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Abstract

Adsorption behavior of carbon dioxide confined in pillared clays is analyzed by using constant pressure Gibbs ensemble Monte Carlo (GEMC)
method. In our simulation, 1-site and 3-site models are used to represent carbon dioxide. At the 1-site model, carbon dioxide is described as
a Lennard–Jones (LJ) sphere, while at the 3-site model, carbon dioxide is modeled as a three-sites linear chain represented by EPM2 potential
considering the quadrapolar effect. The potential model from Yi et al. for pillared clays is used to emphasize its quasi two-dimensional structure.
Comparing the calculated results from the 1-site and the 3-site models at T = 228.15 and 258.15 K, we observe that the adsorption amount from
the two models is the same basically. However, the local density presents a significant difference, because the shoulder in the main peak near
the wall from 3-site model can reflect the orientation of carbon dioxide. Accordingly, in the systematical investigation to explore the effect of
porosity and pore width on the adsorption of carbon dioxide in pillared clays, the 3-site model was only used. We observe that for a narrow pore
of H = 1.02 nm, each isotherm shape displays type I curve, suggesting that it is not inflected by the porosity. However, for the larger pores of
H = 1.70 and H = 2.38 nm, the increase of the porosity alters the shape of adsorption isotherms from a simple linear relation to the first order
jump, indicating that the porosity is of very important factor to affect adsorption and phase behavior of fluids confined in pillared clays. The excess
adsorptions of carbon dioxide at supercritical temperatures of T = 323.15 and 348.15 K are also investigated. We find that the maximum exists
for each excess isotherm, and the optimal pressure corresponding to the maximum increases with the pore width. However, the porosity has no
significant effect on the optimal pressure.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The increasing concentration of carbon dioxide in atmo-
sphere, mainly caused by fossil fuel combustion, has led to
concerns about global warming. Capture and disposal of carbon
dioxide are thus considered as an efficient means to avoid this
problem. Furthermore, in the presence of water, carbon dioxide
would corrupt the vessels and cylinders for the transportation
and storage of natural gas. Therefore, removing carbon dioxide
to effectively utilize natural gas becomes an important subject.
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Currently, one way that can contribute to the sequestration of
carbon dioxide is removing it from the atmosphere by pumping
into a huge aquifer beneath the ocean floor or into soils under-
ground [1,2]. Another issue involves the removal of greenhouse
gases directly from industrial plant exhaust and subsequently
storing them in secure reservoirs [2]. In the first case, the soils
usually contain abundant clay minerals, which mainly contain
montmorillonite. The natural montmorillonite is a sheet struc-
ture made up of a layer of octahedral aluminum oxide between
two layers of tetrahedral silicon oxides. The spaces between
sheets give rise to nanopores called the interlayer porosity,
and the interparticle and interaggregate spaces form micro- and
mesopores [3]. In the second case, adsorption technique using
porous materials is still a prospective candidate for gas stor-
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age and other industrial processes, because of its high energy
efficiency, low operating cost, and ease of control over a rel-
atively wide range of pressures and temperatures [4]. Pillared
clays (PILCs), as a class of porous material similar to zeolite-
based catalysts, has caused a special concern for researchers in
chemical engineering field. Although the PILCs were found in
1955 [5], interest on clays as catalysts was raised in the 1970s
[6] with the development of pillared clays. Further details on
history of discovery and application of those materials can be
found elsewhere [7–9]. The most advantage of the PILCs mater-
ial, similar to montmorillonite, is that the available interior pore
volume can be tailored for some special applications during the
preparation process by the distance between the opposite solid
walls as well as the distribution of pillars [10]. Therefore, the
PILCs are still very interesting and promising adsorbents. As a
result, the PILCs materials are widely used in strategic indus-
trial and environmental applications such as gas storage, shape
selective catalysis, and separation.

Some extensive studies on adsorption of gases in the PILCs
have been performed experimentally. In 1992, Baksh and Yang
[11] measured the adsorption isotherms of O2, N2, CH4, CO2,
SO2, and NO on five pillared clays (Zr, Al, Cr, Fe, and Ti-
PILCs) and found the adsorption selectivity of CH4/N2 on Al-
PILC is greater than 5.0. In a subsequent work by Molinard
and Vansant [12], the effects of cation modification on porosity
and interlayer distance during sample preparation were inves-
tigated by adsorption isotherms of nitrogen at 77 K and XRD
data. Moreover, their experiments of gases adsorption such as
N2, O2, Ar or CO2 in these different PILCs demonstrate that
the adsorption properties of these PILCs depend mainly on the
pillar height, the distribution of the pillars between the clay lay-
ers, and the nature of the pillaring species. In 1998, Pereira et
al. [13] investigated the adsorption of CH4 and CO2 on zir-
conium oxide intercalated clays by both experiment and va-
cancy solution theory. Recently, Gil and Ganda [14] employed
the Dubinin–Astakhov (DA) equation, the Horvath–Kawazoe
(HK), the Jaroniec–Gadkaree–Choma (JGC) methods, and the
density functional theory (DFT) to characterize the microp-
orous structure of an alumina intercalated clay from adsorption
of nitrogen and carbon dioxide. They found that high calcina-
tion temperatures would significantly deteriorate the ultrami-
cropores rather than mesopores during pillaring process.

Alternatively, computer simulation provides a versatile and
powerful means to investigate the adsorption of confined flu-
ids in this type of materials. In 1995, Yi et al. [15] studied
the thermodynamics and transport properties of Lennard–Jones
(LJ) fluids in pillared clays by a molecular dynamics (MD)
method. In a subsequent paper [16], they reported the adsorp-
tion of single component and binary gas mixtures confined
in layered pillared pores. In 2000, Ghassemzadeh et al. [17]
addressed the separation of three binary mixtures confined in
layered pillared pores and molecular sieve membranes at tem-
perature T = 303 K, using the equilibrium MD method. Later,
Cao and Wang reported the phase behavior of methane con-
fined in layered pillared pores at low temperatures [18], and
recommended the layered pillared pore material with porosity
of 0.94 and pore width of 1.02 nm as the optimum adsorption
storage materials for supercritical methane [19]. In addition,
adsorption recovery of CCl4 in pillared clays was compared
to that in activated carbon by grand canonical Monte Carlo
(GCMC) simulation [20], which reveals that the former gives
higher uptake and the capillary condensation transition takes
place at lower pressure. More recently, the adsorption and mi-
crostructure of HCFC-22 in pillared clays by the combination
of GCMC simulations and quantum mechanics calculations are
reported [21]. Peng et al. [22] simulated the chemical equilib-
rium of ammonia synthesis in pillared clays and obtained the
higher ammonia mole fraction than in slit pores due to the
greater uptake. For the adsorption of carbon dioxide on other
materials, Zhou and Wang [23] simulated the adsorption and
diffusion of carbon dioxide confined in slit pores from sub-
to super-critical conditions using a combination of GCMC and
MD methods. The adsorption of pure-component and binary
mixtures of methane and carbon dioxide in a specific activated
carbon was predicted using GCMC and pore size distribution
(PSD) method [24]. Sweatman and Quirke [25] employed a
combination of GCMC and Gibbs Monte Carlo simulations to
characterize amorphous materials and believed that adsorption
isotherms of carbon dioxide at room temperature could pro-
vide more accurate description of carbon microstructure than
traditional nitrogen isotherms at 77 K. Peng and Wang [4] car-
ried out experimental and theoretical studies for the removal of
carbon dioxide from the mixture of CH4/CO2 by the activated
Mesocarbon Microbead adsorbent.

The investigation results from Molinard and Vansant [12]
reveals that a simple model from Yi et al. [15] can basically
meet the requirement of computer simulation, because it con-
tains two important characteristics of this material, namely,
pore width (i.e., the pillar height), and porosity (i.e., the dis-
tribution of the pillars between the clay layers). Therefore, the
purpose of this work is to explore the effects of pore width and
porosity, as well as temperature and pressure, on the adsorption
isotherms of carbon dioxide in pillared clays, by using molec-
ular simulation tool. This information would definitely provide
a deep insight into materials and process design, development
and optimization.

2. Molecular models of pillared clays

The diffusion of the simple LJ fluid confined in layered pil-
lared pores had been studied by Yi et al. using MD method [15].
Their results indicate that different distributions of the pillar had
very little effect on the adsorption. Therefore, an ideal model
[15] with uniform distribution of pillars between two layered
walls is directly adopted to describe the pillared clays. Although
this model is relatively crude, it provides a simple idealized
model that incorporates the important physical characteristics
for this study. A schematic diagram of the material is shown in
Fig. 1, where two layered solid walls are represented by the sur-
faces with the specified surface number density, and the pillars
are represented by rigid chains consisting of a given number of
carbon atoms with the size parameter σp. Defining the perpen-
dicular direction of the layered solid walls as the z-direction,
the coordinate of the center of the end molecules in the pillar
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Fig. 1. Schematic representation (side view) of the model of pillared clays with
pore width H = hσp, where h is the number of atoms composing one pillar, σp
is the pillar atom size.

Table 1
Potential parameters of carbon dioxide, pillar and solid wall

Fluid and pore Atom bl (nm) q (e) σ (nm) (ε/kb) (K)

CO2 (3-site) C 0.0 0.6512 0.2757 28.129
O 0.1149 −0.3256 0.3033 80.507

CO2 (1-site) – – – 0.375 236.1
Pillar C 0.0 0.0 0.34 28.0
Solid wall C 0.0 0.0 0.34 28.0

Note. bl is the distance from the interaction site to molecular mass center. The
3-site EPM2 model [26] is used to describe carbon dioxide molecule, and com-
pared with the 1-site model from literature [30]. The potential of C atom is used
to denote pillar and solid wall.

chain is zero. The distance (i.e., the pore width) between two
layered solid walls is defined as the pillar height hσp, where
h is the number of pillar atoms. The porosity ψ is defined as
the volume fraction of the porous material not occupied by the
pillars,

(1)ψ = 1 − Npπσ 2
p

6S
,

where Np is the number of pillars and S is the area in the x–y

surface in the simulation box.
For a fluid molecule confined in pillared clays, its total po-

tential energy is a sum of three interactions: the potential energy
between fluid molecules, φff, the potential energy between a
fluid molecule and a layered wall, φfw, and the potential energy
between a fluid molecule and pillars, φfp. All the model pa-
rameters are listed in Table 1, and their cross energy and size
parameters are calculated by Lorentz–Berthelot (LB) mixing
rule.

2.1. Fluid–fluid interaction

For the 3-site model taking into account of quadrapolar ef-
fect, the linear carbon dioxide molecule is described by effec-
tive EPM2 potential [26] as a three-center LJ plus a set of partial
point charges distributed at three electrostatic sites. Thus, the
fluid–fluid interaction φff is composed of the LJ potential and
electrostatic interaction of sites m on molecule i with the site n

on molecule j ,
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where the subscripts i and j denote different molecular species;
m and n are the sites on the molecules i and j , respectively. ε

and σ are the energy and size parameters of site–site from the
LB combining rule, q is the charge of different sites, rim,jn is
the inter-site distance.

The 1-site model describes carbon dioxide only as one spher-
ical particle. Therefore, the quadrapolar effect is not considered.
The fluid–fluid interaction is represented only by the LJ poten-
tial, given by

(3)φff = 4εff
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]
.

The potential parameters [23] of carbon dioxide for the 1-site
model are also given in Table 1.

2.2. Fluid–wall interaction

The interaction between a fluid molecule and a solid wall is
given by the well-known Steele’s 10–4–3 potential [27], where
only an independent variable of the normal distance between a
fluid molecule and one of the solid walls, z, is included,

φfw(z) = 2πρwεfwσ 2
fw�
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where σfw and εfw are cross fluid–wall interaction parameters.
ρw is the number density of carbon atoms on the solid wall,
ρw = 114.0 nm−3, and � is the distance between lattice planes,
� = 0.335 nm.

2.3. Fluid–pillar interaction

The potential between a fluid molecule and the pillar atoms,
φfp, is generally described by the site-to-site method [20],

(5)φfp = 4εfp
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i=1
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]
,

where rij is the distance between a site of fluid molecules and
an atom of pillars, Nf is the number of fluid molecules in the
simulation box, εfp and σfp are the cross interaction parameters.

3. Simulation details

Adsorption isotherms are generally described as a function
of the pressure of the bulk fluid. When a grand canonical Monte
Carlo (GCMC) simulation is performed, the chemical potential
can be generally converted to the pressure either through an ac-
curate equation of state (EOS) for fluids or by Widom particle
inserting method during the simulation process. In this work,
an alternative approach to avoid the conversion from chemical
potential to pressure in GCMC, is to use the constant pressure
Gibbs ensemble Monte Carlo (GEMC) method [28,29] to simu-
late the adsorption behavior of carbon dioxide in pillared clays.
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Fig. 2. Comparison of adsorption isotherms of carbon dioxide by 1-site and 3-site models at 228.15 K, where solid and open circles denote 1-site and 3-site,
respectively.
One of the most attracting advantages of this technique is that
it uses the pressure of bulk phase as an input parameter to avoid
the specification of chemical potential or fugacity in GCMC
method. In the GEMC method, two simulation cells, which one
represents the pore phase and the other for the coexisting bulk
phase, are performed simultaneously. For the pore phase, the
two walls are fixed on top and bottom sides of the simulation
box, and pillars are uniformly distributed between two walls.
The total number of particles N in both cells, the volume of
the pore Vp and the temperature T are fixed in the simulation.
A GEMC procedure contains three types of move, that is, par-
ticle displacement (including translation and rotation) in both
cells with the usual Metropolis scheme, particle exchange to en-
sure the chemical potential equilibrium between bulk and pore
phases, and the random perturbation in the volume of the bulk
cell to ensure the bulk pressure fixed.

In the simulation, the periodic boundary condition is im-
posed on the x–y plane perpendicular to the z-direction for the
pore phase. Before the start of simulations, we generated about
four thousands of carbon dioxide molecules in the bulk phase.
With the process of the simulation, the molecules gradually en-
ter the pore phase under the criteria of the GEMC. The cut-off
radius is set to 3.32 nm for the LJ and electrostatic potentials. To
ensure the electrostatic contribution beyond this cutoff less than
1% of the total energy, Ewald summation technique is used. For
each state point, the first 1 × 107 GEMC moves are discarded
to guarantee the equilibrium, and the followed 1 × 107 GEMC
moves are adopted for ensemble average of the desired thermo-
dynamic properties. The acceptance criteria of three trial moves
are depicted elsewhere [28,29].

4. Results and discussion

4.1. Comparison of adsorption of carbon dioxide in pillared
clays by 3-site and 1-site models

As we known, a real carbon dioxide molecule is com-
posed of 1 oxygen and 2 carbon atoms, 3-site potential model
proposed by Harris [26] considers the orientation of carbon
dioxide, and can naturally describe its physical characteris-
tics. However, some researchers [23,30] also used a spherical
Lennard–Jones particle to represent carbon dioxide for less
computational time. Vishnyakov et al. [31] made a comprehen-
sive comparison between 1-site and 3-site models, in particular.
Their results reveal that the two models give excellent agree-
ment for adsorption isotherms of carbon dioxide in slit pores,
though an entirely different density profiles for the confined
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Fig. 3. Comparison of adsorption isotherms of carbon dioxide by 1-site and 3-site models at 258.15 K, where solid and open circles denote 1-site and 3-site,
respectively.
carbon dioxide is observed. Analogously, Do and Do [32] eval-
uated the performance of three intermolecular potential models
(TraPPE, HMT and 5-Charge) on the adsorption of carbon diox-
ide on graphitized thermal carbon black at various temperatures
and in carbon slits. They found that the adsorption isotherms are
well described by the TraPPE model, while the isosteric heat is
only reasonably described. In addition, the HMT under-predicts
the data while the 5-Charge model over-predicts it. Therefore,
here we intend to explore the performance of the 1-site and
3-site models for the adsorption of carbon dioxide in pillared
clays.

Figs. 2 and 3 show the comparison of adsorption isotherms
of carbon dioxide at T = 228.15 and 258.15 K by 1-site and
3-site models, respectively. For all pore widths and porosi-
ties studied, the adsorption isotherms for both models are in
consistent agreement except that at high pressure, the adsorp-
tion amount has a slight different. For the larger pore of H =
2.38 nm, even the positions corresponding to the adsorption
jump are also the same, as shown in Fig. 2a. The slight dif-
ference at high pressure is due to the shape of the molecule.
At the small pore of H = 1.02 nm, the spherical geometry is
the easier for the packing of molecules in pores than the lin-
ear chain geometry. Therefore, the adsorption amount from the
1-site model is slightly larger than that from the 3-site model at
the high pressure. However, at the larger pore of H = 1.7 and
2.38 nm, the linear chain is easier for the packing of molecules
in pores than the spherical molecule, because the diameter of
the spherical molecule is around 1.3 times of that of the site
from the 3-site model. Accordingly, in this case, the adsorption
amount from the 3-site model is slightly larger than that from
1-site model at the high pressure. In summary, the two models
have no significant effect on adsorption and isotherm shape of
carbon dioxide in pillared clays. Although the quadrapolar ef-
fect has taken into account in the 3-site model, the polar group
was not introduced into the pillared clays materials. Accord-
ingly, the quadrapolar moment presented in the 3-site model
did not show significant effect on the adsorption of carbon
dioxide, leading to that the adsorption isotherms from the two
models are the same basically. In our future work, the COOH
polar group would be introduced into the pillared clays in or-
der to investigate the effect of functional groups on adsorption
isotherms of carbon dioxide.

To provide further insights into the difference between the
1-site and 3-site models, we also present in Fig. 4 the local den-
sity profiles at ψ = 0.94, H = 2.38 nm, and T = 228.15 and
258.15 K, respectively. Interestingly, the local density from the
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(I) 3-site model (II) 1-site model

Fig. 4. Local density profile of mass center of carbon dioxide in pillared clays by 3-site and 1-site models at ψ = 0.94 and H = 2.38 nm. (I) The 3-site model,
(II) the 1-site model; (a) T = 228.15 K, where line is for P/Ps = 0.47 and point is for P/Ps = 0.68, (b) T = 258.15 K, where line is for P/Ps = 0.44 and point is
for P/Ps = 0.66.
3-site model presents a main peak and a shoulder (highlighted
by green circle) near the wall, while the local density from the
1-site model only presents a major peak without any shoulder
near the wall. The presence of the shoulder for the 3-site model
is because the orientation of the 3-site molecule is not parallel to
the wall. For the 1-site model, the molecule has no any orien-
tations. Accordingly, the local density only presents one peak
near the wall. To illustrate further, four snapshots for the two
models at 228.15 K and two different pressures are presented in
Figs. 5 and 6, respectively. Compared to Fig. 6, carbon dioxide
molecules in Fig. 5 show distinct spatial orientation. In particu-
lar, we use green circle to highlight the molecules lean against
the wall, as shown in Fig. 5, I-(b). It is the spatial orientation
of molecules that causes the shoulder of local density profiles
presented in Fig. 4.

4.2. Phase behavior of carbon dioxide confined in pillared
clays at low temperatures

By comparing the 1-site and 3-site models, we find that the
two models have no significant effect on adsorption behav-
ior of carbon dioxide, while the local density profiles present
some difference due to the molecular shapes. Obviously, the
3-site model can more accurately represent the microscopic
and macroscopic properties, because the shape and quadrapole
of carbon dioxide can be reflected in the model. Accordingly,
we only use the 3-site model in the following sections for its
more elaborated representation of the real molecule. To give
insight into the phase behavior of carbon dioxide confined in
pillared clays, we simulated the systems with three porosi-
ties, ψ = 0.88, 0.94 and 0.98 and three different pore widths,
H = 1.02, 1.70 and 2.38 nm at low temperatures, T = 228.15
and 258.15 K. The calculated results were shown in Fig. 7.

It can be observed from Fig. 7 that at T = 258.15 K,
the adsorption amount of carbon dioxide is less than that at
T = 228.15 K, it is because with the enhancement of molec-
ular kinetic energy, the interaction is weakened between fluids
and pore walls. In addition, we also found that at the narrow
pore of H = 1.02 nm, all adsorption isotherms present the
Langmuir type, i.e. type-I [33] isotherm in micropores. How-
ever, at the larger pore of H = 1.70 and H = 2.38 nm, the
shape of the isotherm shows the complicated behavior of non-
Langmuir type. For example, at the smaller porosity of ψ =
0.88, the adsorption isotherm shape is almost linear increase
with pressure at two temperatures. Whereas at the porosities
of ψ = 0.94 and 0.98, the rising of isotherms becomes more
steep at lower T = 228.15 K. More interestingly, at ψ = 0.94
and H = 2.38 nm, a clear S-shaped isotherm is observed at
T = 228.15 K (see Fig. 7, I-(a)), corresponding to the adsorp-
tion isotherm of type IV [33] in mesopores, but it only shows
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I-(a) II-(a)

I-(b) II-(b)

Fig. 5. Snapshots of carbon dioxide confined in pillared clays by the 3-site model at T = 228.15 K, ψ = 0.94, and H = 2.38 nm. (I) P/Ps = 0.47, (II) P/Ps = 0.68;
(a) from z-axis, (b) from y-axis.

I-(a) II-(a)

I-(b) II-(b)

Fig. 6. Snapshots of carbon dioxide confined in pillared clays by the 1-site model at T = 228.15 K, ψ = 0.94, and H = 2.38 nm. (I) P/Ps = 0.47, (II) P/Ps = 0.68;
(a) from z-axis, (b) from y-axis.
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(I) T = 228.15 K (II) T = 258.15 K

Fig. 7. Adsorption amounts of carbon dioxide changing with pressure at different porosities and pore widths and two subcritical temperatures: (I) 228.15 K
(Ps = 0.84 MPa), (II) 258.15 K (Ps = 2.29 MPa); (a) H = 2.38 nm, (b) H = 1.70 nm, (c) H = 1.02 nm.
a linear change at high temperature T = 258.15 K (see Fig. 7,
II-(a)). This difference can be explained in terms of the micro-
scopic structure of the fluid confined in pores. The local density
profiles of carbon dioxide at Ψ = 0.94, H = 2.38 nm, and the
two temperatures have been shown in Fig. 4, I-(a) and I-(b).
Clearly, at P/Ps = 0.68, the local density presents multiple rel-
atively pronounced peaks for the temperature of T = 228.15 K,
demonstrating that multiple adsorption layers appear in the
pores. In contrast, only one inner layer arises at P/Ps = 0.47.
The analysis of snapshots also convinces this phenomenon.
As is indicated in Fig. 5, II, capillary condensation occurs at
P/Ps = 0.68, corresponding to the first order jump in the ad-
sorption isotherm. However, the saturated filling is not reached
at P/Ps = 0.47 yet, in spite of most of fluid molecules aggre-
gating not only on the walls but also around the pillars in the
pores (see Fig. 5, I). The behavior of T = 258.15 K is similar
to that of T = 228.15 K at P/Ps = 0.44. However, the multiple
inner layers give extremely slight peaks for P/Ps = 0.66, lead-
ing to just a simple linear increase of the isotherm for ψ = 0.94,
rather than the S-shaped type at 228.15 K.

As seen in Fig. 7, the adsorption amount increases with
pore width or porosity, and always exhibits the highest value
at the largest H = 2.38 nm or the greatest ψ = 0.98 for the
two temperatures. In addition, there exits a visible transition of
adsorption isotherm from type I to type IV with the increase
of pore width from H = 1.02 nm to H = 2.38 nm. Never-
theless, this transition only takes place at the larger porosities
of ψ = 0.94 and 0.98. It is noticed that at the narrowest pore
width of H = 1.02 nm, the isotherm shape is not inflected by
the porosity ψ , and all present the isotherm of type I. However,
at the larger pore of H = 1.70 and H = 2.38 nm, the porosity
ψ alters the shape of the isotherms remarkably. For example,
at T = 228.15 K and H = 1.70 and 2.38 nm, the adsorption
isotherm increases almost linearly with pressure at ψ = 0.88,
but shows a clear first order jump gradually with the ascending
of ψ up to 0.94 and 0.98. In short, our simulations demonstrate
that not only temperature changes pronouncedly the shape of
adsorption isotherms, but also pore width, especially porosity
is a very important factor to affect the phase behavior of ad-
sorption of fluid confined in pillared clays.

4.3. Supercritical adsorption of carbon dioxide in pillared
clays

In the past few years, the adsorption of supercritical fluids
has attracted the interest of many researchers for understanding
its special features in both experimental and theoretical fields.
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(I) T = 323.15 K (II) T = 348.15 K

Fig. 8. Adsorption amounts of carbon dioxide versus pressure at different porosities and pore widths as well as two supercritical temperatures: (I) 323.15 K,
(II) 348.15 K; (a) H = 2.38 nm, (b) H = 1.70 nm, (c) H = 1.02 nm.
More significantly, carbon dioxide is widely used as a solvent
in supercritical reaction processes for its mild critical condition,
easy availability, nonflammability and nontoxity [23]. Conse-
quently, in this section, we will consider the supercritical ad-
sorption of carbon dioxide in pillared clays. Fig. 8 shows the
simulated adsorption isotherms at T = 323.15 K and 348.15 K.
The adsorption isotherm is very similar to each other at both
temperatures, depicting a nearly linear increase with pressure
for every pore width and porosity. In addition, the adsorption
loading decreases with the increase of temperature at fixed pore
width and porosity, and the adsorption amount at larger porosity
is always higher than that at the smaller one.

The excess adsorption amount, also called Gibbs adsorp-
tion [34], is equal to the density in adsorption phase minus that
in gas phase. Here, we use the excess amount per unit surface
area to describe the excess adsorption. Fig. 9 presents the ex-
cess adsorption isotherms of carbon dioxide at different pore
widths and porosities. As is expected, all figures indicate that
the excess uptake exhibits a maximum, and then falls as pres-
sure increases, which is in agreement with previous results [20,
35–37]. Furthermore, at the lower temperature T = 323.15 K
close to critical temperature Tc = 304.2 K, an enhanced ad-
sorption and pronounced cuplike [35,38] maximum is observed
for the larger pore width H = 2.38 nm and porosity ψ = 0.98.
It is noticeable that the excess uptake always gives the greater
value at the larger porosity ψ = 0.98. In addition, no crossover
is observed on their excess isotherms. Interestingly, the optimal
pressure corresponding to the maximum is the same basically
at the fixed pore width. That is to say, the porosity has no sig-
nificant effect to the optimal pressure. However, the pore width
presents a distinct effect on the optimal pressure. For the two
temperature of T = 323.15 and 348.15 K, the optimal pressure
increases linearly with the pore width at ψ = 0.94.

5. Conclusions

We have investigated the adsorption behavior of carbon
dioxide confined in pillared clays by constant pressure Gibbs
ensemble Monte Carlo method. The calculated results at T =
228.15 and 258.15 K demonstrate that the adsorption isotherms
from the two models are consistent with each other basically.
However, the local density presents a significant difference, be-
cause the shoulder in the main peak near the wall from the
3-site model can reflect the orientation of carbon dioxide, but
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(I) T = 323.15 K (II) T = 348.15 K

Fig. 9. Excess adsorption of carbon dioxide versus pressure at different porosities and pore widths as well as two supercritical temperatures: (I) 323.15 K,
(II) 348.15 K; (a) H = 2.38 nm, (b) H = 1.70 nm, (c) H = 1.02 nm.
no shoulder appears in the main peak for the 1-site model.
Therefore, in the systematical investigations for exploring the
effect of the porosity and the pore width on the adsorption of
carbon dioxide in pillared clays, we used the 3-site model. It
is observed that for the narrow pore of H = 1.02 nm, each
isotherm shape displays type I curve. Furthermore, the poros-
ity did not affect the isotherm shape. However, for the larger
pores of H = 1.70 and H = 2.38 nm, the increase of the poros-
ity alters the shape of the adsorption isotherm from a simple
linear relation to the first order jump, indicating that in this case
the porosity plays a very important role on the isotherm shape
and phase behavior of fluids confined in pillared clays. In addi-
tion, we also explored the excess adsorptions of carbon dioxide
at supercritical temperature of T = 323.15 and 348.15 K. It is
observed that each excess isotherm appears a maximum, and
the optimal pressure corresponding to the maximum increases
with the pore width. However, the porosity has no significant
effect on the optimal pressure.

It should be pointed out that the pillared clays model used
here neglects many features of real porous materials [39], in-
cluding the structural heterogeneity such as the presence of
functional groups and impurities, and the surface heterogene-
ity arising from networking effects, crystallographic and sur-
face irregularities. In addition, the adsorption of carbon dioxide
with a quadrapolar moment would be definitely favored on po-
lar adsorbents of pillared clays [40]. Nevertheless, we believe
these results provide considerably useful information, at least
partly, which can be applied to carbon dioxide recovery and nat-
ural gas purification to interpret the adsorption behavior from
micro-scale molecular level. We expect more extensive studies
of these neglected effects in our future work.
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