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Knowledge of the adsorption behavior of coal-bed gases, mainly under supercritical
high-pressure conditions, is important for optimum design of production processes to
recover coal-bed methane and to sequester CO, in coal-beds. Here, we compare the two
most rigorous adsorption methods based on the statistical mechanics approach, which are
Density Functional Theory (DFT) and Grand Canonical Monte Carlo (GCMC) simula-
tion, for single and binary mixtures of methane and carbon dioxide in slit-shaped pores
ranging from around 0.75 to 7.5 nm in width, for pressure up to 300 bar, and temperature
range of 308-348 K, as a preliminary study for the CO, sequestration problem. For single
component adsorption, the isotherms generated by DFT, especially for CO,, do not match
well with GCMC calculation, and simulation is subsequently pursued here to investigate
the binary mixture adsorption. For binary adsorption, upon increase of pressure, the
selectivity of carbon dioxide relative to methane in a binary mixture initially increases to
a maximum value, and subsequently drops before attaining a constant value at pressures
higher than 300 bar. While the selectivity increases with temperature in the initial
pressure-sensitive region, the constant high-pressure value is also temperature indepen-
dent. Optimum selectivity at any temperature is attained at a pressure of 90-100 bar at low
bulk mole fraction of CO,, decreasing to approximately 35 bar at high bulk mole

fractions.© 2005 American Institute of Chemical Engineers AIChE J, 52: 957-967, 2006
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Introduction

Climate change associated with the rapid buildup of green-
house gases (GHG), such as carbon dioxide, methane, and
NO,, in the atmosphere is now generally accepted as a serious
worldwide concern. Carbon dioxide emissions present the main
problem, since they account for about 60% of the human
induced global warming load.! One of the responses for reduc-
ing CO, emissions is to capture them at large industrial sources
and then store them in the earth rather than discharging them to
the atmosphere. A range of technologies under the broad title
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of Carbon Capture and Storage (CCS) have been proposed for
achieving this.

One of the most prospective methods for sequestering CO,
in the earth is by injecting it into coalbed methane (CBM)
reservoirs. The CO, displaces methane from the seam and is
itself permanently trapped and held within the coal.

Enhanced CBM processes use injection gases in order to
improve methane recovery from the reservoir (by up to 50%)
and increase the production rate per producing well. The nature
of the injection gas depends on commercial considerations, but
could be flue gas (a mixture of mainly N, and CO,), or partially
or fully CO, enriched flue gas. The main benefit of CO,-ECBM
is through gaining the dual advantages of improved methane
recovery together with CO, disposal.

The implementation of ECBM requires knowledge of the
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sorption characteristics, on particular coals at appropriate un-
derground conditions, of the main gases and their mixtures.
This also underlies any simulation work to determine CBM
production rate, storage capacity, displacement interactions,
operating conditions, and economic feasibility.>

This article focuses on high-pressure single and binary gas
sorption equilibrium of CO, and CH, in an idealized slit pore
system, commonly used for modeling adsorption in carbons.
The pore walls are assumed infinitely thick and comprised of
stacked graphene sheets. The conditions that are considered are
otherwise reasonable for deep coal CBM reservoirs® and in-
clude: temperatures of 308 K, 318 K, 338 K, and 348 K;
pressures up to 100 bar; and micropore widths (H) in the range
of 0.7-7.5 nm.

We compare high-pressure sorption equilibria using two
different approaches, namely, Density Functional Theory
(DFT) and the Monte Carlo simulation method in the grand
canonical ensemble (GCMC). The latter has been used as a
benchmark to evaluate other methods and for determining the
accuracy of the approximate free energy density functional in
DFT. Both methods have previously been successfully applied
to model sorption of supercritical gases, such as Ar, CH,, and
CO,, with simple molecular structures.*'!

Theoretical Modeling
Density Functional Theory

The Density Functional Theory (DFT) is based on a mean
field approximation of the fluid-fluid interaction. It provides a
good description of a simple confined fluid and also has the
advantage of being computationally less demanding than the
full Monte Carlo simulation. In DFT, two central quantities,
treated as unique functionals of the density distribution p(r),
are the grand potential ()[p] and the intrinsic Helmholtz free
energy F[p] (i.e., the Helmholtz energy in the absence of the
external field), which are related according to

Q[p] = Flp] + J drp(r)[u(r) — u] )

in which w is the chemical potential and u(r) is the external
potential experienced by the adsorbate molecules due to the
pore walls. The F[p] itself contains two contributions

Flpl = Filp] + F.[p] 2
The ideal gas contribution F,,[p] is the free energy of the
system with the same density but without internal interactions
among the particles, and is given by the exact relation

BF.dpl = f drp(r){In[p(r)A’] — 1} 3

where B = 1/kgT is the inverse temperature, kj is the Boltz-
mann’s constant, and A = h(2mmk,T)”"? is the thermal de
Broglie wavelength.

The other contribution, F, [p], which is generally unknown,
is the excess free energy distribution caused by interparticle
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interactions and is approximated by introducing perturbation
theory. According to perturbation theory, the pair interaction
can be divided into a repulsive and an attractive part, following

u(r) = urep(r) + uatl(r) (4)

The excess free-energy functional F.,[p] for the model system
can be approximated as the sum of the repulsive and attractive
contributions F,. [p] and F,[p], respectively, i.e.,

rep

Fex[p] = Frep[p] + Fatt[p] (5)

Under the mean field approximation, the attractive part leads to

|
Fulpl=5 f p(r)dr f dr'p(r") . (|r — r'|) (6)

The repulsive part is the major uncertainty, which causes
differences with other versions of DFT, as the exact result for
this part is unknown. Here we use the Denton and Ashcroft!?
formulation, utilized earlier by Bhatia.!3.14

The solution for the equilibrium density distribution of an
adsorbed gas in a confined pore is obtained by the minimization
of the grand free energy (or grand potential), which satisfies

5Q[p] _ o
3p(r)
leading to the Euler-Lagrange relation

p(r) = zexp{—Bu(r) + " (r; [p])

-B f dr'p(r' )y (Ir — r'))}  (8)

where z = ePu/A’ (the fugacity) and c"(r;[p]) denotes the
one-particle direct correlation function (DCF), following

S(FCX)
8p(r)

c(r;[p) =B )

Equation 8 is a formally exact relation, which in principle may
be solved for p(r) if the functional c¢‘"(r;[p]) is known. In
practice, however, this functional is generally unknown and
must be approximated. Here a simple version of the Weighted
Density Approximation (WDA) of Denton and Ashcroft!? was
adopted to model the non-uniform hard-sphere fluid. The ap-
proximation is expressed by the simple relation

cWwba(rs [p)) = ¢ (p(r)) (10)

which equates the one-particle DCF of a nonuniform fluid to its
counterpact ¢, for the corresponding uniform fluid evaluated
at the weighted density p(r). The weighted average, p(r), with
respect to a weight function w, is then defined according to
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p(r) = f dr'p(r')w(lr — r'[; p(r)) an

where the expressions for the weight function and ¢,'"(p) are
provided elsewhere.!>!3

The Lennard-Jones 12—6 pair potential is used to model the
interactions among adsorbate molecules. The attractive inter-
actions are modeled using the Weeks-Chandler-Anderson
(WCA) perturbation scheme!s:

_8ff7 r<< Yy
Gu(r) = T <r<r. (12)
0, r>r,

where &, is the potential well depth, r,, = 2"°g is the
separation at the minimum of the potential, and r, is the cutoff
distance.

Grand Canonical Monte Carlo simulation

The Monte Carlo method is originally a mathematical and
numerical technique invented to solve complex stochastic
problems that are inaccessible to rigorous analytical methods.
Here, this technique is carried out in the grand canonical
ensemble, including moves for translation or reorientation,
creation, and destruction of particles in the simulation box,
with successive trials based on a Markov chain. A decision is
made according to the Metropolis sampling scheme!'®!?
whether to accept each trial or return to the old configuration
based on a prescribed probability for each trial move. While the
number of particles and associated configurational energy are
randomly changed to generate a new configuration, micropore
volume, temperature and adsorbate chemical potential are
fixed, corresponding to the experimental condition in which the
adsorbed molecule is in equilibrium with a bulk gas. Therefore,
this method is now standard and has been frequently described
elsewhere.'®!'8 In our implementation, the fluid-fluid interac-
tion potential is modeled using a Lennard-Jones potential trun-
cated at 1.5 nm. The solid-fluid interaction potential is repre-
sented by the Steele 10—4-3 potential.’® The size of the
simulation box, which is always greater than twice the cutoff
distance, and the number of configurations/trials to obtain an
equilibrium condition are set to 16.50 and 3 X 10°, respec-
tively. Typical calculations for a single point require between
35 and 45 minutes of CPU time on a Pentium 4.

Adsorbent model

The microporous surface was approximated by a homoge-
neous potential function as an assembly of close-packed atoms,
each of which is characterized by the potential parameters &
and o. In the slit pore model?-2¢ used, the pore comprises two
parallel graphitic slabs. The distance between the center of the
carbon atoms on each opposing slab is defined as the physical
pore width, H,,,,,... The influence of connectivity in the pore was
neglected by the assumption that the ratio of pore length to pore
width is large.

AIChE Journal March 2006

Potential models

Here we use the one-center potential model for either meth-
ane or carbon dioxide to simplify the simulation process. For
carbon dioxide, the alternate more representative 3-center
model is known to be more accurate at saturation conditions,?’
attained at very high pressures of about 3000 bar. However, at
low and moderate densities, the single-center model is ade-
quate.?®

The intermolecular interaction potential energy between two
fluid molecules is assumed to be governed by the 12—-6 Len-
nard-Jones model:

s () - (2]

where r is the separation distance between two fluid atoms. &
and oy are fitted parameters for the bulk adsorbate well depth
and molecular diameter, respectively. This potential energy is
in a good agreement in the description of noble gases and many
spherical molecules (such as methane) in the homogeneous
bulk phase.

We model the wall as an infinitely thick graphite slab. Two
parallel surfaces separated by a distance H between centers of
surface carbon atoms constitute a model slit-shaped pore. As-
suming the Lennard-Jones pairwise interaction potential,
Steele!® has described the interaction potential for this single
graphite slab and a single fluid molecule by:

4 2 (o\" (0’_\)4 oy
br=A1517) ~\2 " 3A(0.61A + 2)°

where A is 2#05/?8S,p5.A, z is the distance of the fluid particle
from the graphite surface, o is the effective adsorbate-adsor-
bent (carbon) intermolecular diameter, A is the separation
between graphite layers (0.335 nm), p, is the number of carbon
atoms per unit volume in graphite (114 nm ), and gy is the
parameter for the adsorptive-graphite interaction potential
well-depth. The solid-fluid parameters were calculated by com-
bining the graphite parameters with the appropriate fluid pa-
rameters using the Lorentz-Berthelot mixing rules'®:

13)

(14)

—
S:f_ \/8ss8[f
o, T 0y
58 i
o = (15)

The Steele potential describes the interactions between the
adsorbate molecule and one side of the graphite wall; however,
in slit-pore geometry, the adsorbate molecule will interact with
both pore walls, and hence the wall potential within the pore
for the slit system of physical width H is given as:

Q= dH~2) + dfz) (16)
This equation ignores the surface corrugation, which is un-
likely to significantly affect the results at high enough temper-
atures.?’
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Figure 1. Bulk isotherm of methane and carbon dioxide
at 318.15 K.

Results and Discussion
Parameter estimation

Initially, bulk isotherms were fitted for both CH, and CO, to
determine suitable L-J parameters using each method. Fitting
of bulk fluid data to obtain L-J parameters depends upon the
range of adsorbed densities or pressures involved. For this case,
it is desired to simulate or calculate isotherms by the DFT and
GCMC methods, for adsorption in a slit-pore up to 100 bar, for
which the density of the adsorbed phase at that pressure ap-
proaches approximately 20 mmol/cm?. Therefore, it is neces-
sary to fit the density from bulk simulation or DFT calculation
to bulk experimental data up to this density. Here we represent
the experimental data by using an appropriate equation of state,
up to this density (20 mmol/cm?), which is attained at about
1500 bar.

Fluid-fluid interaction, either for carbon dioxide or for meth-
ane, is modeled by the Lennard-Jones equation, as discussed
earlier. Values of &4 and oy for methane and carbon dioxide
were obtained by fitting either the DFT or GCMC predictions
to the bulk thermodynamic data up to 1500 bar that were
estimated from a suitable equation of state at 318.15 K. We
used the Bender3© and Span-Wagner equations of state,?' which
are the current standard for methane and carbon dioxide, re-
spectively, and both of them are accepted as essentially equiv-
alent to experimental data. The quality of fitting, which can be
seen in Figure 1, is much better in the case of methane. From
the fluid-fluid interaction parameters, we can determine the
solid-fluid interaction parameters by adopting the standard
Lorentz-Berthelot (LB) mixing rules, the composite parameter
o, being the arithmetic mean of the gas and carbon values, and
the composite parameter e, being the geometric mean. We
used the following parameters for the carbon surface: o, = 3.4

N
[&)]

38 ——— 0

adsorbed quantity (mmol/cm3)

100 150
P (bar)

adsorbed quantity (mmol/cm3)

Figure 2. Comparison between DFT calculated and
GCMC simulated adsorption isotherms of su-
percritical methane and carbon dioxide at re-
duced slit-width (H*) equal to (a) 4 and (b) 10,
for four different temperatures.

A, e,/k = 28 K.19 All parameter values used in the calculations
are listed in Table 1. It should be noted here that the LB mixing
rules are only an approximation, and not necessarily accurate in
general. More accurate rules involve additional binary interac-
tion parameters3? that would need to be fitted to data, and for
the present simulation study the simple LB prescription suf-
fices.

Single component adsorption

Absolute adsorption isotherms have been calculated as de-
picted in Figures 2a and b for several temperatures at two

Table 1. Parameters Used for the Calculation of Model Isotherms

DFT GCMC
&y/ks ; &ylkp . eylky ) &y lkp .
Adsorptive (K) oy (A) K) oy (A) (K) oy (A) &) oy (A)
CH, 137.9353 3.651206 62.1465 3.5256 148.0 3.751 64.3739 3.5755
CO, 223.0192 3.502010 79.0224 3.4510 242.0 3.615 82.3165 3.5075
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Figure 3. Comparison between DFT calculated and
GCMC simulated local density profile at 318 K
and reduced slit-width (H*) equal to 4, for (a)

methane and (b) carbon dioxide, for three dif-
ferent pressures.

different reduced slit-widths, for pure methane and carbon
dioxide adsorbed by slit-like pores in model graphite using the
parameters of Table 1. Here the reduced slit-width is given by
H* = H/o ¢y, From both figures, it is seen that carbon dioxide
adsorbs more than methane over the entire temperature range
as a result of stronger interaction. The latter will be discussed
subsequently. While the amount adsorbed for methane from
DFT results matches very well with GCMC at H* = 4, there is
some deviation for carbon dioxide. At the larger pore size H*
= 10, both gases show deviation in the results between DFT
and GCMC at pressure over 50 bar, in which CO, again gives
a bigger deviation. This may be caused by the different quality
of fit of DFT and GCMC to bulk isotherm for CO,, which is
evident in Figure 1, and also the approximate nature of the DFT
method used.!?

To investigate the effect of pressure and the effect of pore
size on the layering mechanism of molecules, we show the
local density profiles for both pure CH, and CO, in Figures 3
and 4. Figures 3a and 3b show the local density distribution of
methane and carbon dioxide, respectively, versus distance
across the pore having reduced slit-width (H*) of 4. The three
distributions in these figures correspond to the bulk pressures

AIChE Journal

of 1, 10, and 100 bar at adsorption temperature of 318 K. The
figure shows good agreement between DFT and GCMC for
methane, except for high pressure at the center of the wall,
where the GCMC prediction is slightly larger than DFT results.
Further, none of the pressure conditions give similar agreement
between these two methods for carbon dioxide. Moreover, at
the same pressure of 100 bar, we can see from Figure 4a that
the GCMC result is also slightly higher in the small reduced
pore size (H* = 2) for methane.

Contrary to methane, GCMC results for carbon dioxide are
always slightly higher for H* = 2, as can be seen in Figure 4b.
To this extent, we will not use the DFT model in our subse-
quent calculation because of its prediction inadequacy in the
present case. This is most likely because the temperature is
close to the critical point of CO,, in which case mean field
theory can be inadequate. From Figures 3 and 4, we observe
oscillation in the density distribution, suggesting a layering
mechanism for adsorption of the gas. The density approaches
its maximum values in the proximity of the pore walls, where
the solid-fluid potential energy is minimum (as seen in Figure

180

DFT GCMC

@) H*
150 -

120 -

<D
o
L

30

local density (mmol/cm3)
8

200

(b) H

150 -

100 -

50 +

local density (mmol/cm3)

-20 -10 0 10 20
distance from wall, A

Figure 4. Comparison between DFT calculated and
GCMC simulated local density profile at 318 K
and 100 bar, for (@) methane and (b) carbon
dioxide, for four different reduced slit-widths
(H*)
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Figure 5. Solid-fluid interaction potential for methane
and carbon dioxide in pores of reduced slit-
width H* = 2- 10, at temperature 318.15 K.

5), resulting in the formation of relatively thin and dense layers
close to the surfaces of each wall. Each of these layers exerts
its own potential field, with the minimum occurring at a dis-
tance of roughly one collision diameter. This is the reason for
the appearance of the second and higher molecular layers.
Additionally, the thermal motion and relatively weak fluid-
fluid molecular interaction results in low intensity of the second
peak and even much lower intensity of the third peak from the
wall. Therefore, only two peaks are clearly distinguished in the
distribution for high pore-size.

Figure 5 shows the gas-solid potential profile of methane and
carbon dioxide in graphite slit pores of different widths. This
potential is shown as a function of the distance z from the wall
only, which is calculated as the sum of the interactions from
both walls using Eq. 16. For each case, the gas-solid potential
is calculated using the 10—4-3 potential to represent the inter-
action between the molecule and the graphite slabs that bound
the slit pore. It can be seen from the Figure that the interaction
potential between carbon dioxide and the pore is significantly
more attractive than between methane and the pore (solid-fluid
potentials substantially below zero), and the potential becomes
deeper with decreasing reduced pore-width (H*). The double
minima merge to produce a single minimum for H* = 2, and
the potential at the central position is significantly lowered by
the overlapping. In the center, the potential depth of carbon
dioxide is about twice deeper than that of methane for H* = 2,
while in other slit widths it is deeper by a factor of around 1.14
in all cases. This stronger interaction potential is responsible
for the larger adsorption of CO, seen in Figure 2.

Adsorption of CH CO, mixtures

There is a general expectation that CO, is preferentially
adsorbed from CH,/CO, mixtures under competitive sorption
conditions. When the system consists of adsorbates with dif-
ferent molecular properties, the difference in interaction ener-
gies will lead to enhancement of one adsorbate relative to the
others (selectivity). The equilibrium selectivity of carbon di-
oxide with respect to methane is defined as?3:
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XcodXcn,

17
Yo Yeu, 1n

Scoycn, =

representing the ratio of the mole fractions of the two species
in the pore relative to the ratio of the mole fractions in the bulk.
Values greater than unity imply that carbon dioxide is prefer-
entially adsorbed compared to methane; in contrast, if the
selectivity is smaller than unity, methane is preferentially ad-
sorbed.

GCMC simulations have been conducted here for the ad-
sorption of CH,/CO, mixtures, and in further discussion the
DFT has not been utilized because of its inaccuracy, as dis-
cussed above. The variation of selectivity with pressure for
various temperatures at pore width 4oy and yco, = 0.5 (here
Yco, is the bulk CO, mole fraction) can be seen in Figure 6a.
It shows that selectivity initially increases with pressure to a
maximum value at about 40-50 bar for every temperature and
then reduces with increasing pressure. Initially, as the pressure
is increased, more CO, is adsorbed. Subsequently, CO, is
saturated in the pore while CH, adsorbs further. At high pres-
sure, CO, is already adsorbed at close to the maximum density
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Figure 6. Selectivity of CO, relative to CH, vs. pressure.

(a) In pores of reduced slit-width H* = 4 at five different
temperatures; (b) in pores of various reduced slit-widths at
318 K. The gases have equal bulk mole fractions, i.e. yco, =
0.5
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Figure 7. Variation of optimum pressure for maximum
selectivity at three different bulk mole frac-
tions of CO,:

(a) With temperature, at H* = 4; (b) with pore size, at 318 K.
The lines are drawn to guide the eye.

in the pore. However, density of CH, keeps increasing with
pressure because the critical temperature of CO, (304.12 K) is
very high compared with the critical temperature of CH,
(190.56 K). Thus, as we increase the pressure, methane is
increasingly compressed more at high pressure. The rise of
density of methane in the pore causes the selectivity to come
down and ultimately appear to become independent of pres-
sure. At a temperature of 318 K, the selectivity value is higher
in the smaller pore-sizes, as shown in Figure 6b, as the smaller
pore-sizes give stronger solid-fluid potential interaction (cf.
Figure 5). Both graphs (Figure 6a and 6b) would suggest that
selectivity is not very sensitive to pressure above about 300
bar, although further simulations at higher pressures are needed
to confirm this. Such high pressures are, however, not pertinent
to sequestration, and therefore not examined here.

From Figure 6, we obtain an optimum pressure, which gives
maximum selectivity, for certain conditions (particular temper-
ature and pore size). These results are depicted in Figure 7,
showing the variation of optimum pressure with temperature
and pore size. It is seen that in order to obtain maximum
selectivity, it is necessary to increase the pressure for lower
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CO, in the bulk; that is, optimum pressure for lower ycp, is
always higher than higher y o, in the bulk for all temperatures
in the range studied. We also observed that the optimum
pressure increases linearly with increase in mole fraction of
CO, in the bulk. In the real CBM reservoir condition, the bulk
composition varies during production and cannot be specified
uniquely. Therefore, it is necessary to determine pressure and
temperature conditions that can give maximum selectivity over
arange of bulk compositions. As in Figure 7a, in Figure 7b we
find that the optimum pressure for lower y ), is always higher
than that at higher y, in the bulk for all ranges of pore size.
However, in the region of yo, lying between 0.5 and 0.9, the
optimum pressure changes only slightly, and a value of about
35 bar may be a reasonable compromise given that micropores
in carbons are typically 1 nm or smaller in width.

Figure 8a shows the selectivity CO,/CH, as a function of
Yco, at five bulk pressures in the range of 1-200 bar. At 1 bar,
the selectivity is nearly constant with bulk mole fraction of
carbon dioxide, while at 10 and 50 bar the selectivity increases

monotonically. At a pressure of 50 bar and yc,, = 0.8, the
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Figure 8. Selectivity of CO, over CH, as a function of
bulk mole fraction of CO,:

(a) At 318 K, and five different pressures for H* = 4, and (b)
at 318 K and 100 bar for several different reduced slit-widths
(H#).
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Figure 9. Selectivity of CO, over CH, as a function of reduced slit-width.

(a) At 318K and four different pressures; (b) at 100 bar and four temperatures. The gases have equal bulk mole fractions, i.e. ycp, =

selectivity becomes constant after an initial increase; however,
at the higher pressures of 100 and 200 bar, it decreases after
reaching a maximum. This is due to the relative saturation of
the pores with CO, at lower yc,, when the bulk pressure is
higher. Figure 8b depicts the variation of selectivity of CO,
over CH, with bulk mole fraction of CO, for various H*, at 318
K and pressure 100 bar. Each of the pore sizes gives a similar
trend, with the selectivity increasing with bulk mole fraction of
CO, up t0 y 0, equal to about 0.3-0.4, and then decreasing. As
in Figure 8a, the selectivity decreases after the maximum
occurs, as the CO, density in the pore reaches saturation. As
expected, this occurs at lower y . at smaller pore sizes.
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0.5

Figure 9 exhibits the variation of the separation factor (se-
lectivity) with the pressure or temperature and the pore size. In
all investigated pores and over the whole pressure and temper-
ature range, the selectivity is much greater than unity, which
indicates the preferential adsorption of carbon dioxide. Specif-
ically, the relationship between selectivity and pore size at four
different pressures: 50 bar, 100 bar, 150 bar, and 200 bar for
the CO,/CH, system is shown in Figure 9a, while the same
relationship at four different temperatures (308 K, 318 K, 328
K, and 338 K) is given in Figure 9b. Figure 9a shows that
selectivity is not very sensitive to pressure in larger pores,
reaching almost a constant value above H* = 6. As seen in
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Figure 10. Adsorbed density of methane and carbon di-
oxide at temperature 318 Kand y¢,, = 0.5, in:

(a) pores of reduced slit-width H* < 6, and (b)
pores of reduced slit-width H* < 30.

Figure 9b, the selectivity does not change significantly with
temperature, especially between 308 K and 318 K. At the limit
of small pore size, the selectivity of CO, over CH, goes to
infinity. This occurs because the CO, molecule has a slightly
smaller diameter than methane (cf. Table 1) and higher g it,
therefore, experiences a strong attraction in pores that are
repulsive to methane. This may, therefore, be considered a pore
exclusion effect at small pore size. At slightly larger pore size,
where both gases can enter the pore, the CH, density is finite,
and we obtain finite selectivity. In all graphs, the selectivity in
small pores is corrugated and displays two maxima (see the
inset curves) before decaying with additional pressure or tem-
perature at larger pore size. The first peak is located at a
dimensionless slit width of 2.7 and the second one at a dimen-
sionless slit width of 3.8. These extremes are located at ap-
proximately the same pore sizes as were found for the mixture
of carbon dioxide and nitrogen as reported by other investiga-
tors;2!3* and here its appearance is more pronounced at smaller
pressure, contrary to the result of Kluson and Scaife.’*

When we enlarge the viewing area of the small pore size, we
can clearly see from Figure 10a for all pressures that the
adsorbate density of CO, is oscillatory while the density of
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CH, keeps increasing as the pore become larger. It can be seen
that at the first minimum at H* = 2.4 (from Figure 9), the
adsorbate density of CO, is also a minimum and gives the
maximum density at H* = 2.7 and 3.8. This first peak is likely
due to the overlap of the potential walls, leading to strong
adsorption of carbon dioxide molecules. As the peaks disap-
pear when pores become larger (reduced pore width greater
than 6) and the effect of confinement is reduced, a selectivity
minimum followed by the second maximum are observed. This
behavior is related to the oscillations in the capacity resulting
from structural transitions between hexatic and square packing.
Such oscillations have been studied in the literature and re-
ported by other workers in this area.??-35-37

It is shown in Figures 11a and 11b (known as the X-Y
diagram) that for the methane and carbon dioxide binary sys-
tem, the adsorption of carbon dioxide is preferential on the
studied slit-pore adsorbent model as mole fraction of carbon
dioxide in the adsorbed phase is greater than in the bulk phase.
The diagram presents the mole fraction of component 2 (herein
carbon dioxide) in the gas phase (y,) as a function of the mole
fraction of component 2 in the adsorbed phase (x,). It adsorbs
more CO, at higher pressure as the affinity is increased with the
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Figure 11. XY diagram for carbon dioxide at 318 K.

(a) Reduced slit-width (H*) equal to 4, at various pressures,
and (b) pressure 100 bar, at various reduced slit-widths.
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Figure 12. Adsorbed density of (a) methane, (b) carbon
dioxide, and (c) total mixture, at temperature
318 K and pressure 100 bar for several re-
duced slit-widths.

pressure, and adsorbs more CO, at smaller pore size, as the
interaction between the pore and the molecule is weaker with
increase in the pore size. Also, all results are above the dashed
diagonal line, which implies that the selectivity of CO, to CH,
is larger than 1.

Simulated adsorption isotherms at 318 K and 100 bar, for
several different pore sizes, for methane, carbon dioxide, and
total mixture, are shown in Figures 12a, 12b, and 12c, respec-
tively. At small CO, in the bulk, both methane and carbon
dioxide are adsorbed more in smaller pores since they have
stronger interaction, except for H* = 2 in the case of methane.
At this pore size, CO, is more easily adsorbed as it has stronger
attraction with the wall and its molecular size is smaller than
methane. When yc,, in the bulk is increased, the carbon
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dioxide displaces methane, and this effect is stronger in the
smallest pore sizes because of the greater strength CO,-carbon
interaction in these pores. This is evident in Figure 12a, where
the curves for the lower pore sizes show steeper declines in
CH, adsorption. At the smallest pore size of H* = 2, saturation
is achieved at relatively low y o, and as Figure 12¢ shows, the
binary adsorption is unchanged beyond about y., = 0.2.

Conclusions

Single and binary adsorption equilibria of methane and carbon
dioxide in carbon slit-pores with different pore sizes for various
temperatures and pressures have been studied, and results from the
Denton-Ashcroft DFT and GCMC simulation have been com-
pared. The latter shows the inadequacy of the DFT in describing
the adsorption over a wide range of pressure.

Separation factors obtained are discussed as functions of the
pressure, temperature, pore size, and bulk mole fraction of
carbon dioxide. Adsorption of carbon dioxide is preferred to
methane from binary mixtures under studied conditions. While
the pressure is increased, the selectivity of carbon dioxide with
respect to methane in the binary mixture initially increases to a
maximum value at about the same pressure for every pore size
and then decreases before becoming constant (i.e., independent
of pressure). This optimum pressure is about 40 bar at 328 K,
and is only weakly dependent on temperature. All selectivity
results demonstrate that many factors can affect adsorptive
separation for a gas mixture; therefore, optimization of the
conditions is needed in practical CO, sequestration.

As small pore size has strong interaction potential energy
between the adsorbate and the pore wall, higher selectivity is
observed here. Varying the pressure will give different selec-
tivity, while there is a much weaker selectivity variation with
temperature. On increasing the mole fraction of CO, in the
bulk, the selectivity goes through a maximum.

This present simulation knowledge on separation of carbon
dioxide from a binary mixture of carbon dioxide and methane
may constitute a good starting point for further research on
carbon dioxide sequestration. Especially, promising is to treat
other binary systems, such as carbon dioxide-nitrogen or nitro-
gen-methane, or even ternary mixtures.
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