perpendicular benzene
rotated 30° (c). n is the normal unit vector through the benzene ring.

Pressure (Pa)

Fig. 2. Adsorption isotherm of benzene on GTCB at 293 K; comparison between
the GCMC simulation results using the TraPPE-UA-9 model with and without
surface mediation and experimental data from Isirikyan and Kiselev (1961). F is
the surface mediation factor, and R? is the R-squared error.
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Fig. 3. Adsorption isotherm of benzene on GTCB at 293 K; comparison between
the GCMC simulation results using the OPLS-AA model (a) and the TraPPE-EH
model (b) with and without surface mediation and experimental data from
Isirikyan and Kiselev (1961). F is the surface mediation factor. R* is R-squared
error.
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The mediation of the TraPPE-UA-9 potential between the
benzene molecules by 3-body interaction through the adsorbent
was accounted for empirically by reducing these interactions by
10% (F=0.9) when two benzene molecules are in the first layer,
i.e. their pairwise interaction is mediated by the surface. Without
mediation, the simulation results over-predict the experimental
data when the first layer is close to completion. This raises the
question of whether surface mediation is required when we
consider the more complex OPLS-AA and TraPPE-EH potential
models for benzene. The results are shown in Fig. 3, and it is
interesting to see that the OPLS-AA model does not require
surface mediation to describe the adsorption isotherm correctly,
but this does not mean that surface mediation is not required for
other surfaces. A reduction of 10% (F=0.9) is required for the
TraPPE-EH model, which is similar to the TraPPE-UA-9 model.
Thus except for the difference in surface mediation, all three
models give a good description of the data in the sub-monolayer
region (the monolayer concentration is 4.2 pmol/m?). The TraPPE-
UA-9 and OPLS-AA are equally successful in describing the
adsorption of benzene on a graphite surface. This is different
from our earlier observation (Do and Do, 2006), and this is due to
the insufficient number of cycles used in our earlier work for
OPLS-AA.

Since the simulation results using the structure-less model and
the atomistic model are comparable in their description of
adsorption isotherm, our subsequent simulation results were
obtained with the structure-less surface.

We now investigate the performance of the three potential
models for their description of the multi-layer region. The
simulated results are shown in Fig. 4 for a wide range of pressure
over which five layers of benzene are adsorbed.

Irrespective of whether we present the results in terms of
pressure or relative pressure, all potential models describe the
data in the sub-monolayer region quite well, but only the TraPPE-
EH model is capable of describing the data well up to five adsorbed
layers of benzene. The relative pressures for the simulation resulis
were calculated using the simulated saturation vapour pressure in
the literature (Wick et al., 2002; Rai and Siepmann, 2007).

To support the statement that the TraPPE-EH potential is a better
model, we tested their performance for the description of the
isosteric heat. The simulation results are shown in Fig. 5, together
with the experimental data obtained from the calorimetric mea-
surements. Over the range of two layers where the heat data are
available, we can draw the conclusion that the TraPPE-EH, as a
whole, is the best model for the description of the isotherm and heat
data as we can see from the percentage deviation in Fig. 5b.

To see the contributions of the benzene-solid and benzene-
benzene interactions toward the isosteric heat, we plot these
contributions in Fig. 6 as a function of loading for the TraPPE-EH
model. In the sub-monolayer region, the increase in the benzene-
benzene interactions compensates for the decrease in the
benzene-solid interaction, resulting in a relatively constant isos-
teric heat in this region (although we note a modest increase of
the isosteric heat in the sub-monolayer region). The benzene-
adsorbent interaction diminshes in the second layer because
molecules are further away from the surface, while the adsorbate
interaction increases only slightly giving a constant isosteric heat,
of 35 kJ/mol, compared to 42 kJ/mol in the sub-monolayer region.
The isosteric heat in the second layer of 35 kJ/mol is close to the
heat of liquefaction of benzene (34 kJ/mol), but this does not
mean that the second layer is a liquid phase. The FF interaction of
the second layer is less than that in the bulk liquid because each
molecule has fewer neighbours, and this is only partially com-
pensated by the small FS interaction. This is further supported
when we study the structure of benzene molecules in the next
section.
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Fig. 4. Adsorption isotherm of benzene on GTCB at 293 K; comparison with the
GCMC simulation results (structure-less model) using the TraPPE-UA-9 model
(with F=09), the OPLS-AA model (with F=1.0), and the TraPPE-EH model (with
F=0.9); the experimental data are from Isirikyan and Kiselev (1961). Surface
excess vs pressure (a) and surface excess vs relative pressure (b). R? is
R-squared error.

3.2. Structure of adsorbed benzene

Since the TraPPE-EH gives the best description of the iso-
stherm and the isosteric heat of adsorption, we shall use it to
study the structure of the adsorbed layer. Figs. 7-10 show the
local density distributions for the centre of mass of benzene with
respect to the distance from the graphite surface at 293 K.

First, we analyse the structure of benzene molecules in the
sub-monolayer region, and then later show how the presence of
higher layers disturbs this structure because of the FF interactions
from higher layers. The chosen isotherm points are shown in the
inset of Fig. 7, where A and B represent points well below the
monolayer coverage and C and D are points just before and after
the completion of the first layer, respectively. At points A and B,
the surface is 10% and 50% covered with benzene molecules,
respectively. The first layer is about 3.44 A from the graphite
surface. At very low loadings there is a single peak indicating that
all molecules have the same orientation parallel to the surface,
as will be shown later. However, at point C a shoulder develops
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Fig. 5. Isosteric heat vs loading for benzene adsorption on GTCB at 293 K;
comparison with the GCMC simulation results (structure-less model) using the
TraPPE-UA-9 model (F=0.9), the OPLS-AA model (F=1.0), and the TraPPE-EH
model (F=0.9) (a) and their per cent deviation (b); the experimental data are from
Isirikyan and Kiselev (1961).

50

40
S
E
-a
= 30+
3
ﬁ © Exp. Data
2 20 —&— Total Isosteric Heat,
% —¥— F-F Isosteric Heat
2 —&— F-S Isosteric Heat
T 10

0+ T : T - T

Surface Excess (umalim?)
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benzene adsorption on GTCB at 293 K; comparison with the GCMC simulation
results (structure-less model) using the TraPPE-EH model (F=09); the experi-
mental data are from Isirikyan and Kiselev (1961).
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Fig. 7. Local density distribution vs distance from the graphite surface (a) and
electrostatic interaction vs pressure (b) at 293 K for the TraPPE-EH model at points
A B, C and D.
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Fig. 8. Local density distribution vs distance from the graphite surface at 293K for
10,000 Pa for the TraPPE-UA-9 model (F=0.9) and the OPLS-AA model (F=1.0).
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Fig. 9. Local density distribution vs distance from the graphite surface at 293 K for
the TraPPE-EH model at points D, E, and F.
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Fig. 10. Local density distribution vs distance from the graphite surface at 293 K
for the TraPPE-EH model at points F, G, H, and L

which then evolves into two minor peaks in the local density
distribution at point D (Fig. 7).

These peaks do not result from the formation of another layer, but
rather reflect the change in the orientation of some molecules, such
that their centres of mass shift further away from the surface. These
minor peaks are at 4.7 and 5 A. The peak at 4.7 A is associated with
molecules having a slant configuration and the peak at 5A corre-
sponds to those having a vertical configuration. These configurations
are not energetically favoured by the fluid-solid interaction, but are
favoured by the increase in the fluid-fluid interaction energy by
having more benzene molecules closer to the surface. This is
supported by the plot of the fluid-fluid energy contributed by the
electrostatic interactions (Fig. 7b). However, it can be seen that the
majority of molecules in the first layer remain parallel to the surface
because the area under the first peak at 3.44 A is still the largest. Thus
at the completion of the first layer we have three configurations,
parallel, slant and vertical. This interesting conclusion is slightly
different from the conclusions derived from our earlier work using
the TraPPE-UA-9 model (Do and Do, 2006) in that only the parallel
and slant configurations were observed, with a much smaller
population taking the vertical orientation (see Fig. 8). This can be
atrributed to the fact that the TraPPE-UA-9 model has no explicit
hydrogen atoms, which occupy significant space when the packing
is dense. Interestingly, although the OPLS-AA model has explicit

hydrogen atoms, it does not show vertical orientations (see dotted
line in Fig. 8). However, since this model does not give an accurate
description of the isotherm; we take the view that the local density
distribution derived from the TraPPE-EH model is superior.

It is also interesting to observe that the minor peaks become
higher when the second layer starts to form (point D), i.e. more
benzene molecules in the first layer then adopt the slant and
vertical configurations with the increase in the concentration of
the second layer although the majority still remain in the parallel
orientation.

When the loading increases from the onset of the second layer to
the third layer (points D-F in the inset of Fig. 9), the positions of the
major and two minor peaks of the first layer are unchanged, but the
peak position of the second layer moves from 7 to 8 A and becomes
more delocalised. This is due to the presence of third layer, coupled
with the thermal motion of molecules in the second layer. At point F,
the third layer occurs at 11.3 A, and we note that although the
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Fig. 11. Local density distribution vs distance from the surface to the centre of
mass and the angle  (a) and top view of the snapshot of benzene molecules
adsorbed on a graphite surface (b) at 293 K and point B.
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positions of the minor peaks of the first layer do not change, the
density of the major peak of the first layer is increased at the expense
of the two minor peaks, indicating that some molecules re-orientate
themselves to the energetically favoured parallel configuration. This
also maximises the quadrupolar interaction if benzene molecules lie
in offset positions when higher layers are present. This is shown in
Fig. 7b where we show the enhancement in the electrostatic (quad-
rupole) interactions.

When the loading is further increased the concentration at the
fourth layer distance increases (Fig. 10) (point H). The position of
the first two layers remains unchanged, but the the third layer
becomes more difuse. This is similar to the redistribution of the
second layer when the third layer forms (at distances between 10
and 16 A from the surface). Thus we can draw a general conclusion
that the presence of a layer only affects the adjacent layer under-
neath. When the pressure is increased further to point I (about
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Fig. 12. Local density distribution vs distance from the surface to the centre of
mass and the angle 0 (a) and top view of the snapshot of benzene molecules
adsorbed on a graphite surface (molecules in purple colours are those in second
layer) (b) at 293 K and point D. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

6 layers are formed above the surface), the layering structure of the
third and fourth layers disappears and the adsorbate has the
uniform structure of a bulk liquid phase (Fig. 10).

To study in detail the orientation of molecules, the orientation
density distributions versus the distance and 6 are presented
in Figs. 11-14. It is seen that at very low loadings (for example,
point B) benzene molecules lie flat on the surface, with a peak at
zero degrees. This orientation is expected at low loadings because
it is the most energetically favourable position. This observation
is also supported by the snapshot as shown in Fig. 11.

When the loading is increased to point D (just after the
formation of the first layer and at the onset of the second layer),
we see the beginning of the formation of a second layer at 7 A
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Fig. 13. Local density distribution vs distance from the surface to the centre of
mass and the angle ¢ (a) and top view of the snapshot of benzene molecules
adsorbed on a graphite surface (molecules in purple and blue colours are those in
second and third layer, respectively) (b) at 293 K and point E. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 14. Local density distribution vs distance from the surface to the centre of
mass and the angle 6 at 293 K and point H.

from the surface (Fig. 12). At this coverage, most molecules in this
layer are parallel to the surface, but some molecules in the first
layer have orientations other than parallel, including slant and
vertical orientations. It is seen that the slant peak at 4.7 A from
the surface is associated with molecules having 6 about 60° to the
surface. When loading is increased to point E (Fig. 13), the second
layer continues to fill but the peak shifts further away from the
surface (from 7 to be 8 A), because as molecules fill the second
layer they adopt orientations away from parallel. We note that
the second layer is beginning to form before the first layer is
complete, and the third layer also starts before the completion of
the second layer as shown by the snapshot in Fig. 13b as is usual
in physical adsorption processes. When loading is increased to
point H (Fig. 14), there is an adsorbate thickness equivalent to
about 5 layers above the surface and there is no preference for
any orientation, suggesting a liquid-like structure above the
second layer.

Fig. 15 shows the orientational local density distribution as a
function of distance and @. The peaks J, K, and L in this figure are
associated with the first layer and the two minor peaks K and L
are for molecules having slant and vertical orientations where the
centre of mass is further away from the surface (see the earlier
discussion of Fig. 7). In Fig. 15, we see that most slant and vertical
benzene molecules have @ equal to 0, meaning that one side of
the molecule lies parallel to the surface (i.e. with two hydrogen
atoms close to the surface).

3.3. Adsorption at wider temperature range

To further test the TraPPE-EH model description of multilayer
adsorption, we have carried out simulations at 273 K (below the
bulk phase triple point of 278.7 K). In Fig. 16, we compare
simulation results using this model (including surface mediation
with a factor F=0.9, used earlier for a temperature of 293 K) with
experimental data over a range of temperatures from 273 K up to
373 K. The agreeement between simulation and experiment (data
of Pierotti and Smallwood (1966)) at 288K, 303 K and 323 K,
and of Belyakova et al. (1968) at 343 K and 373 K is good over
the whole 50 K range. The potential model tends to slightly
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Fig. 15. Local density distribution vs distance from the surface to the centre of
mass and the angle @ at 293 K and point H.
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Fig. 16. Adsorption isotherms for benzene on GTCB at various temperatures;
comparison between the GCMC simulation results (structure-less model) using
the TraPPE-EH model with surface mediation (F=0.9) and experimental data from
Pierotti and Smallwood (1966) and Belyakova et al. (1968).

overestimate the adsorption, but there is no particular trend with
temperature.

To illustrate the difference in the structure of the adsorbed
film as temperature is increased, we show, in Fig. 17, the local
density distributions for 273 K and 343 K. The structure of the
first layer remains unchanged (although lower in density), but the
structure of the second layer starts to disappear and to become
more uniform and liquid-like, which can also be seen from the
orientation density distributions of Figs. 18 and 19 for 343 K.

Finally, in Fig. 20, we show the temperature dependence of
the isosteric heat, at 293 K and 343 K. The experimental data at
293 K are taken from Isirikyan and Kiselev (1961), and those at
343 K are from Belyakova et al. (1968). The excellent agreement
between simulation and experiment reinforces our conclusion
that the TraPPE-EH potential is the best model to describe the
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Fig. 17. Local density distribution vs distance from the graphite surface at 273 and
343 K using the TraPPE-EH model for 30 pmol/m?. 30
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Fig. 18. Local distribution vs distance from the surface to the centre of mass and
the angle 0 at 343 K for 30 wmol/m?.

adsorption of benzene on graphite. A weak temperature depen-
dence of the isosteric heat is also noted in this figure.

4. Conclusions

This study of benzene adsorption on a graphite surface at
various temperatures in both the submonolayer and the multi-
layer regions provides a detailed picture of the molecular beha-
viour of this system. Of the various potential models for benzene
tested, we have found that the TraPPE-EH model is the most
suitable, and the GCMC simulation results for adsorption iso-
stherms and isosteric heats are in excellent agreement with
experimental data taken from the literature.

The GCMC simulation allows us to probe the structure of the
adsorbed phase using local density distributions plots. The mole-
cular orientation in the lower layers is influenced by the presence
of molecules in higher layers. Most benzene molecules in the first
layer adopt an orientations parallel to the surface plane but there
are two minor populations having slant and vertical orientations.
The slant orientation has an azimuthal angle of about 60° to the

0

Fig. 19. Local density distribution vs distance from the surface to the centre of
mass and the angle @ at 343 K for 30 pmol/m?*.
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Fig. 20. Isosteric heat vs loading for benzene adsorption on GTCB at 293 K and
343 K: comparison between GCMC simulation results (structure-less model) using
the TraPPE-EH model with surface mediation (F=0.9) and experimental data from
Isirikyan and Kiselev (1961) and Belyakova et al. (1968).

surface. The parallel configuration is energetically favourable
in term of benzene-adsorbent interaction. The slant orientation
optimises the quadrupole interactions and together with the
vertical configuration is entropically favoured over the parallel
orientation as temperature increases. However, the ratio of the
number molecules adopting parallel orientation to that having
slant and vertical orientations decreases in higher layers due to
the weaker influence of the adsorbent interaction. We find that
most slant and vertical molecules optimise the balance between
energy and entropy when one side of the molecule lies parallel to
the surface (i.e. two hydrogen atoms are closer to the surface).

Nomenclature

F surface mediation factor (dimensionless)
H physical pore width (A)
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H accessible pore width (A) Hill, T., 1956. Statistical Mechanics.

kB Boltzmann’s constant (J[K) Isirikyan, A.A., Kiselev, AV., 1961. The absolute adsorption isotherms of vapors of

k bi v interacti N ter (di ionl nitrogen, benzene and n-hexane, and the heats of adsorption of benzene and
sf inary in e.lac lOl‘.l parame VEI (dimensionless) n-hexane on graphitized carbon blacks. I Graphitized thermal blacks. ]. Phys.

L length of simulation box (A) Chem. 65 (4), 601-607.

N number of particle (dimensionless) Isirikyan, A.A., Kiselev, AV, 1963. Isotherms and heats of adsorption of nitrogen,

o . - . benzene, and n-hexane vapours on graphitised carbon blacks. Ill. thermo-

q partial charge on the Coulombs site (e) dynamic quantities, Russ. ]. Phys. Chem. 37 (8), 957-961.

(isos isosteric heat (J/mol) . Jorgensen, W.L., Severance, DL, 1990. Aromatic-aromatic interactions: free

T sepa[ation of interaction sites (Aj energy profiles for the benzene dimer in water, chloroform, and liquid

- - benzene. ]. Am. Chem. Soc. 112 (12), 4768-4774.

T _teml.')E'la.tLllE' (lq Jorgensen, W.L., McDonald, N.A., 1998. Development of an all-atom force field for

u interaction energy (J) heterocycles. Properties of liquid pyridine and diazenes. Theochem. J. Mol.

& L] well-depth (]) Struct. 424 (1-2), 145-155.

& ermittivity of a vacuum Cz m Klochko, A.V., Brodskaya, EN., Piotrovskaya, E.M., 1999. Computer simulations of
o p .. v . e (Clym) dependence of adsorption characteristics of ethane on the size of graphite

a LJ collision dlal““;'t?l (A) micropores. Langmuir 15 (2), 545-552.

p average local density (mol/m?) Lai, M.H., Shin, Y.L, Chen, Y.H., Shu, S.H., Chung, T.W., 2010. Equilibrium isotherms

Ps surface density of carbon atoms (A 2) ;;t{hze)ag;cjrr[;t;c;n of pyrolysis gases from polymer products. ]. Chem. Eng. Data

4 carbon layer SEP&HUUH (A)z Matties, l\:‘I.A., Hems-chke, R., 1996a. Molecular dynamics simulation of benzene

r surface adSOl’pUOﬂ (11101/111 ) on graphite. 1. phase behavior of an adsorbed monolayer. Langmuir 12 (10),
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