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An extensive grand canonical Monte Carlo (GCMC) simulation combined with quan-
tum mechanics calculations has been conducted to investigate the dependency of the
adsorption isotherms, local density profiles, and orientational behaviors of HCFC-22
confined in pillared clays on pore width, porosity, pressure, and the density of the
activated sites at 300 K. The calculated results suggest that there are optimal pore width
and pressure for adsorption, and the effects of porosity and the activated sites on
adsorption are significant at low pressure and become weaker with increasing pressure.
A combination of the GCMC simulation and the quantum mechanics calculation results
shows that hydrogen atom is the adsorption site of an HCFC-22 molecule adsorbed on the
pillared clay walls and most of the molecules in the contact layers orient perpendicularly
to the walls in the direction of C — H when physical adsorption is predominant, and the
orientation changes with increasing pressure. © 2004 American Institute of Chemical Engi-
neers AIChE J, 51: 281-291, 2005
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Introduction

HCFC-22 (CHCIF,) is a typical substance among hydrochlo-
rofluorocarbons (HCFCs), which has generally been accepted
as the most suitable refrigerant for air conditioners and refrig-
erators. However, because of its potential for ozone depletion
and greenhouse effects, it is a controlled transit substance.
According to the Montreal protocol, HCFC-22 has to be phased
out by the year 2030 for developed countries and 2040 for
developing countries. It is thus an urgent task to search envi-
ronmentally friendly alternatives to refrigerant HCFC-22. Tre-
mendous studies have been reported in the literature.! Evi-
dently, for the protection of the world’s environment, the
emission of organic vapors containing HCFC-22 in process
vent gases needs to be controlled, and thus its recovery and
recycling become an important issue.
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Among many technologies used for the capture and recovery
of organic compound vapors, the adsorption process is perhaps
the most common method.? Pillared clay, as a porous catalytic
material similar to zeolite-based catalysts, has shown high
catalytic activity for many industrial processes. Because the
available interior pore volume of pillared clays is controlled by
the distance between the opposite solid walls as well as the
distribution of pillars, they have also been suggested experi-
mentally as a new class of adsorbent for the processes of gas
adsorption and separation.>*

Molecular simulation is a powerful method to give deep
insight into the phenomena studied at the molecular level,>¢
which can offer references for the design of adsorption mate-
rials and the determination of optimum process conditions.
Many papers have been published on the adsorption of simple
fluids in pillared materials by molecular simulation methods.
Cracknell et al.” used the grand canonical Monte Carlo
(GCMC) method to study the adsorption isotherms and the heat
of adsorption of inert gases in pillared clays. Yi et al.® studied
the adsorption equilibria and diffusion of simple Lennard—
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Figure 1. (a) Side view of the pillared clay, with pore
width H = ho,,. o, is the pillar atom size, h is
the number of atoms composing one pillar;
here h = 4; (b) representation of the orientation
of dipole moment p in HCFC-22 molecule.

Jones gas molecules in pillared clays by using both GCMC and
molecular dynamics (MD) methods. Later, using the equilib-
rium molecular dynamics (EMD) method, the adsorption of
some gases and their binary mixtures in pillared clays were also
reported by this group.>'® More recently, Cao and Wang!!
investigated the adsorption behavior of carbon tetrachloride
(CCly) in layered pillared pores.

It is noticed that the surface chemistry of adsorbents also
plays an important role in adsorption capacity.! Some papers
have also been published about the effects of surface chemistry
on adsorption behavior in slit pores by molecular simulation
methods.!>13 Volpe and Cleri'4 and Smith et al.’> studied the
role of surface chemistry for hydrogen adsorption in single-
wall carbon nanotubes.

Dipolar forces are essentially omnipresent in nature and play
a prominent role in various chemical processes. Although in-
vestigations on dipolar fluids have been performed both exper-
imentally and theoretically, such as the adsorption of water in
a series of pillared clays has been investigated experimental-
ly,'o-1% and molecular simulations have also been carried out to
study its adsorption behaviors and microstructures in mineral
clays,20-22 there has not been, as far as we know, a related paper
published on the adsorption simulation of dipolar fluids in
pillared clays. In this work, HCFC-22 is modeled as a dipolar
fluid, and its adsorption in pillared clays at ambient tempera-
ture 7 = 300 K was studied using the GCMC method com-
bined with quantum mechanics calculations. The purpose of
our work is to explore the dependency of adsorption and
orientational behavior of HCFC-22 on the pore width, porosity,
operational pressure, and surface chemistry of pillared clays,
which, together with the experimental studies on the adsorption
behavior of HCFC-22 in other matrices such as a 5-A molec-
ular sieve,?® zeolites,?* and MgO,?> can provide useful infor-
mation for developing new materials for HCFC-22 removal.
This paper is organized as follows: (1) the morphology of the

pillared clay model is illustrated, (2) the molecular potential
models and the treatment of the long-range dipolar interaction
are discussed, (3) details of the simulation and quantum me-
chanics calculation procedures are briefly outlined, (4) the
discussion and analysis of the results are presented, and (5) the
conclusions are summarized.

Morphology of Pillared Clays

In our simulation, the model described by Yi et al.2¢ with
uniform distribution of pillars between two solid walls is used
to represent the pillared clay. The pillars are represented by
rigid chains consisting of a given number of Lennard—Jones
type spheres with the size parameter o,,,. They are intercalated
vertically in the space between the solid walls. Defining the
direction perpendicular to the solid walls as the z-direction, the
z-coordinate of the centers of the end spheres of the pillar
chains is 0.5(o,,, + 0,,), where a,,, is the size parameter of
the atoms distributed in the solid walls. Pore width H is the
separation between the solid walls, which is defined by the
pillar height H = ho,, where h is the number of atoms
composing one pillar chain. A schematic diagram of the pil-
lared clay with pore width H = 40, is shown in Figure la. The
porosity of this system i is defined as the volume fraction of
this system unoccupied by the pillars, which is given by

¢y =1~ (N,mo,,/6A) (1)

where N, is the number of pillars inside a LX LX ho,, unit
cell, A is the surface area of pore wall (x—y plane; see Figure 1a)

in the simulation unit cell, and A = LX L.

Representation of Models
Potential models

Because HCFC-22 is a simple polar fluid, the Stockmayer
potential model is used to describe the intermolecular interac-
tion of the fluid ¢4 In our simulations, we use the effective
Stockmayer potential parameters proposed by Gao et al.,?’
which are presented in Table 1. To validate these parameters,
the vapor-liquid existence curve of HCFC-22 was simulated by
the Gibbs ensemble Monte Carlo (GEMC) method.2® The sim-
ulated results and the experimental data?® are shown in Figure
2, which indicates clearly that these parameters work very well
for the HCFC-22 molecules.

The Lennard—Jones potential is used to calculate the inter-
action ¢, between the fluid molecule and spheres that consti-
tute the pillars. The interaction ¢, between a fluid molecule
and a single solid pore wall is given by the well-known 10-4-3
potential 3031

Activated sites, which are embedded in the interior surface

Table 1. Potential Parameters for HCFC-22, Pillar, and Solid Wall of the Pillared Clay Used in This Work

HCFC-22% Pillar** Solid wall® Activated site’"
oy (m) gqlk (K) Wk O pp (M) epplk (K) o, (m) g,/k (K) o, (m) g,,/k (K)
4374 X 1071 199.8 1.768 34 X101 28.0 34X 1010 28.0 2.187 X 1071° 3600.0

Data from Gao et al.’
*#Data from Cao and Wang.!!
"Data from Steel3° and Yang and Zhong.3!
""Data from Jin and Wang!3 and Muller et al.32
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Figure 2. Vapor-liquid coexistence curve of HCFC-22.
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of the solid walls, are introduced here to characterize the
surface chemistry of the adsorbent. Introducing the method of
Jin and Wang,'3 the activated sites are described by the Len-
nard—Jones potential with the same size and energy parameters
used by Muller et al.3? All of the size and energy parameters for
the solid wall, the pillar, and the activated site are also shown
in Table 1. In our simulations, we use the cut-and-shifted
model to calculate all the Lennard—Jones potentials, and the
cutoff radius r. = 0.5L. All of the cross-potential parameters
are determined by the Lorentz—Berthelot combining rules.

To investigate the influence of the density of activated sites,
the sites are distributed in a regular array spanning the surface
of solid wall with four different densities, d, = 0.00 X 108,
1.04 X 10'%, 1.42 X 10'%, and 1.86 X 10' sites/m’. In
addition, 20% defects of the activated sites are randomly gen-
erated to describe the heterogeneity of the solid walls. There-
fore the densities of the true activated sites are 0.00 X 10'8,
0.83 X 10", 1.14 X 10'®, and 1.49 X 10'® sites/m?, respec-
tively.

The total potential energy is the sum of the interaction
energies of fluid—fluid, fluid—wall, fluid—pillar, and fluid-acti-
vated sites, and can then be expressed by

N—1 N Ny
d)toml = E 2 d)ﬁ(rij’ Mis M’/) + E [qbpore(zi)
i=1 j=itl i=1
Nr Npp Ny Nis

+ o H+ 0, = )]+ 20 2 ) + 20 2 dr) ()

i=1 k=1 i=1 k=1

where N, is the number of fluid molecules confined in pillared
clays, N, is the number of activated sites, r is the position
vector, m is the dipole moment, and z is the normal distance
from the center of a fluid molecule to one of the solid wall.

Treatment of the long-range dipole—dipole interactions

In computer simulations of polar systems, an accurate and
efficient treatment of long-range electrostatic interactions is of
great importance. For the dipole—dipole interactions in slab
geometrical systems, such as slitlike activated carbon and pil-
lared clay, which are 3D systems with two-dimensional (2D)
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periodicity, the traditional Ewald summation (EW3D) meth-
0d?® cannot be used directly because there is no periodicity in
one of the three dimensions (z-direction in this paper). There-
fore, we used a modified version of the accurate two-dimen-
sional Ewald type summation (EW2DM) method proposed by
Grzybowski and Brodka3? in this work.

Details of Simulation Procedure

By applying the classical GCMC technique, the details of
which can be found elsewhere,?® the adsorption behavior of
HCFC-22 in pillared clays was investigated. For each state
point, GCMC simulation consists of 1 X 107 steps to guarantee
equilibration followed by 1 X 107 steps to sample the desired
thermodynamic properties. In our simulations, the periodic
boundary conditions and minimum image conventions are im-
posed in the x and y directions paralleling the solid walls (see
Figure la), where the z-direction is normal to the solid walls.
The surface area, A, of the square solid wall is set to 1800}2?.
The initial configuration for the simulation of each isotherm is
generated by randomly placing several molecules into the
simulation unit cell, which should also ensure that these mol-
ecules do not overlap each other as well as with the solid walls
and pillars. For subsequent points on this isotherm, the final
configuration of the previous state point is used as its initial
configuration.

In the grand canonical Monte Carlo method, the change in
the orientation of one HCFC-22 molecule is achieved by the
method of Barker and Watts.>* The extent of the attempted
displacements (including translation and rotation) is adjusted
throughout the simulations so that approximately half of at-
tempted displacements are accepted. In our simulations, all
variables are reduced with respect to the Lennard—Jones pa-
rameters of HCFC-22, which are defined by

pe=wley  TF=klley  F=doy  H* = hoyjoy

p* = poj A* = Aloy, p* = (pofdmegeo)> (3)
where the asterisk denotes reduced quantity; . is the config-
urational chemical potential; k is the Boltzmann constant; p is
the number density of the fluid; and p,, is the effective dipole

moment.

Quantum Mechanics Calculations

Because HCFC-22 is modeled by Stockmayer potential, a
one-site spherical potential model, the dipole moment given by
this potential cannot be related to the atomic structure of the
HCFC-22 molecule. Therefore, it is difficult to describe the
detailed microstructure of HCFC-22 molecules in pillared clays
by molecular simulations. As a result, quantum mechanics
calculations were performed to determine the orientation of the
dipole moment in the HCFC-22 molecule. This information,
combined with the molecular simulation results of the dipolar
moment distribution, was used to study the orientation of
HCFC-22 molecules adsorbed on pillared clay walls. After a
test of several methods, the B3LYP/6-311++G(3df, 3dp)
method was adopted. B3LYP is the three-parameter hybrid
functional of Becke using the Lee—Yang—Parr correlation func-
tional, which uses the nonlocal correlation provided by the
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Figure 3. Comparison of the molecular local density
profiles of this work with those of Yi et al.26
This work: s = 1.0 (solid curve) and s = 0.896
(dashed curve); Yi et al.: ¢ = 1.0 (triangle
points) and ¢ = 0.896 (open circles).

LYP expression, and VWN functional III for local correlation.
The basis set 6-311++G(3df, 3pd) is a large basis set that
imposes 3d functions and 1f function on nonhydrogens, and 3p
functions and 1d function on hydrogens, as well as diffuse
functions on all the atoms. The B3LYP/6-311+ +G(3df, 3dp)
method is a commonly used density functional theory (DFT)
method. To verify the simulation results on the microstructure
of HCFC-22 molecules adsorbed in pillared clays, ab initio
calculations at the level of MP2/6-31G* were further carried
out. MP2 is the second-order Mgller—Plesset method, which is
a commonly used ab initio method. The atomic basis set
6-31G* that we use is constructed by the addition of a set of six
second-order (d-type) Gaussian primitives to the split valence.
MP2/6-31G* is a high-level ab initio calculation method,
which was used to determine the adsorption site of a HCFC-22
molecule adsorbed on pillared clay walls. All the DFT and ab
initio calculations were performed using the Gaussian 03 suite
of programs,3> and details of the calculation methods are pro-
vided in Frisch et al.?>

Results and Discussion
Verification of the GCMC simulation program

To check our GCMC simulation program for adsorption, it
was used to simulate the adsorption of a model fluid in pillared
clays with pore width H = 40, and two porosities, ¢ = 1.000
(slit pore) and ¢y = 0.896, at reduced temperature 7% = 1.2,
which were previously studied by Yi et al.>¢ using molecular
dynamics simulations. To make a comparison with their re-
sults, the potential parameters specified by Yi et al. were used
in our simulations; the simulated local density profiles of this
work and those of Yi et al. at the overall average reduced
density p* = 0.45 are shown in Figure 3. Obviously, Figure 3
indicates that our simulation results are in good agreement with
their results at the two different porosities.

Relationship between the configurational chemical
potential and bulk pressure for HCFC-22 at 300 K

The GCMC simulations for adsorption are carried out at a
fixed slit width H, temperature 7, and configurational chemical
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potential ., However, pressure is more visible and conve-
nient, and the adsorption isotherms are measured using tem-
perature and pressure as independent variables. Therefore, a
relationship between bulk pressure P and u,,, is necessary,
which is obtained by direct GCMC simulation of the PVT
behavior of the bulk fluid of HCFC-22 at 300 K, and the EW3D
method with a so-called tin-foil boundary condition?® is used to
handle the long-range dipole—dipole interactions.

The GCMC simulated results are shown in Figure 4. During
the simulation, the volume of the simulation unit cell is ad-
justed to ensure that enough molecules are retained in it for
satisfactory accuracy. Through the curve in Figure 4, an ana-
lytical expression for the relationship between the reduced
chemical potential and the bulk pressure is proposed as follows

pk= —6.0660 + 1.4378 ln( ) (P<1.20MPa) (4)

1 MPa
where the pressure is in MPa.

Adsorption of HCFC-22 in pillared clays

The pore width is one of the main characteristic parameters
for pillared clays. Figures 5a—c show the dependency of excess
adsorption amount I',, at 7 = 300 K on the pore width of
pillared clays with three porosities i at eight reduced pressures
P/P, where the saturated vapor pressure P, of HCFC-22 at T =
300 K is taken as 1.1004 MPa.?® The excess adsorption amount
I',, is calculated by

Fex = (P* - pfulk)/(Nao-;f) (5)

where p% ;. is the reduced density of bulk fluid at the same
temperature and chemical potential (or pressure) as those of p*,
which can be obtained directly by GCMC simulation of bulk
fluid; and N, is the Avogadro constant.

As can be seen from Figures 5a—5c, for all of the three
porosities, H = 40, (corresponding to H = 1.36 X 1077 m) is
the optimal pore width for the adsorption of HCFC-22 in
pillared clays. Figure 5a also shows that in pillared clays with

porosity ¢ = 1.000 (that is, slitlike graphite), for pore width

H = 30,,, there is a very small adsorption amount at reduced
4.0
6.0}
‘5 8.0}

O  GCMC results
— Equation (4)
-10.0

-12.0
0.0 0.5 1.0 1.5

P (MPa)

Figure 4. GCMC results for the relationship between the
configurational chemical potential and bulk
pressure for HCFC-22 at T = 300 K.
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Figure 5. Dependency of excess adsorption amount I'_, in pillared clays with different porosities.
(a) ¥ = 1.000; (b) ¢ = 0.984; (c) ¢ = 0.956, on pore width at various reduced pressures P/P,: [, 0.02; l, 0.03; O, 0.04; @, 0.08; A, 0.23;

Vv, 0.32; », 0.47 + 0.68.

pressure P/P; = 0.02, whereas a significantly large increase is
observed as the reduced pressure is somewhat increased to
0.03, which is the representative feature of the micropore filling
effect.

The porosity ¢ is another important parameter that controls
both adsorption and diffusion behaviors of fluid in pillared
clays. For the pillared clay with the optimal pore width H =
1.36 X 10~° m, the relationship between the excess adsorption
amount I',, at 7 = 300 K and the porosity is shown in Figure
6, where the excess adsorption amount is expressed as a func-
tion of the reduced pressure. It is found in Figure 6 that for the
pillared clay with the four simulated porosities, all the adsorp-
tion behaviors at such pore width also exhibit the feature of
micropore filling effect. Figure 6 also shows that at low re-
duced pressures, the excess adsorption amount increases mono-
tonically with decreasing porosity, which can be attributed to
the contribution of the additional adsorption surface provided
by pillars. However, at high reduced pressures, an inverse trend
was observed, that is, the larger the porosity, the greater the
excess adsorption amount, which is explained by the accessible
volume of the system that is the dominating factor compared
with the adsorption contributions of the pillars. Yi et al.® also
observed these different adsorption patterns for adsorption of
the model Lennard—Jones fluid in pillared clays. Furthermore,
we can also see from Figure 6 that the reduced pressure for the
saturated adsorption is a monotonically increasing function of
the porosity. In addition, Figure 6 also shows that the maxi-
mum adsorption for all of the porosities ¢y occurs at the reduced
adsorption pressure of around P/P; = 0.39.

The effect of porosity of the pillared clay on the excess
adsorption amount I',, with pore width H = 2.38 X 10~° m at
T = 300 K, is shown as a function of reduced pressure in
Figure 7. The adsorption behaviors are similar to those in the
pillared clay with pore width H = 1.36 X 10~° m. What should
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be noted is that capillary condensation begins to occur in this
pore width, and the corresponding reduced pressure increases
with increasing porosity.

Figure 8 shows the effect of the density of activated sites on
the excess adsorption amount I',, in the pillared clay with pore
width H = 1.36 X 10~° m and porosity = 0.956. It is
observed from Figure 8 that the pillared clay without activated
sites needs the highest pressure for saturation adsorption be-
cause of its natural physical adsorption, whereas the density d,
= 1.49 X 108 sites/m” of the pillared clay with the largest
activated sites shows the greatest excess adsorption amount
through all the simulated pressures, resulting from the addi-
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S 9.0} / 4
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Figure 6. Relationship between the excess adsorption
amount I'_, at T = 300 K and the porosity of the
pillared clay with pore width H = 1.36 x 10~°
m.
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Figure 7. Relationship between the excess adsorption
amount I',, at T = 300 K and the porosity of
pillared clay.

Pore width H = 2.38 X 107° m.

tional chemical adsorption contributions of the activated sites.
However, the difference of the excess adsorption amounts
becomes smaller at higher activated site densities because of
the space limitation of the pillared clay. This can be seen from
the almost comparable adsorption amounts between the two
densities of d, = 1.14 X 10'® and 1.49 X 10'® sites/m” shown
in Figure 8.

Microstructure of HCFC-22 in pillared clays

The Local Density Profile p*(z*) for Center of Mass. The
local density profile p*(z*) for center of mass is calculated by
the following equation

p*(z*) = (dN(z*))/(A* - ¥ - Az*) (6)

where (dN(z*)) is the ensemble average of the number of
adsorbed molecules in a layer located in z* to z* + Az*, and
the denominator is the reduced accessible volume of this layer.
Here, Az* takes a value of 0.005H*.

Figures 9a-1 show the effect of the simulated reduced pres-
sure on the local density profiles for center of mass of
HCFC-22 in pillared clays with pore width H = 1.36 X 10~°
m at 7 = 300 K. It is found that all the pillared clays in the
three porosities can accommodate three adsorbed layers with
two contact layers adjacent to the walls and one inner layer. At
very low pressure of P/P; = 0.02, the peak of the contact layer
increases with decreasing porosity, attributed to the contribu-
tions of the pillars to the adsorption (see Figures 9a—c), and the
inner layer appears only in the pillared clay with porosity ¢ =
0.914. Further increases of reduced pressure lead to the appear-
ance of three layers for all three porosities, and the difference
among the pillared clays becomes smaller. At high pressure,
the peaks of the contact layers increase slightly with decreasing
porosity, whereas the peak of the inner layer shows the oppo-
site trend. This is consistent with the fact that there are two
main factors that affect the adsorption capability of pillared
clays without activated sites: the amount of available surface
and the available volume. At low pressure, physical adsorption
is the main force for adsorption, and thus the amount of
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available surface is predominant, whereas at high pressure, the
available volume becomes more significant.

Figures 10a-1 compare the effects of the density of the
activated sites and the adsorption pressure on the local density
profiles of HCFC-22 in pillared clays with pore width H =
1.36 X 10~° m and porosity §y = 0.956. At very low reduced
pressure of P/P, = 0.01, the pillared clay with no activated
sites (d, = 0.00 X 10'® sites/m?) exhibits only weak physical
adsorption, whereas the local densities of contact layers adja-
cent to the walls in the pillared clay with d, = 0.83 X 10'® and
1.49 X 10'® sites/m” are much higher. This indicates that the
chemical adsorption contributes substantially to the adsorption
at low pressure. However, when the pressure is increased, the
difference among the clays with different densities of the
activated sites becomes smaller, which is explained by the fact
that at high pressure the available volume is the predominant
factor affecting the adsorption capability.

The Orientation Distribution of Dipole Moment p*(z*, 0)
and the Orientation of HCFC-22 Adsorbed in Pillared Clays.
The orientation distribution of dipole moment p*(z*, 0) is
another property used to describe the microstructure of
HCFC-22 in pillared clays, which is given by’

p*(z*, 0) = (dN(z*, 0))/(A*dz*d0 sin 6) @)

where 0 is the angle between the vector of dipole moment and
the z-axis. (dN(z*, 0)) is the ensemble average of the number of
adsorbate molecules for which centers of mass locate at the
layer z* to z* + Az* and angles lie in the range 6 to 6 + A6.
For dipole molecules, angle 6 shouldbe in0 = 0= 7. 6 =0
and 7 indicate that the dipole moment has a perpendicular
orientation to the pore wall, whereas 6 = /2 corresponds to
parallel orientation. Angle 0 is divided into 40 slices with angle
interval A§ = 7/40.

To investigate the orientation distribution of the dipole mo-
ments of HCFC-22 molecules adsorbed in pillared clays, it is
essential to know the orientation of the dipole moment in the
HCFC-22 molecule. Thus, the Gaussian 03 suite of programs33

16.0
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é % —0O-— ds=0.84 x10"® sites/m’
[ 8 —4—d =1.14 x10" sites/m”
4.0 —O—d =1.49 x10" sites/m’
O
/
(o]
0.0 : : : :
0.0 0.1 0.2 0.3 0.4

PP

Figure 8. Effect of the density of the activated sites on
the excess adsorption amount I'_, in pillared
clay.

Pore width H = 1.36 X 10~° m and porosity ¢ = 0.956 at
T = 300 K.
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Table 2. Comparison of the Calculated Molecular Geometric
Parameters and the Dipole Moment for HCFC-22 with the
Experimental Results

Quantum Calculation Experiment*

Bond length (m)

C—H 1.09 X 10710 1.08 X 107'°

C—F 1.34 X 107'° 1.35 X 107'°

c—l 1.78 X 10710 1.76 X 107'°
Bond angle (degree)

H—C—F 110.1 108.3

H—C—Cl 109.1 107.8

F—C—F 108.2 107.7

F—C—Cl 109.7 109.5
Dipole moment

(C - m)

o 4.87 x107% (4.87 X 10730y

Data from Hall et al.38
**PData from Nelson et al.3°

is used to perform ab initio and DFT calculations on HCFC-22
molecules. Various methods have been tested and the results
using density functional theory at the level of B3LYP/6-
311+ +G(3df, 3dp) are in best agreement with the experimen-
tal values both for the molecular geometric parameters®® and
the dipole moment,*® as shown in Table 2. The calculated
results show that the orientation of the dipole moment in
HCFC-22 molecule is located in the plane formed by atoms C,
H, and CI. The vector of dipole moment lies between the bond
vectors C — Cl and C — H, and forms an 6.2° angle with bond
vector C — H. Because the angle between bond vectors C —
Cl and C — H is 109.1°, the vector of the dipole moment is
much closer to the bond vector C — H and we can even treat
the two vectors as identical in direction. Two F atoms are
symmetrically distributed in the two sides of the plane formed
by atoms C, H, and Cl. The diagrammatic representation of the
orientation of dipole moment p in the HCFC-22 molecule is
shown in Figure 1b.

The orientation distributions p*(z, ) of dipole moments of
HCFC-22 molecules adsorbed in pillared clays, with pore
width H = 1.36 X 10~° m at pressure P/P, = 0.01 and 7 = 300
K for two porosities, are shown in Figure 11. Because of the
symmetry of pillared clays along the z-direction, only orienta-
tion distributions in half of the pore width are shown. The
simulated results demonstrate that most of the dipole moments
orient perpendicularly to the walls (that is, most of the
HCFC-22 molecules orient perpendicularly to the walls in the
direction of C — H), indicating that the hydrogen atom is the

adsorption site of a HCFC-22 molecule adsorbed on the walls
at low pressure when physical adsorption is the main driving
force.

To verify this conclusion, we further performed quantum
mechanics calculations to study the orientation of a HCFC-22
molecule adsorbed on graphite surface at low pressure at a
higher level. In the calculations, a one-layer graphite model
(C6H,() was used, in which the C—C bond length was taken
as 1.420 X 107 '° m with the boundary of the model being
saturated with hydrogen atoms.*® The structure for the
HCFC-22 molecule was taken as obtained in this work using
the B3LYP/6-311++G(3df, 3dp) method. Three paths were
examined for a HCFC-22 molecule that approaches the graph-
ite layer, that is, the approaching atom is hydrogen, fluorine,
and chlorine, respectively. The ab initio calculated results at the
level of MP2/6-31G* show that the lowest energy is obtained
when the hydrogen atom is adsorbed with the carbon atom on
the graphite layer, as shown in Figure 12, leading to the
conclusion that the hydrogen atom in the HCFC-22 molecule is
the adsorption site with the graphite wall. This is consistent
with what we have obtained by molecular simulations. There-
fore, the ab initio study combined with the molecular simula-
tion results can clearly indicate the orientation of HCFC-22
molecules adsorbed in pillared clays as well as the orientation
distributions of dipole moments of HCFC-22 molecules.

To further study the effects of pressure, the orientation
distributions p*(z, 0) of dipole moments of HCFC-22 mole-
cules adsorbed in pillared clays at high reduced pressure, P/P,
= 0.39, were simulated, as shown in Figure 13a for porosity
¢ = 1.000 and in Figure 13b for ¢y = 0.956, respectively. For
both porosities, in contrast with that at low pressure, most of
the dipole moments of the molecules in the contact layers
orient parallel to the wall, whereas the dipole moments of the
molecules in the inner layer orient randomly for porosity ¢ =
1.000 (see Figure 13a) and preferentially perpendicular to the
walls for porosity ¢y = 0.956 (see Figure 13b). This may be
explained by the fact that at high pressure a packing effect is
the predominant factor that determines the orientation of
HCFC-22 molecules in pillared clays. Therefore, this work
demonstrates that the orientation of HCFC-22 molecules ad-
sorbed in pillared clays changes with pressure, preferentially
perpendicular to the walls in the direction of C — H at low
pressure with hydrogen atoms as adsorption sites, and with
most of the dipole moments being parallel to the walls at high
pressure.

Figure 11. Orientation distributions of dipole moments of HCFC-22 molecules adsorbed in pillared clays.
Pore width H = 1.36 X 10~ m at reduced pressure P/P, = 0.01 and 7 = 300 K. (a) ¢ = 1.000; (b) ¢ = 0.956.
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(a)
Rc__.Cl:3.24X10-m m
Ey=-5.720 kJ/mol

(¢)
Rey=2.40x10"" m
E,=-12.050 kJ/mol

(b)
Re5=2.90x10"" m
E,= -6.850 kJ/mol

Figure 12. Structure and binding energy of HCFC-22 adsorbed on one-layer graphite model C,cH,, calculated with

the MP2/6-31G* method.

Conclusions

In this work, GCMC simulations combined with quantum
mechanics calculations were used to study the adsorption and
microstructure of HCFC-22 in pillared clays. The simulation
results show that, at 7 = 300 K, the optimal pore width and
reduced adsorption pressure for the maximum adsorption are
H =136 X 10~ m and P/P, = 0.39 K, respectively. At low
pressures, the excess adsorption amount decreases monotoni-
cally with increasing porosity, whereas at high pressures, the
inverse trend was obtained. The simulation results also dem-
onstrate that the effect of the density of activated sites on the

adsorption isotherms is significant at low pressures, which
becomes weaker at high pressures.

The orientation of dipole moment in the HCFC-22 molecule
was determined using the B3LYP/6-311++G(3df, 3dp)
method, which was incorporated into the molecular simulations
to study the orientation distributions of dipole moment of
HCFC-22. In addition, the adsorption site of the HCFC-22
molecules with the pillared clay walls was determined by use
of the MP2/6-31G* method. A combination of the results from
the molecular simulations and the quantum mechanics calcu-
lations clearly demonstrates that the hydrogen atom is the

1.0 0.0

1.0 0.0 VIS

Figure 13. Orientation distributions of dipole moments of HCFC-22 molecules adsorbed in pillared clays.
Pore width H = 1.36 X 10~ m at reduced pressure P/P, = 0.39 and 7 = 300 K. (a) ¢ = 1.000; (b) ¢s = 0.956.
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adsorption site in a HCFC-22 molecule adsorbed on a graphite
surface, and most of the HCFC-22 molecules in contact layers
are in perpendicular orientation to the walls in the direction of
C — H at low pressures, where the physical adsorption is the
predominant driving force. At high pressures, the packing
effect becomes predominant and most of the HCFC-22 mole-
cules are in parallel orientation to the walls in the direction of
C — H. This work shows that a combination of molecular
simulation and quantum mechanics calculations can reveal the
details of the adsorption and microstructure of HCFC-22 mol-
ecules confined in pillared clays, providing deep insight into
the adsorption mechanisms, which proves to be very useful in
the development of recovery processes for HCFC-22 molecules
as well as for the porous material design and development. In
addition, the present work shows that pillared clays have higher
adsorption capability than that of activated carbons for
HCFC-22 at ambient pressure, which may be a promising
material for HCFC-22 removal. However, the practical useful-
ness of pillared clays as HCFC-22 removal materials needs to
be proved by experimental investigations.
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