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A heterogeneous modified vacancy solution model of adsorption developed is evalu-
ated. The new model considers the adsorption process through a mass-action law and is
thermodynamically consistent, while maintaining the simplicity in calculation of multi-
component adsorption equilibria, as in the original vacancy solution theory. It incorpo-
rates the adsorbent heterogeneity through a pore-width-related potential energy, repre-
sented by Steele’s 10—4—3 potential expression. The experimental data of various hy-
drocarbons, CO, and SO, on four different activated carbons— Ajax, Norit, Nuxit,
and BPL— at multiple temperatures over a wide range of pressures were studied by the
heterogeneous modified VST model to obtain the isotherm parameters and micropore-
size distribution of carbons. The model successfully correlates the single-component
adsorption equilibrium data for all compounds studied on various carbons. The fitting
results for the vacancy occupancy parameter are consistent with the pressure change on
different carbons, and the effect of pore heterogeneity is important in adsorption at
elevated pressure. It predicts binary adsorption equilibria better than the IAST scheme,

reflecting the significance of molecular size nonideality.

Introduction

Over the past several decades the subject of adsorption
equilibrium has received considerable attention, and contin-
ues to do so in modern studies. The accurate representation
of single-component adsorption equilibrium is a prerequisite
for understanding multicomponent adsorption equilibria and
adsorption kinetics. Moreover, adsorption of simple com-
pounds has become an effective way for characterization of
porous materials used in industrial processes. While develop-
ments in transmission electron microscopy and other meth-
ods with molecular-scale resolution make it possible to visual-
ize the microporous structure, quantitative representation of
the structure from such visualizations is a complex task. For
this reason characterization of porous solids through adsorp-
tion-related methods is still the most popular technique. Nev-
ertheless, the wide variety of compounds used in practice,
such as argon, nitrogen, and hydrocarbons, often leads to dif-
ficulties in obtaining consistent results because of the differ-
ent physical and chemical properties of the adsorbates used.

The approaches for adsorption equilibrium studies can be
broadly classified under two categories, those based on clas-
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sic continuum modeling and those based on molecular theo-
ries. Generally, the classic method attempts to describe the
adsorption equilibrium with an isotherm equation containing
a small number of parameters. At a minimum, these parame-
ters include the extent of the surface, such as the monolayer
capacity and the molar intensity of the gas—surface interac-
tion. The Langmuir isotherm (Langmuir, 1918) is one of the
most popular choices for single-component adsorption on ho-
mogeneous surfaces over low to moderate operating pres-
sure. Although it was initially based on the mechanism of
dynamic equilibrium between the adsorption and desorption
processes, it can also be derived from statistical thermody-
namics (Fowler and Guggenheim, 1949). There have been
numerous modifications of the Langmuir equation to take into
account effects such as lateral interaction between adsorbate
molecules and the nonuniformity of the surface (Yang, 1997).

The molecular theory method for adsorption has grown
rapidly in recent years with developments in computation
hardware and software. It can be generally divided into
molecular-based statistical thermodynamic theory methods
and molecular simulation methods. The density functional
theory (DFT) is a method based on statistical thermodynam-
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ics, while the grand canonical Monte Carlo method (GCMC)
is an accurate simulation approach. Although these methods
can provide accurate solutions for adsorption of simple
molecules in model pores (Olivier, 1995; Davies and Seaton,
1999), the extension to complex molecules and to adsorbents
with disordered microstructure is still a challenge for re-
searchers.

Physical adsorption of gases and vapors has been a useful
method for characterization of microporous carbonaceous
adsorbents. For this purpose, the adsorption equilibrium is
expressed by a generalized adsorption isotherm (GAD), with
the local isotherm integrated over a heterogeneity such as
pore-size distribution. One approach that is commonly em-
ployed by researchers interested in pore structure is the Du-
binin’s equation and expressions (Jaroniec et al., 1988) origi-
nating from it. Although it is not thermodynamically con-
sistent in the Henry’s law limit, it is mathematically simple
because of the direct correlation of its energy parameter with
the pore width (McEnaney, 1987).

The prediction of binary adsorption equilibria on porous
adsorbents, such as activated carbon, has been a challenge
for many studies. While the ideal adsorbed solution theory
(IAST) method (Myers and Prausnitz, 1965) has set up the
foundation for prediction of multicomponent equilibria from
single-component isotherms, the extension of classic
isotherms, such as the extended Langmuir equation, is often
a simpler alternative. However, the latter methods require
validation of thermodynamic consistency, and several popular
models, such as the extended Langmuir equation, either fail
consistency tests or are consistent only under restrictive con-
ditions (Rao and Sircar, 1999). Among these is also the va-
cancy solution theory (VST) of Suwanayuen and Danner
(1980a,b) and Cochran et al. (1985a), which was shown to
predict inconsistent binary selectivity in the Henry’s law limit
(Talu and Myers, 1988). Nevertheless, while thermodynami-
cally consistent, the IAST is known (Sircar, 1995) to be inac-
curate in the presence of size nonideality, and is computa-
tionally cumbersome in the presence of heterogeneity. Thus,
there is considerable need for a thermodynamically con-
sistent heterogeneous isotherm that has single- and multi-
component forms within a common framework.

The more rigorous molecular simulation method has been
applied to binary adsorption of simple molecules on activated
carbon (Gusev and O’Brien, 1998; Davies and Seaton, 1999,
2000). The DFT method has also been extended to binary
adsorption of small molecules (Kierlik and Rosinberg, 1991;
Somers et al., 1993; Bhatia, 1998). However, the computation
time required prevents its routine use for process-design pur-
poses and for complicated molecules, or in the presence of
heterogeneity.

In an effort to correct the existing VST we have recently
(Bhatia and Ding, 2001) proposed a new derivation of this
theory, utilizing a mass-action principle, that can provide
thermodynamically consistent multicomponent isotherms.
While the new theory is general enough to accommodate any
arbitrary activity coefficient model, the particular case of the
Flory-Huggins model leads to the multisite Langmuir model
of Nitta et al. (1984), which is known to be thermodynami-
cally consistent (Rao and Sircar, 1999). The single-compo-
nent form of this model has also been extended to the het-
erogeneous case and successfully incorporated into a model
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of adsorption kinetics in bidisperse carbons (Ding et al., 2001).
This article investigates the characterization of activated car-
bons by the heterogeneous VST, and the subsequent predic-
tion of multicomponent isotherms on the same carbon over a
wide range of conditions. Data in the literature for four dif-
ferent carbons are interpreted in this way, and it is seen that
use of the approach provides successful predictions of binary
equilibrium for a variety of hydrocarbons and carbon dioxide.

Theory

The vacancy solution theory, developed two decades ago
by Suwanayuen and Danner (1980a,b) using the Wilson activ-
ity expression, and later reformulated by Cochran et al.
(1985a,b) using the Flory—Huggins activity coefficient rela-
tions, provides an expression for both single- and multicom-
ponent adsorption equilibrium in the same framework, and
therefore simplifies the calculation for mixture adsorption.
However, this method has not been widely accepted and uti-
lized in research and practice, possibly because it contradicts
thermodynamic consistency under some circumstance (Talu
and Myers, 1988). Another shortcoming of this method is that
the heterogeneity of the adsorbent has not been considered
in the models, therefore it cannot be reliably applied to ad-
sorption in disordered microporous materials. In this work,
the adsorption process is analyzed in a more general way than
the original treatment (Suwanayuen and Danner, 1980a,b;
Cochran et al., 1985a) by considering the stoichiometry

Ai(g) +viV(a) = A(a). M

Here A,(a) is the adsorbate of species i, V' represents the
vacant site, and v; is the number of vacant sites occupied by
a molecule of adsorbate i. It has been shown (Ding and Bha-
tia, 2001) that v; plays a significant role in the modified va-
cancy solution theory, and the original Flory—Huggins
model-based vacancy solution theory (Cochran et al., 1985a)
was developed under the assumption of v, =1.

Modified vacancy solution theory

Using the mass-action principle, the equilibrium condition
of Eq. 1 can be represented by
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in which the adsorbed phase is considered as a solution of
vacancies and adsorbed molecules. The mole fraction of
species i can be represented by
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is the total amount of adsorbate and vacancies at equilib-
rium. A balance over the vacancy species yields

N=n,+ Z vn, ®)

Xit= N (6)

and

X = (7)

My = % (Vj_l)nj.

j=1

Here n,., is the maximum vacancy concentration. The activity
coefficients y/ and 7," can be written by different thermody-
namic expressions, such as the Wilson equation and
Flory—Huggins equation. In this work we utilize the
Flory—Huggins model in the form

N Xf N X/ -
1<>“[2ﬁH2ﬁ] |
i=1,...,N,v. (8)

This is a particularly convenient choice of activity coefficient
model over other expressions, because the Flory—Huggins in-
teraction parameter (1+ «;,) represents the ratio of molecu-
lar area to vacancy area, and can be directly related to the
site occupancy v;.

The equilibrium constant e~ (A¢/R<T) in Eq. 2 can be re-
lated to the Henry’s law coefficient by considering the limit
X{—0and X/ —1 for P— 0, which yields

_ 0
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Substituting the preceding result into Eq. 2, the modified va-
cancy solution model based on the Flory—Huggins activity co-
efficients is given by

X 1+ a;, )e
(Xoy" n,.R,T

K;$fy,P, i=1,...,N. (10)

Both parameters v; and (1+ «;,) represent the number of
vacant sites occupied by one molecule of adsorbate i and must
be equal to satisfy the requirement of thermodynamic con-
sistency, so that we have

v,=1+¢q;,. (11)
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The surface coverage for species i can be defined as

6 =—. (12)

Combining Eqs. 6—12, the final expression for the modified
vacancy solution model can be obtained as

0; v; K
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which is precisely the multisite Langmuir model of Nitta et
al. (1984), and the thermodynamic consistency of this equa-
tion has already been verified (Rao and Sircar, 1999). The
binary selectivity in the Henry’s law limit becomes

Pli_f}lo(slz)=K1/K2’ (14)

regardless of the bulk composition, demonstrating that the
revised theory does not suffer from the deficiency of the orig-
inal VST pointed out by Talu and Myers (1988).

Incorporation of adsorbent heterogeneity

Equation 13 can be further extended to include the effect
of structural heterogeneity of porous adsorbents. To this end
the equilibrium constant can be related to the pore potential,
following the established result for the Henry’s law coeffi-
cient

Ki(H)=e_(¢mi(H)/RgT)’ (15)

where ®_(H) is the potential energy in a micropore of width
H. Hence the local isotherm equation at a pore of width H
can be obtained by substituting the preceding equation into
Eq. 13, to obtain
0 e~ (@mi(HYR,T)
1

= Sy.P. 16
) W RT Ey; (16)
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The micropores in activated carbon are represented as a
slitlike pore space confined between two parallel surfaces,
that are separated by a distance H between centers of car-
bon atoms in the surface layers. Steele (1973) has developed
the expression for the gas—solid interaction potential at this
surface:

d)is(z) = 27Tps€' O-'ZA

1S LS
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The potential energy within the slit pore is the sum of the
contribution from the opposite walls, and is assumed to cor-
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respond to the value at the potential minimum, leading to
q)mi(H)=min [d)is(z)_l— d)is(H_Z)]' (18)

Here z is the distance of the adsorbate molecule from one of
the pore walls and the distribution of the potential energy is
symmetrical with respect to the middle of the pore.

The micropore-size distribution is expressed by a gamma
distribution function to yield

qv+ Live—aH

RCETN

(19)

The amount adsorbed for species i can then be calculated
following the GAI

n,(P,T) =Vpn—V°°f°oi(H,P,T)f(H) dH,  (20)
i ©0

14

in which 6, (H,P,T) is obtained from Eq. 16.

Solution Methodology and Application to
Experimental Data

The experimental adsorption data of various adsorbates on
four different activated carbons at multiple temperatures have
been utilized and analyzed in order to test the applicability of
the heterogeneous modified vacancy solution model just de-
scribed. Initially, the single component data were fitted by
the model equation and the parameters for the isotherm as
well as pore-size distribution extracted from the model fit-
ting. These values were then applied to predict binary ad-
sorption equilibria on the same adsorbent under given condi-
tions.

The adsorption data studied are those of hydrocarbons,
CO, and SO, on Ajax carbon at various tempertures (Do
and Wang, 1998), hydrocarbons on Norit carbon at three
temperatures (Qiao et al., 2000), hydrocarbons and CO, on
Nuxit carbon at four temperatures between 293 and 363 K
(Szepesy and Illes, 1963a,b), as well as of hydrocarbons and
CO, on BPL Calgon carbon at 260.2 K and 301.4 K under
pressures up to 35 atomosphere (Reich et al., 1980).

For each carbon, all the single adsorption data are fitted
simultaneously using a nonlinear least-square procedure to
estimate the common parameters 7,., g, and y. Considering
the effect of temperature on the capacity of the adsorbate,
the following relation is assumed (Ding et al., 2001):

vi=v exp [§(T —Ty)], (21)
where »? is the vacancy occupancy of compound i at the
reference temperature T, and §; is the thermal expansion
coefficient for species i. The adsorbate-related fitting param-
eters are v, §,, and ¢;,. Here €, = 6/57p, €, 0;2A is the mag-
nitude of the fluid—solid interaction potential well. The pair-
wise parameter o, is calculated by o;, = (0o;; + 0,,)/2 follow-
ing the Lorentz rule. Because of the finite size of adsorbate
molecules and the pore width H representing the distance

between the centers of carbon molecules on the first layer of
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the opposite wall, there are some extremely small micropores
excluded from the adsorbate molecules. Therefore, in the
evaluation, the lower limit of integration in Eq. 20 is taken as
H; ., rather than 0. Here H,,; is the species-
related minimum accessible pore width in which the mini-
mum of fluid—solid potential energy equals zero, that is,
&, (H, in) = 0. The fugacity coefficient ¢# in Eq. 16 is cal-
culated by the Benedict—Webb—Rubin (BWR) equation of
state (Assael et al., 1996).

With the isotherm parameters and pore-size distribution
information obtained from the fitting of single-component
adsorption data, binary adsorption equilibria on correspond-
ing activated carbons are predicted from Eqgs. 16 and 20.
When the molecular sizes of the adsorbate pair are different,
single-component adsorption will occur in micropores be-
tween the two sizes, and the single-component version of the
heterogeneous modified vacancy solution model is utilized for
such micropores. The two nonlinear algebraic equations rep-
resenting local adsorption equilibrium for the adsorbate com-
ponents are solved by a globally convergent Newton’s method
(Press et al., 1992). Further details of the computation and
fitting procedure are available in our recent study (Ding and
Bhatia, 2001), combining the single-component form of the
original VST with heterogeneity.

Results
Adsorption on Ajax carbon

The single-component adsorption isotherms of C,Hg,
C;Hg, n-C,H,y, C4Hy, C;Hg, and SO, on Ajax carbon at
various temperatures (Do and Wang, 1998) were first fitted
by this model. The micropore volume of Ajax carbon is re-
ported as 0.44 cm/g based on N, adsorption analysis (Do
and Do, 1997). The fitting results for single-component ad-
sorption equilibrium and micropore-size distribution of Ajax
carbon have been displayed as the solid line in Figures 1 and
2, respectively. The values of the fitting parameters are listed
in Table 1. It can be found from Figure 1 that the proposed
model can successfully fit all the experimental data. The
modal micropore size for this carbon is about 1 nm and the
micropore sizes lie in the range of 0.55-1.6 nm, as shown in
Figure 2.

The fitted isotherms using the heterogeneous unmodified
VST model (Ding and Bhatia, 2001), which uses v; =1, on
the same data are also presented in Figure 1, and the corre-
sponding micropore-size distribution is presented in Figure 2,
using dashed lines. Although the total number of fitting pa-
rameters of the unmodified heterogeneous VST model is
more than that of the proposed model by m —1 (m is the
number of species studied), the overall fitting result of the
present model is slightly better than that of the heteroge-
neous VST model, indicating its superiority. This is particu-
larly evident for the adsorption of SO, at three different
temperatures. The original VST model is derived under the
assumption of »; =1, implying that one adsorbate molecule
can occupy one vacant site. In reality, a vacant site can be
occupied by multiple molecules when the molecular size is
very small compared with the vacancy size. In addition, for
polar molecules like SO,, there is molecular interaction re-
sulting from the quadruple moment. Although the electro-
static force caused by the approach of two molecules de-
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Figure 1. Adsorption isotherms on Ajax carbon.
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Solid lines are the fitting results using the present model, and dashed lines are the fitting results from the heterogeneous unmodified VST

model. Symbols are experimental data.

pends on the orientation and distance of the molecules, the
net effect on the bulk properties of the fluid is an attractive
force (Assael et al., 1996). From the adsorption point of view,
this force can result in enhanced adsorption of the polar
species over the one arising from the Lennard—Jones pair-
wise potential, reducing the effective value of »;. The appli-
cation of Eq. 11 and »; as a fitting parameter overcomes the
limitation of the original VST model, improving the fit of the
experimental data.

1942 September 2002

As additional validation, the model was subsequently uti-
lized to predict the single-component adsorption equilibrium
of C,H; and C;Hg at temperatures other than those in Fig-
ure 1, using the fitting parameters given in Table 1. In addi-
tion, data for CH, and CO, were fitted using the above PSD.
For CH, and CO, the value of adsorbate-specific parameters
v?, 8, and €, were obtained by fitting the experimental
equilibrium data with the common parameters fixed from the
earlier result. The predicted single-component adsorption
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Table 1. Parameters for Different Adsorptives on Ajax Carbon

Adsorbate o; (nm) 8 %100 (K™1) v) €, (kJ/mol) g (nm™1) % n,., (mmol/cm?)
C,H, 0.39 0.334 1.203 11.663

C;Hg 0.43 0.167 1.487 14.303

n-C,H,, 0.43 0.132 1.768 17.758

CyHg 0.37 0.157 1.648 25.073 39.75 39.43 20.93
C,Hyg 0.38 0.106 1.849 26.44

SO, 0.36 1.258 0.663 14.441

CO, 0.33 0.702 0.88 9.702

CH, 0.38 1.07 1.155 7.475

Note: q, vy, and n,,, are species-independent structural parameters.

isotherms are compared with the experimental results (Wang,
1998) and displayed in Figure 3 as the solid lines. The predic-
tion is satisfactory for the adsorption of C,H, and C;Hj at
both 258 K and 273 K, supporting the correlation of »; with
temperature and the reliability of the fitting parameters. The
predicted results of CO, and CH, are also satisfactory, indi-
cating that the extracted pore-size distribution is reliable. The
unmodified heterogeneous VST model was also applied in
the same manner and the results were displayed in Figure 3
by the dashed lines. This model can also predict the isotherm
very well. Because the adsorbates are simple nonpolar hydro-
carbons, and the experimental pressures are not high for CO,
and hydrocarbons, the neglect of molecular size difference
represented by v; has little effect on the overall fitting re-
sults. The original VST model does appear to predict the data
a little better than the present model, particularly for adsorp-
tion of C;Hg at very low pressures. This is due to the larger
number of fitting parameters involved and is not significant,
as is evident from the better predictions of multicomponent
equilibria based on the current approach, as discussed below.

The binary adsorption equilibrium of CH, with C,Hg,
C;Hg, and CO, on Ajax carbon at the bulk pressure of 66.7
kPa was subsequently predicted using the single-component
isotherm parameters and the micropore-size distribution ex-

04
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f(H) (A7)
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pore width (A)
Figure 2. Micropore-size distribution of Ajax carbon ex-

tracted by different models.

Solid line is the PSD from the present model, and dashed
line is that from the heterogeneous unmodified VST model.
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tracted by the heterogeneous modified VST model. The pre-
dicted results represented by the solid lines along with the
experimental data (Wang, 1998) are displayed in Figure 4. In
addition, utilization of the single-component adsorption
isotherm form of the present model (Eq. 16 with N=1) in
the IAST model IAST-HMVST) was also used to predict
binary adsorption equilibria. The predicted results are de-
picted in Figure 4 by the dotted lines, while the dashed lines
represent the predicted adsorption equilibria by IAST with
the heterogeneous unmodified VST isotherm (IAST-HVST).
Among the three approaches, the present model gives the
best-predicted result. Although the prediction of the IAST-
HMVST model is acceptable in accuracy, the calculation time
required is much more than that of the present model. For
example, the calculation time of the present model for CH,
and C,H, adsorption is about 30 s using a PII 256 MB per-
sonal computer, while it takes 720 s using the IAST-HMVST
model on the same machine. The deviation of the IAST-
HVST predictions for C,H, and C;Hg from the experimen-
tal data may be due to the overprediction of the HVST
isotherm for single-component adsorption of these com-
pounds at the corresponding pressure and temperature, as
shown in Figure 1. The results demonstrate that the accurate
representation of single-component adsorption equilibrium at
the operating conditions is essential for the successful predic-
tion of binary adsorption equilibria. A small deviation in the
single-component adsorption equilibrium may cause consid-
erable deviation in the binary case.

Adsorption on Norit carbon

After the application to the Ajax carbon, the single-compo-
nent adsorption equilibrium of CH,, C,H,, and C;Hg on
Norit carbon at 303 K, 333 K, and 363 K, respectively (Qiao
et al., 2000), was fitted by this model. The micropore volume
of Norit carbon is reported as 0.47 cm®/g (Qiao et al., 2000).
The solid line in Figures 5 and 6 represents the fitting results
for single-component adsorption equilibrium and micropore-
size distribution of Norit carbon, respectively. The values of
the fitting parameters are listed in Table 2. For comparison,
the heterogeneous unmodified VST model was also applied
to the adsorption data on Norit carbon, and the fitting results
are displayed in Figure 5 by the dashed lines.

As for the Ajax carbon, it is evident that the proposed
model can successfully fit all the single-component adsorp-
tion data, as can the heterogeneous unmodified VST model.
The modal micropore size for this carbon is about 1 nm, with
the micropores lying in the 0.6—1.6 nm range, which is similar
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to the Ajax carbon. The micropore-size distribution extracted
by the heterogeneous VST model is represented by the
dashed line in Figure 6.

Following the single-component data fitting, binary adsorp-
tion equilibrium on Norit carbon at a total pressure of 50.6
kPa and three different temperatures was predicted, using
the parameters from single-component adsorption isotherms.
The results, represented by the solid lines, as well as perti-
nent experimental data (Qiao et al., 2000) are given in Figure
7. It is readily seen that the model can predict the binary
adsorption equilibria of CH, and C,H,, CH,, and C;Hg at
different temperatures with reasonable accuracy. However,
for C,H;—C;Hg mixtures, while prediction of the amount of
C,H, adsorbed is consistent with the experimental value, that
for C;Hy is somewhat lower. For comparison, the single-
component adsorption isotherms of each compound at the
corresponding partial pressure, calculated by the single-com-
ponent model, are plotted by the dash-dotted lines in Figure
7. It would appear that the existence of CH, has barely, if
any, effect on the adsorption of the strongly adsorbed compo-
nents C,H, and C;Hg, and for binary mixtures with CH,
the isotherms for these two compounds overlap with the cor-
responding single-component isotherms. This can be easily
explained, as both C,H and C;Hg have much stronger in-
teractions with carbon than does CH,, and these components
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are also substantially stronger than their interactions with
CH,, so the existence of CH, has little effect on their ad-
sorption. On the other hand, the slight underprediction for
CH, may be due to the stronger attractive interaction of the
CH,-C,H, and CH,—-C;H pairs than the CH,—-CH, pair.
Even more interesting is the result for the adsorption of C;Hg
in the mixtures with C,Hg. This clearly shows that for C;Hyg
the single-component isotherm coincides with the binary ex-
perimental data at all three temperatures, suggesting that
C;Hg in the mixture is unaffected by C,H,. This is most
likely due to the dominance of the C-C;Hg interaction,
compared to the C,H,—C;H; interaction. The latter is
somewhat simplified in the model that ignores differences
in attractive potential between the C,H,-C,H, and
C3;Hg—C;Hjy pairs. This idealization strongly offsets the pre-
dictions for C;Hg, as is evident from Figure 7. The results
clearly indicate room for improvement of the model by con-
sidering improvements to the Flory—Huggins model, involv-
ing adsorbate interactions. Such interactions can be most
simply incorporated in a mean-field sense by considering
nearest-neighbor interactions, though for binary systems, ex-
act results from the one-dimensional Ising model, and vari-
ous approximations in higher dimensions also exist (Hill,
1960). We intend to investigate these aspects in our future
work.
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Figure 4. Prediction of binary adsorption equilibria on Ajax carbon at bulk pressure of 66.7 kPa by different models.

Solid lines are results using the present model, dotted lines are predictions using the IAST-HMVST model, and dashed lines are results of
the TAST-HVST model. Symbols represent the experimental data.

It is also interesting to see that the amount of CH, ad-
sorbed in the mixture with C,Hy and C;Hg at higher tem-
peratures is the same as that adsorbed in the single-compo-
nent case, which exceeds the prediction based on the
solid—fluid interaction potential. The reason for this observa-
tion may be the interaction between the adsorbate molecules.
The theoretical simulation as well as the experimental result
have found plenty of evidence for this kind of behavior. The
DFT simulation of adsorption on slit pores has found that
the existence of a small amount of C,Hy and C;Hg can in-
crease the adsorption of CH, (Bhatia, 1998). The molecular
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simulation calculation for CH, adsorption in slit-shaped pores
from mixtures with C,H¢ also indicates that at high CH,
mole fraction (greater than 0.8), CH, adsorption is almost
the same as in the single case for the pore range between
0.762 and 1.143 nm (Davies and Seaton, 1999). This phe-
nomenon was also observed in the binary adsorption experi-
ment of CH,—C;Hj on activated carbon (Ahmadpour, 1997).

The model predictions for binary adsorption on Norit car-
bon are not as good as that for Ajax carbon, as shown in
Figures 4 and 7, while the pore-size distribution of both car-
bons, as well as the conditions at which the pure component
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isotherms are measured, are similar. The greater deviation of
the predictions for Norit carbon may be related to differ-
ences in the energetic heterogeneity of the adsorbent sur-
faces, beyond the structural heterogeneity considered here.
In addition, deviation in structure from the one-dimensional
slit-pore geometry with infinitely thick pore walls, assumed
here, may contribute to the differences.

The prediction of binary adsorption equilibria on Norit
carbon by the IAST-HMVST and IAST-HVST models were
also performed, and the results are displayed in Figure 7 by
the dotted and dashed lines, respectively. It can be seen that
all three methods give very similar results for all the experi-
mental conditions, indicating that large nonidealities are not
of significance at the low-pressure involved, for the simple
nonpolar hydrocarbons used. The deviation from the experi-
mental data, as discussed earlier, however, does suggest the
importance of energetic nonidealities.

Adsorption on Nuxit carbon

The single-component adsorption data of various hydrocar-
bons and CO, on Nuxit carbon at four different tempera-
tures (Szepesy and Illes, 1963a,b) were fitted by this model.
No information about the porous structure of this carbon is
available. The micropore volume was therefore estimated
from the PSD obtained by Davies and Seaton (2000) using a

AIChE Journal



Table 2. Parameters for Different Adsorptives on Norit Carbon

Adsorbate o; (nm) 8, X100 (K~1) v €, (kJ/mol) g (am~ 1) v n,,, (mmol/cm?)
CH, 0.38 0.793 1.025 7.597
C,H; 0.39 0.402 1.336 12.428 45.03 46.0 16.07
C;Hy 0.43 0.173 1.542 14.304
Note: q, vy, and n,,, are species-independent structural parameters.
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Figure 7. Prediction of binary adsorption equilibria on Norit carbon at bulk pressure of 50.6 kPa by different models.

Solid lines are results using the present model, dotted lines are results from the IAST-HMVST model, dashed lines are results of the
TAST-HVST model. Dash-dotted lines are the single component isotherms at the corresponding partial pressure for each adsorbate. Sym-

bols represent the experimental data.
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molecular simulation interpretation of data for the adsorp-
tion of ethane at 293 K on Nuxit carbon, yielding its value as
0.38 cm¥/g.

The equilibrium model calculates the absolute adsorption,
while the experiment measures the excess adsorption (Davies
and Seaton, 1999), which is the absolute adsorption less the
amount of adsorbate present in the adsorbent when no ad-
sorption occurs. The absolute adsorption can be calculated
from

o(p.Ty=ne(PTy+ 22y 22
”i(,)”i(’)Rng (22)

For the experimental data on Ajax and Norit carbons, the
correction to the experimental excess isotherm was negligible
at the low pressures used, and therefore it was not consid-
ered here. For adsorption on Nuxit carbon, however, the dif-
ference between absolute and excess adsorption, though
small, could not be neglected at high pressures up to 6 atmo-
sphere, and Eq. 22 was used in the calculation for adsorption
on Nuxit carbon.

The values of the fitting parameters are listed in Table 3.
The fitted isotherms are shown in Figure 8 as the solid lines,
with the symbols representing the experimental data. The mi-
cropore-size distribution extracted from the calculation is de-
picted in Figure 9 by the solid line. Figure 9 shows that in the
micropore range the PSD from this model is consistent with
the result using molecular simulation (Davies and Seaton,
2000). Comparison of the calculated isotherms with the ex-
periment also indicates that the proposed model can success-
fully correlate the experimental data over all temperatures.
The heterogeneous unmodified VST model was also applied
to the adsorption data on Nuxit carbon, and the dashed lines
in Figure 8 represent the fitting results. The extracted micro-
pore-size distribution by the HVST model is displayed in Fig-
ure 9 by the dashed line. Although the heterogeneous un-
modified VST model can also fit the experimental data very
well, it is not thermodynamically consistent, as indicated else-
where (Ding and Bhatia, 2001).

The binary adsorption equilibria of eight pairs of compo-
nents at 293 K and 101 kPa were subsequently predicted by
the proposed model, and the resulting composition diagram
is given in Figure 10 by the solid lines. All the predictions
compare very well with the experimental data of Szepesy et
al. (Szepesy and Illes, 1963c), again supporting the model as
well as the accuracy of the fitting parameters. In addition,
the IAST-HMVST and IAST-HVST model were also applied
to predict the binary adsorption equilibria on Nuxit carbon,
and the results are given in Figure 10 by the dotted and

dashed lines, respectively. It can be seen that the heteroge-
neous modified VST model gives the best prediction, while
another attractive feature of this method is that the calcula-
tion time using this method is much less than that using the
IAST method. For example, the CPU time for CH, and C,Hj
adsorption is only 30 s using the present model, while it is
650 s using the IAST-HMVST method. Although the im-
provement in computer speed may cause this difference to
decrease in the near future, the benefit of the present model
in terms of calculation time is indeed remarkable for the ki-
netic analysis of binary adsorption, with an improvement of
more than an order of magnitude. It can be concluded that
the proposed model for adsorption on activated carbon is an
effective alternative for the prediction of binary adsorption
equilibria. The comparison of the model prediction from three
methods demonstrates the significance of size nonideality for
binary adsorption equilibria on heterogeneous carbon. The
current method accounts for the adsorbate nonideality caused
by the size difference of the adsorbate molecules, which is
not considered by the IAST scheme (Sircar, 1995).

Adsorption on BPL carbon

The experimental data of Reich et al. (1980) for CH,,
C,H,, C,H,, and CO, on BPL carbon at pressures up to
about 35 atmospheres at 260.2 K and 301.4 K were also eval-
uated by the proposed model. The successful prediction of
binary adsorption equilibria at high pressure on BPL carbon
presented a challenge in earlier equilibrium studies, possibly
due to the special porous structure of this carbon. Seaton
and coworkers have developed a multispace adsorption model
by accounting for the nonuniformity of the adsorbed phase
through an empirical parameter characteristic of the adsor-
bent (Gusev et al., 1996; Jensen and Seaton, 1996; Jensen et
al., 1997). A molecular simulation method, together with a
networked pore model, is also proposed for this problem
(Gusev and O’Brien, 1998; Davies and Seaton, 2000).

The pressure involved in the experimental data for adsorp-
tion on BPL carbon is as high as 35 atmospheres; therefore,
the absolute isotherm was used in the calculation. Since there
is no report on the porous structure of BPL carbon, a sample
was analyzed in our laboratory by argon adsorption at 87 K,
using a Micromeritics Inc. ASAP 2010. The isotherm was in-
terpreted using the Micromeritics density functional theory
package to determine the pore volume and pore-size distri-
bution. In this way the micropore volume was estimated to be
about 0.32 cm®/g for BPL carbon.

The fitting parameters obtained from the heterogeneous
modified VST model are given in Table 4. Figure 11 depicts

Table 3. Parameters for Different Adsorptives on Nuxit Carbon

Adsorbate o; (nm) 8, X100 (K1) v €;, (kJ/mol) g (om™1) v n,,, (mmol/cm?)
CH, 0.38 0.603 1.305 6.439
C,H, 0.39 0.302 1.321 10.364
C;Hg 0.43 0.207 1.588 13.014
C,H,, 0.43 0.118 1.98 15.993 30.08 29.68 23.19
C,H, 0.39 0.362 1.28 9.795
C;H; 0.45 0.233 1.506 12.472
C,H, 0.33 0.789 1.102 10.922
Co, 0.33 0.809 0.862 8.949
Note: q, vy, and n,,, are species-independent structural parameters.
1948 September 2002 Vol. 48, No. 9 AIChE Journal
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the fitted adsorption isotherms (solid lines) on BPL carbon
along with the experimental data, indicating excellent agree-
ment. The pore-size distribution obtained using this method
is given in Figure 12 (the solid line), together with the DFT-
based pore-size distribution from the ASAP measurement
(dashed line). Because the DFT calculation result is given in
terms of the physical pore width, which is the distance be-
tween the surfaces of the carbon molecules on opposite walls,
it has been corrected by adding a carbon molecular size of
3.354 A to provide the center-to-center distance used in the
abscissa of Figure 12. It is evident that the PSD extracted
from the model fitting is consistent with the DFT result in
the micropore range. Also shown in Figure 12 is the argon
isotherm, given in the inset.

The parameters from fitting the single-component adsorp-
tion data were subsequently utilized to predict the binary ad-
sorption equilibria for CH, and C,H,, as well as CH, and
C,H, at 301.4 K with different mole fractions. The predicted
isotherms are shown in Figure 13 (solid lines), together with

Figure 10. Predicted equilibrium diagrams and experi-
mental data for binary adsorption on Nuxit
carbon at 293 K and 101 kPa.

Solid lines are results from the present model, dotted lines
are results using the IAST-HMVST model, and dashed
lines are those from the IAST-HVST model. Symbols rep-
resent experimental data.

the experimental data. It can be seen that the model under-
predicts the adsorption of CH, for all the cases, especially at
higher operating pressure. The model prediction for the other
compounds is in very good agreement with experiment.

One possible reason for the discrepancy in methane ad-
sorption is the implicit assumption embedded in the model
that the pores are bundled straight pores with complete ac-
cessibility. In other words, all the adsorbate molecules have
equal accessibility to all the pores, which are simplified as the
slit-shape voids confined by graphite layers. However, the real
internal structure of activated carbon is far more compli-
cated. First, the shape of the pores is irregular and there may
be defects or constrictions in the pores. Second, the pattern
of pore interconnections in the micropore network may lead
to some of the pore space being inaccessible to some
molecules due to size exclusion and percolation effects. While
this behavior is quantitatively investigated for amorphous

Table 4. Parameters for Different Adsorptives on BPL Carbon Using Heterogeneous Modified VST Model

Adsorbate g;; (nm) 8, X100 (K1) v €;, (kJ/mol) g (am™1) Y 1, (mmol/cm?)
Unimodal Gamma Function
CH, 0.38 0.216 1.597 6.318
C,Hy 0.39 0.188 1.894 10.606 13.06 11.58 48.47
C,H, 0.39 0.201 1.788 9.778
CO, 0.33 0.399 1.153 8.16
Known Bimodal Gamma Function with Different Accessible Pore Volume for Different Adsorbates
CH, 0.38 0.2 2.432 6.765
C,Hg 0.39 0.156 2.391 12.375 63.94
C,H, 0.39 0.167 2.364 11.313
2 0.33 0.347 1.872 8.991
Note: q, vy, and n,,, are species-independent structural parameters.
1950 September 2002 Vol. 48, No. 9 AIChE Journal



networks (Lopez-Ramén et al., 1997, Ismadji and Bhatia,
2001), its influence for correlated networks is difficult to as-
sess. This effect of such pore heterogeneity will be more evi-
dent for species with larger molecules, and also with increas-
ing operation pressure. When the surface coverage is high,
there will be more pores not available to bigger molecules.
The effect of the pore heterogeneity may explain the discrep-
ancy in the proposed model for binary equilibrium prediction
on BPL carbon, as the difference in CH, adsorbed becomes
more severe with increased pressure. Assuming such an ef-
fect, Davies and Seaton (1999) have empirically adjusted their
model isotherms to allow for such inaccessible pore space for
the larger molecule in mixtures with methane on BPL car-
bon. Utilizing a similar approach, the adsorption on BPL car-
bon may be represented by a modified expression as

n (P =V, = [C0,(H.PT)[(H) dH,  (23)
v; Jo

where V,, ; is the species-dependent accessible pore volume.
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Figure 11. Adsorption isotherms on BPL carbon.

Following Eq. 23 the fitting of both single and binary ad-
sorption equilibrium data was performed simultaneously to
estimate the value of V,,; for C,H, and C,Hg. For smaller
molecules like CH, and CO,, the value of total micropore
volume is used as before. The results of individual accessible
pore volume for C,H, and C,H are 0.243 cm?/g and 0.227
cm®/g, respectively, indicating that about 25% of the total
pore volume is not available to these molecules. The single
and binary adsorption isotherms obtained by this method are
plotted in Figures 11 and 13 as the dotted lines for compari-
son with the results from the original model prediction. The
pore-size distribution is also given in Figure 12 by the dotted
line. It can be seen that the result for single-component ad-
sorption is comparable to when the original method is used,
while the binary adsorption equilibrium prediction is signifi-
cantly improved by this method. This observation supports
the assumption that pore heterogeneity plays a role in ad-
sorption equilibrium, especially at high pressures.

The pore-size distribution given in Figure 12 clearly shows
a bimodal pore structure for BPL carbon according to DFT
analysis of the argon adsorption isotherm. However, this can-
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Solid lines are results using unimodal PSD with the same accessible volume for every adsorbate, dotted lines are results using unimodal
PSD with different accessible pore volume for every adsorbate, dashed lines are results using bimodal PSD with the same accessible pore
volume for each component, and dash-dotted lines are results using bimodal PSD and different accessible pore volume for each gas.
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The solid line is the unimodal gamma function obtained from the present model with the same pore volume for every adsorbate, dotted
line is the result with different pore volume for each component, and dashed line is the DFT-based PSD from argon adsorption. The inset

is argon adsorption isotherm at 87 K.

not be represented by the model when a unimodal gamma
distribution function is assumed. The simplification of the
pore-size distribution may have little impact on adsorption at
low pressures when the surface coverage is very low, and the
adsorption predominantly occurs in smaller micropores con-
tained within the unimodal gamma distribution function.
However, assumption of unimodal PSD may cause some de-
viation in the calculated adsorption at very high pressures.
Fitting the adsorption isotherms on BPL carbon while utiliz-
ing a bimodal gamma distribution function gave difficulty be-
cause of the larger number of parameters involved. There-
fore, the PSD obtained from DFT interpretation of argon
adsorption was used to correlate the single-component
isotherms, by first fitting it by a smooth bimodal distribution
curve. With the pore-size distribution fixed, the single-com-
ponent isotherms were fitted by the proposed model with the
same pore volume for all compounds. The results are given in
Figure 11 by the dashed lines, demonstrating good fit. How-
ever, the binary adsorption equilibria subsequently predicted
with the bimodal PSD, given in Figure 13 by the dashed lines,
were similar to those using the unimodal PSD, suggesting that
mesopore adsorption on this carbon does not contribute sig-
nificantly in the pressure range used. Finally, the single-com-
ponent as well as binary adsorption data on BPL carbon were
also fitted with fixed bimodal PSD (from DFT) with variable
accessible pore volume for each adsorbate. The fitted single-
and binary-component adsorption isotherms are given in Fig-
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ures 11 and 13 as the dash-dotted lines. The fitting parame-
ters are listed in Table 4b. The excluded pore fraction in the
result is about 25 and 30% of the total pore volume for C,H,
and C,Hg, respectively. It can be seen that this approach can
fit with the experimental data for single-component adsorp-
tion in comparison with the other three approaches, but this
method gives more accurate prediction for binary adsorption.
It can be concluded that the fitting result for single-compo-
nent adsorption is not very sensitive to the pore-size distribu-
tion, but the pore-structure model is important for the accu-
rate prediction of binary adsorption on heterogeneous car-
bon. The comparison of binary predictions by different mod-
els in Figure 13 suggests that the inclusion of binary adsorp-
tion data over a wide pressure range is more useful in exam-
ining the applicability of an equilibrium model. Of course,
high pressures can lead to greater adsorbate—adsorbate inter-
actions and deviations from the present model, which does
not consider such interactions, so that an appropriate pres-
sure range may need to be selected. However, the pore-struc-
ture model is generally not known a priori, and modifications
to the assumed model may need to be made based on binary
equilibrium predictions.

Physical significance of fitting parameters

Nonideality Parameter v?. The nonideality parameter, v,
may be expected to be closely related to the size of the adsor-

AIChE Journal
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bate molecule, following
v a oy, 24

where o;; is the molecular size and n represents the dimen-
sion of the adsorbate packing. The value of n and the size of
the vacant site can be estimated from Eq. 24 by plotting the
fitting result for »? vs. gy, as given in Figure 14. The former
is obtained as the slope of the correlation on logarithmic co-
ordinates, while the latter is obtained from the value of o;;
when v =1 (ie., a;, =0, following Eq. 11). It can be seen
from the plot that the values of v? for the adsorbates on
Ajax and Norit carbon are close to each other, while the ones
for BPL carbon are much larger, and those on Nuxit carbon
are in between. For the adsorbates on Ajax and Norit carbon,
the vacancy size is estimated at about 0.36 nm, with #n esti-
mated to be about 3. For adsorbates on Nuxit carbon, the
vacancy size is about 0.33 nm with » estimated to be about
2.2. For adsorbates on BPL carbon, the vacancy is smaller

and the size estimated to be about 0.21 nm. The decrease in

AIChE Journal

vacancy size for the BPL carbon may possibly be related to
the higher pressures used, and may be a more accurate fig-
ure, as near-saturation is achieved for some of the adsor-
bates. In addition, the value of 0.21 nm is also close to the
value of 0.25 nm for the size of the potential well on a graphite
plane, which supports this lower value. These results would
suggest the importance of high-pressure data in isotherm fit-
ting for gaseous adsorption.

For low pressures on Ajax and Norit carbon, the adsorbate
molecule can locate randomly inside the pore in three dimen-
sions, with the value of n close to 3. The dimension of the
vacant site is in the magnitude of carbon molecular size. With
the increase in pressure as for Nuxit and BPL carbon, the
adsorbate molecules become closer to each other and have to
be packed in an ordered way in two dimensions, or in a layer-
by-layer way, with n becoming close to 2.

Solid— Fluid Interaction Parameter €,;,. The fitting results of
€;, by the proposed model for the adsorbates on different
carbons are displayed in Figure 15. The result for adsorbates
on Nuxit carbon is compared with that of the same species on

September 2002 Vol. 48, No. 9 1953
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The correlation of the results on Nuxit, Ajax, BPL, and
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and dashed-dotted lines, respectively.

the other three carbons. It is appropriate to say that the re-
sults are consistent on different carbons, although there is
small difference between the values on different carbons,
possibly due to the functional groups or impurities on the
carbon surface.

Thermal Expansion Coefficient §,. In general, the values of
§; are in a range appropriate for organic compounds (Lide,
2000). The fitting results for thermal expansion coefficient,
d;, of all adsorbates on four carbons are compared in Figure
16. It is found that 6, can be correlated with the molecular
weight of the adsorbate by the following expression
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Figure 15. Comparison of fitting results of ¢;; on vari-
ous carbons.

1954

September 2002 Vol. 48, No. 9

20

® Ajax carbon
—~ = Norit carbon
X o Nuxit carbon
B 161 ° BPL carbon
e J
-
-—
[
0
(3]
£ 12 *
8
8 .
c
K]
2 8
©
S
)
©
E 41
.
)
£ —

°
0 . . .
0 20 40 60 80 100

molecular weight (g/mol)

Figure 16. Comparison of thermal expansion coeffi-
cient §; on various carbons.

except the polar gases CO, and SO,, and C,H,. For the
Ajax and Norit carbons the results are similar, while those
for the Nuxit carbon are slightly lower, and those for the BPL
carbon are considerably lower. This is also the order of the
maximum pressure for the data, with the Ajax and Norit data
corresponding to slightly subatmospheric pressures, and the
Nuxit and BPL data having maximum pressures of about 6
bar and 35 bar, respectively. With an increase in pressure,
the value of the thermal expansion coefficient may be ex-
pected to decrease significantly for the supercritical and non-
ideal gaseous phases, as is indeed observed. This suggests that
6; may be considered dependent on the pressure or chemical
potential in the model, but this is a second-order effect, given
the small values of §,.

Conclusions

A heterogeneous modified vacancy solution model is inves-
tigated for adsorption equilibrium on porous solids. The
model was successfully applied to the single- and binary-
adsorption equilibrium data on four different activated car-
bons for various components at multiple temperatures under
a wide range of pressures. For the single-component data
studied, the model can fit all the experimental data very well,
and the micropore-size distribution extracted from the pro-
posed model is reasonable. The fitting results for the size
nonideality parameter, v°, for the adsorbates on different
carbons are consistent with the pressure change and can be
correlated with the molecular size. The values of fitting pa-
rameter, €, obtained are also consistent for the same adsor-
bate on different carbons. It is found that the proposed model
can predict binary adsorption equilibria somewhat better than
the IAST method does, confirming the significance of the
nonideality parameter, v, accounting for the size difference
between adsorbates. While the proposed model is an effec-
tive and efficient approach for the prediction of binary ad-
sorption equilibria on heterogeneous carbons, further im-
provements can be made by considering energetic nonideali-
ties, neglected in the Flory—Huggins approach utilized.
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Notation

H = pore width
H; ;= minimum micropore width accessible to species i
K;= Henry’s law constant
M = molecular weight
n = constant representing molecular packing shape on vacancy
n;= amount adsorbed
n,., = saturation capacity of vacant site
P = pressure
g = gamma distribution function parameter
R, = universal gas constant
S, = binary selectivity
T = temperature
T, = reference temperature, 273 K
X{'= mole fraction of component i
y;= mole fraction of component i in the bulk phase
V, ;= pore volume to component i

P . .
z= perpendicular distance from a surface plane of pore

Greek letters

a;;= Flory-Huggins interaction parameter between i and j
6;= thermal expansion coefficient
®,_; = minimum potential energy in micropore of width H
¢,;, = interaction energy of a molecule with one side of the micro-
pore wall
¢# = bulk fugacity coefficient
y= gamma function parameter
v = activity of component i
v, = site occupancy of one adsorbate molecule
V[d= site occupancy at reference temperature 7
;= fractional coverage on vacant sites
p, = surface number density of carbon atoms in a graphite layer
o0;;= hard-sphere diameter
0;,=solid—fluid LJ collision diameter calculated by the Lorentz
rule
A =separation between graphite layers
€;, = solid—fluid interaction well
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