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New Virial-Type Model for Predicting Single- and Multicomponent
Isosteric Heats of Adsorption

Shaheen A. Al-Muhtaseb and James A. Ritter*

Department of Chemical Engineering, Swearingen Engineering Center, University of South Carolina,
Columbia, South Carolina 29208

The virial isotherm for single- and multicomponent gas adsorption equilibria was used to derive
a new predictive model for the isosteric heat of adsorption. The virial coefficients were considered
with two different orders of temperature dependencies. The coefficients with a first-order
dependence of the temperature reciprocal showed that the single-component isosteric heat of
adsorption is temperature independent. However, those with second-order dependence of the
temperature reciprocal showed that the single-component isosteric heat of adsorption can vary
significantly with temperature. The latter form also showed when lateral or vertical interactions
dominated. Both types of coefficients showed a significant temperature dependence of the
multicomponent isosteric heat of adsorption. Differences between single- and multicomponent
isosteric heats of adsorption, compared at the same temperature and partial loading, also
increased with decreasing adsorbed phase mole fraction, decreasing temperature, higher

adsorption affinity, and increasing nonideality.

Introduction

Adsorption is generally known to be an exothermic
processes. Therefore, the design of adsorption processes
requires accurate predictions of the thermal properties
of single- and multicomponent gas adsorption equilibria.
The classical technique for predicting the isosteric heat
of adsorption depends on fitting single component
adsorption isotherms to a loading-explicit isotherm
model, using the chain rule to convert the temperature
derivative of pressure at constant loading to tempera-
ture and pressure derivatives of loading, and performing
numerical differentiation (Sircar, 1991a; Sircar, 1992).
However, this multistep process cannot be practically
applied to more than binary mixtures because the use
of the chain rule for multicomponent adsorption equi-
libria leaves numerous derivatives to be determined
numerically.

Direct methods for measuring the isosteric heat of
adsorption are available and based on dosing calorim-
etry (O'Neil et al., 1985; Parillo and Gorte, 1992; Handy
et al., 1993; Dunne et al., 1996a; Dunne et al., 1996b;
Dunne et al., 1997). But, most of these techniques are
for single components, with only one very recent tech-
nique for multicomponents (Dunne et al., 1997). These
calorimeters are also not readily available, although
much information has been published on how to con-
struct such an apparatus (O'Neil et al., 1985; Parillo and
Gorte, 1992; Handy et al., 1993). Molecular models are
also being explored for prediction of the isosteric heat
of adsorption. These studies, however, are still in their
infancy, because fairly simple model systems are being
explored with very few results being compared with
experiment or the classical technique. Notable excep-
tions include the molecular simulations carried out by
Karavias and Myers (1991) and the density functional
theory study by Pan et al. (1997). Clearly, what is
needed is a temperature-dependent, pressure-explicit
isotherm model for single- and mixed-gas adsorption
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that leads to explicit expressions for single- and multi-
component isosteric heats of adsorption.

Several models are available in the literature that
describe the temperature dependence of gas adsorption
equilibria. Most of these models depend on the Polanyi
pore-filling concept to obtain an explicit temperature
dependence (Dubinin, 1989; Bering et al., 1963; Polanyi,
1932). Other models, such as the extended Langmuir
(EL) model and the analytical heterogeneous extended
Langmuir (AHEL), were also used to successfully de-
scribe the temperature dependence of adsorption equi-
libria (Kapoor et al., 1990). However, such loading-
explicit models are not very promising for the prediction
of the isosteric heat of adsorption. Even those isotherms
that can be manipulated as pressure-explicit isotherms-
(e.g., the EL and the AHEL isotherms) are known to
loose much of their accuracy after such manipulation.

Instead, other pressure-explicit models, such as the
modified Antoine isotherm (Hacskaylo and LeVan, 1985)
and the virial adsorption isotherm (Haydel and Koba-
yashi, 1967; Barrer and Davies, 1970; Pierotti and
Thomas, 1974; Czepirski and Jagiello, 1989; Zhang et
al., 1991; DeGance, 1992; DeGance et al., 1993; Taqvi
and LeVan, 1997a; Taqvi and LeVan, 1997b), can be
more usefully applied to predict the isosteric heat of
adsorption because they are based solely on pressure-
explicit correlations in terms of temperature and load-
ing. The virial description of multicomponent adsorp-
tion equilibria is seemingly very powerful because it
accounts for the different types of nonidealities and
interactions within the adsorbed phase. For example,
the expanded virial equations for mixtures (Taqvi and
LeVan, 1997b) account for different degrees of adsorbate—
adsorbate interactions with every additional virial coef-
ficient. Thus, the second virial coefficient describes
interactions between each pair of molecules, the third
virial coefficient describes interactions among every
triplet of molecules, and so on. However, only Czepiriski
and Jagiello (1989) developed an expression for predict-
ing single-component isosteric heats of adsorption, and
essentially no work has been done on predicting mul-
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ticomponent heats of adsorption from virial type expres-
sions or otherwise.

In this work, the single-component virial isotherm
(Czepiriski and Jagiello, 1989; Taqvi and LeVan, 1997a)
and its extension to multicomponent systems (Taqgvi and
LeVan, 1997b) are adopted to predict the isosteric heats
of adsorption of single and multicomponent gas adsorp-
tion equilibria. This completely analytic extension
adequately describes the nonidealities of the systems
and distinguishes between adsorbate—adsorbate and
adsorbate—adsorbent interactions. The temperature
dependence of the virial coefficients is also studied.

Theory

The virial adsorption isotherm that has been used to
describe single-component gas adsorption (Czepirski
and Jagiello, 1989; Taqvi and LeVan, 1997a) is ex-
pressed as follows:

P\_ Ay 2 3 02
|n(6) —A+2BO+_—CQ% . 1

The statistical mechanics show that the second virial
coefficient, B, reflects interactions between pairs of
molecules, the third virial coefficient, C, reflects interac-
tions between triples of molecules, ... etc. For most
systems, the virial equation can be safely truncated
after the third virial coefficient. However, the virial
equation can sometimes diverge for very high gas
concentrations. The temperature dependence of the
virial coefficients is described by eq 2:

o A(m) o p(m) 0 C(m)
A= —_—, B = —_—, C= _—, . (2
m= Tm = -I-m k= -I—m

which can be truncated after the second or third term.
Different forms of temperature dependence have been
examined by several investigators (Barrer and Davies,
1970; Zhang et al., 1991; Taqvi and LeVan, 1997a), and
the most representative behavior was expressed in
terms of the temperature reciprocal.

Taqgvi and LeVan (1997b) further extended the virial
isotherm to multicomponent adsorption equilibria. They
proposed extended virial coefficients according to mixing
rules that satisfy the adsorbate—adsorbate interactions
in both predictive and correlative modes. This extended
isotherm is expressed in its predictive mode for a
homogeneous adsorbent as follows:

In( =A + ZB.,QJ e JZZCUkCQ,Qk
where
=2/Bi+ VB, Bi=B, ()
Ci=7x c,,,”“ + ", Ci=C, (5
Ci = (CiCyCid™® (6)

The isosteric heat of adsorption is described by the
Clausius—Clapeyron equation for both single- and mixed-
gas adsorption, as shown in egs 7 and 8, respectively
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(Sircar, 1991a; Sircar, 1992).
9 In P

q=RT? (7)

_ 2[8 In Pi]
9 = RT|—7 o ®)

The subscript Q indicates that the amount adsorbed is
held constant while taking the derivatives. Previous
treatments (Sircar, 1991a; Sircar, 1992) depended on
replacing the pressure term in the aforementioned
definitions by the amount adsorbed at both constant
temperature and pressure using the chain rule. The
complexity of the resulting relations dramatically in-
creased with every component added to the mixture.
Thus, such a technique is not practical for more than
binary mixtures.

Applying the definitions just shown to the virial
adsorption isotherms (eqs 1 and 3) results in explicit
expressions for the isosteric heats of adsorption for
single- and multicomponent gas adsorption. The single-
component isosteric heat of adsorption is expressed as
shown in egs 9 and 10 for virial coefficients of the order
O(T~1) and O(T~2), respectively:

q(l/T) — _—5(a2A(1) + 2aQB(1) + gQZC(l)) 9)
a
g™ = ( oA + 2aQB% + 3Q7CW +
a’
(?)(2a2A<2> + 4a0B®@ + 3Q2C(2))) (10)
The multicomponent isosteric heat of adsorption is given

by:
N 3 N N
a’Al + ZaZB;ij + EZ chijij) (11)
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1
X, X Sy G + X, X G +i (13)
173 C3/4 C3/4 23| “3a 3/4
il k i k
and
X, =CH+c/* (14)
X, =C/* +c* (15)
Xy =C{* + ¢ (16)

Equation 11 depends only on the fitted parameters from
the single-component form of the virial equation when
proper mixing rules are applied. Therefore, the afore-
mentioned relations suggest an alternative technique
for the prediction of mixed-gas isosteric heats of adsorp-
tion for an unlimited number of components and with-



686 Ind. Eng. Chem. Res., Vol. 37, No. 2, 1998

1.0

0.8

0.6 -

0.4

binary, O(1/T"2)
temary, O(1/T)

0.2

binary, O(V/T)
binary, O(I'T"2)] _|

] |
= (C) bmnry 0(1/1‘) I ! O:éj

[od

& binary, 0(1/T"2 AO fe %
0.8 | i
8

0.8

0.6

0.4

0.2

0 i |
00 02 04 06 08 1.0

X exp
Figure 1. A comparison between the predicted and experimental
multicomponent adsorbed phase composition on (a) BPL-activated
carbon (Reich et al., 1980), (b) Nuxite-AL-activated carbon (Szepesy
and llles, 1963c), (c) PCB-activated carbon (Ritter and Yang, 1987),
and (d) 13X molecular sieve zeolite (Danner and Choi, 1978; Hyun
and Danner, 1982; Kaul, 1987).
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Figure 2. Single-component isosteric heats of adsorption on BPL-
activated carbon (Reich et al., 1980) using the virial adsorption
isotherm with parameters O(T—1) (solid thin line) and O(T2)
(dashed lines) compared with literature estimations (solid thick
lines; Valenzuela and Myers, 1989).

out complicating the equations or adding any further
source of uncertainty, such as replacing one derivative
by two or more derivatives when using the chain rule.
Moreover, eq 11 meets two thermodynamic consistency
criteria. The first criterion recommended by Dunne et
al. (1997) for binary mixtures is

(ﬂ) _ (81) @)
an T.Q; an T.Q,
Applying eq 11 to eq 17 leads to

3q1) (qu) RT2

2 =(=] ="(eaB,,+3C,..0Q,+

(3Q2 T, 3Q, o, 2 12 1121
3C1,,Q,) (18)

The second criterion recommended by Dunne et al.
(1997) is
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Table 1. Single-Component Isotherm Data Sets Fitted to the Virial Adsorption Isotherm

103xa temp. range ARECWT) ARECWT2)
adsorbent (m?3/kg) adsorbate (K) reft (%) (%)
BPL-activated carbon 988 ethane 213—-301 RZR 12.10 11.29
ethylene 213-301 RZR 6.29 10.41
methane 213-301 RZR 5.81 4.11
Nuxite-AL-activated carbon 9502 butane 293—-363 SI1 39.06 39.96
carbon dioxide 293—-363 SlI1, SI2 16.08 13.02
ethane 293-363 SlI1, SI2 7.38 7.13
ethylene 293-363 SlI1, SI2 6.17 6.98
methane 293—-363 SlI1, SI2 3.12 3.09
propane 293-363 SlI1, SI2 17.05 12.95
propylene 293—-363 Sl1, SI2 18.69 18.07
PCB-activated carbon 9502 carbon dioxide 296—480 RY 14.40 10.11
carbon monoxide 296—473 RY 3.35 3.06
hydrogen 296—480 RY 9.64 5.95
hydrogen sulfide 296—480 RY 7.07 8.15
methane 296—-480 RY 15.87 9.80
13X molecular sieve zeolite 525 ethane 273—423 DC, HD, K 16.50 16.72
ethylene 298—-423 DC, HD, K 17.59 17.65

a These values were assumed because insufficient information was provided. ® DC = Danner and Choi (1978); HD = Hyun and Danner
(1982); K = Kaul (1987); RY = Ritter and Yang (1987); RZR = Reich et al. (1980); SI1 = Szepesy and llles (1963 a); SI2 = Szepesy and

Illes (1963 b).
Table 2. Adsorption Virial Coefficients O(T™?%)
A® B© 1077 x B® 10710 x CO 10718 x C(
adsorbent adsorbate A© (K) (kg-m2/mol) (kg-m2-K/mol) (kg?z-m4/mol?) (kg2-m*-K/mol?)
BPL-activated carbon methane 14.414 —2317 119 907 2.624 —0.687 0.259
ethane 15.268 —3596 —52 442 11.663 4.948 —1.049
ethylene 17.588 —3891 —445 472 18.576 8.602 —1.824
Nuxite-AL-activated carbon methane 13.017 —1926 1749 018 —44.838 —10.810 32.105
ethylene 15.824 —3525 6317 7.476 1.643 —0.227
ethane 15.809 —3611 —63 847 9.057 1.691 0.000
propylene 13.808 —3628 202 860 0.000 6.544 0.000
propane 23.215 —6601 —1 398 338 47.283 24.342 —4.487
butane 26.375 —9910 —922 919 71.828 +0.000 0.000
CO, 15.837 —3130 7.024 4.442 2 x 1074 0.000
PCB-activated carbon methane 15.391 —3222 213839 4,791 1x 10 0.000
CcOo 12.776 —1591 426 863 —12.307 —0.681 1.420
CO, 15.616 —3462 97 484 3.458 6 x 107° 0.000
H, 15.759 —1756 —576 968 21.395 2 x 1077 0.000
H,S 12.781 —2481 289 969 —8.467 —2.641 1.256
13X molecular sieve zeolite ethane 16.154 —3573 207 945 —6.196 6 x 1075 1.943
ethylene 18.894 —5262 548 2.498 —3.932 3.727
Table 3. Adsorption Virial Coefficients O(T2)
B© 1078 x B® 10719 x B@ 1071 x C® 10713 x C 10715 x C@®
AL 105 x A®  (kg-m? (kg'm?-K/  (kgm2-K?/  (kg?>m*¥  (kg>m*K/ (kg?m*K?/
adsorbent adsorbate A (K) (K?) mol) mol) mol) mol?) mol?) mol?)
BPL-activated carbon methane 9.099 694 —3.813 365 905 —2.282  4.092 1.669 —5.902 5.390
ethane 14.376 —2679 —1.421 —436 892 1.943 1x10°6 1.804 —5.955 4.514
ethylene 12.153 —1664 —1.935 2085408 —10.517 14.644 —-3.272 18.873 —25.306
Nuxit%—AL-activated methane 13.063 —1938 0.000 1501 286 —3.276 —1.416 —5.199 —0.266 46.666
carbon
ethylene 14.406 —3037 0.002 348 092 —0.437  0.000 0.395 —3.094 7.284
ethane —2.515 7953 —18.095 2306616 —12.397 19.836 —0.914 3.470 1x10°°
propylene  53.414 —27325 34.956 68 628 0.000 0.000 —24.999 164.543 —258.268
propane 9.358 2006 —13.944 —139 051 0.000 3.714 —0.087 2.837 —0.012
butane —10.706 20528 —54.776 —2082 —12.009 37.643 2.844 0.000 0.000
CO, 40.300 —19729 27.820 —4539643 31.118 —51.159 1x10°¢ 0.000 0.000
PCB-activated carbon methane 3.451 6556 —18.315 998 641 —5.896 8.712 —0.536 4.013 0.000
coO 13.002 —1782 0.329 311 842 0.000 —2.614 —0.490 2.685 0.000
CO, 8.361 2101 —9.665 188 428 0.258 —2.337 0.000 —1.340 6.226
H, 18.298  —3948 4.411 140544  —0.146  0.000 3 x 1077 0.000  0.000
H,S 12.987 —2590 0.000 133 735 0.543 —2.691 —0.427 1.676 0.211
13X M. S. molecular  ethane 11.481 27 —6.733 306 0.004 -3 x 1074 2.867 —15.966 28.378
ethylene —3.180 10721 —28.370 2836529 —19.978 34.940 3 x 104 1.640 4.107
lim g, = q;° (19) component adsorption isotherm systems were selected
xi—1 to cover a variety of adsorbates (hydrogen, methane,

It is easy to show that eq 11 leads to eq 10 upon applying
eq 19. This last criterion is also proven below with
actual results.

Results and Discussion

Single-Component Correlation and Multicom-
ponent Prediction of Adsorption Equilibria. Single-

ethane, ethylene, propane, propylene, butane, carbon
monoxide, carbon dioxide, and hydrogen sulfide) over
four different adsorbents: (a) BPL-activated carbon, (b)
Nuxite-AL-activated carbon, (c) PCB-activated carbon,
and (d) 13X molecular sieve zeolite. A brief compilation
of these data is shown in Table 1. The virial coefficients
were fitted to these data by the least sum squared error
technique (LSSE) in predicting the equilibrium pressure
for each adsorbent—adsorbate combination. The fit was
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Figure 3. Single-component isosteric heats of adsorption on Nuxite-AL-activated carbon (Szepesy and llles, 1963a; Szepesy and llles,
1963b) using the virial adsorption isotherm with parameters O(T—1) (solid thin line) and O(T~2) (dashed lines) compared with literature

estimations (solid thick lines; Valenzuela and Myers, 1989).

measured in terms of the absolute relative error (ARE),
which is defined as:

(100%) n |Pexp _ Pcalc|

ARE (20)

n = Pexp

Table 1 shows that the ARE values of the correlated
single-component adsorption isotherms were quite sat-

isfactory when considering that the measure of the fit
was in terms of the equilibrium pressure. The correla-
tions were noticeably more accurate, however, for the
lightly adsorbed components. The corresponding virial
coefficients for these data sets are shown in Tables 2
and 3 for O(T~1) and O(T—?), respectively. As a general
trend, the temperature dependence decreased with
every additional virial coefficient (i.e., the temperature
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Figure 4. Single-component isosteric heats of adsorption on PCB-activated carbon (Ritter and Yang, 1987) using the virial adsorption
isotherm with parameters O(T-1) (solid thin line) and O(T~2) (dashed lines) compared with literature estimations (solid thick lines;

Valenzuela and Myers, 1989).

dependence of the first virial coefficient was higher than
that of the second virial coefficient and so on).

The multicomponent adsorption equilibrium data
were predicted by solving egs 3—6 simultaneously for
the amount adsorbed of each component using only the
parameters fitted to the single-component isotherms.
The absolute differences between the left- and right-
hand sides of the resulting nonlinear system of equa-
tions (eq 3 applied to each component in the mixture)
were minimized simultaneously using a Microsoft Excel
7.0a optimizer with a Newton search method, central
derivatives, quadratic estimates, automatic scaling,
precision of 1075, and tolerance of 5%. Figure 1 shows
the predicted and experimental multicomponent ad-
sorbed phase compositions at the experimental partial
pressure of each component in the mixture. The predic-
tions were quite satisfactory considering the various
sources of errors that can be associated with the
multicomponent experimental data points themselves.

Single-Component Isosteric Heats of Adsorp-
tion. Figures 2—5 show the predicted isosteric heats of
adsorption from the fitted single-component adsorption
isotherms. The same data were also used by Valenzuela
and Myers (1989) to estimate the isosteric heats of
adsorption of these components by applying the classical
chain rule technique to the Toth and UNILAN iso-
therms. Their estimates were used as a reference to
compare the predictions obtained from the virial rela-
tion. Almost all of the predictions of the single-
component isosteric heats of adsorption using both types
of virial coefficients fell within the same range as the
reference estimations. In general, the predictions of the
virial equation with O(T™1) coefficients were very close
to the reference values in the range of their estimations.
This result was not surprising because the technique
used by Valenzuela and Myers (1989) assumes temper-
ature independence of the isosteric heats of adsorption
as do the predictions with O(T™1) virial coefficients.
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Figure 5. Single-component isosteric heats of adsorption on 13X
molecular sieve zeolite (Danner and Choi, 1978; Hyun and Danner,
1982; Kaul, 1987) using the virial adsorption isotherm with
parameters O(T-1) (solid thin line) and O(T~2) (dashed lines)
compared with literature estimations (solid thick lines; Valenzuela
and Myers, 1989).

Nevertheless, in most cases, the reference values as well
as O(T~1) estimations were close to the predicted isos-
teric heats of adsorption at the average temperature
when using O(T?) virial coefficients.

According to the predictions from the virial equation
with O(T~2) coefficients, the single-component isosteric
heat of adsorption can sometimes vary significantly with
temperature. This variation suggests that the concept
blindly adopted by most investigators (i.e., the isosteric
heat of adsorption is temperature independent) can only
be used as an approximation when dealing with experi-
mental data over relatively narrow ranges of tempera-
ture. If wide temperature ranges are to be considered,
the temperature dependence, such as that indicated by
the virial equation with O(T~2) coefficients, should be
considered.

Moreover, the predictions of the virial equation ex-
hibited a phenomenon that can be used to indicate the
conditions when lateral or vertical interactions domi-
nate. According to eqs 9 and 10, the isosteric heat of
adsorption changes in different ways at different condi-
tions. The relative changes of the isosteric heat of
adsorption with respect to loading and temperature are
given by:

Gq(m)] _ "R p® @
[ o (2aB® + 3Qc®) (21)

agT 2)] . —R( ) a , 4aB® + 6QC‘2))
[ 0 T——a2 2aB“”’ + 3QC +—T
(22)

[ aq(lrr2)
oT

__R 2, @ 2@
]Q asz(2aA + 4aQB® + 3Q°C?)  (23)

Therefore, the estimated single-component isosteric heat
of adsorption at constant temperature inverts at some
loading when either lateral or vertical interactions
dominate. This optimum loading is shown in egs 24 and
25 as estimated from the first- and second-order tem-
perature dependencies of egs 21 and 22, respectively.

@
am, _ —2a(B™
Qopt |T - 3 (C(l)) (24)
5 _ —2a[BWT +2B@
QW= { (25)

3 \cOT + 2c®

This result indicates that inversion can occur only at a
specific ratio of molecular interactions between pairs
and triplets of molecules (ratio between B and C
coefficients), and supports the potential capability of the
derived model to indicate when different interactions
change with loading, as indicated by changes in the
isosteric heat of adsorption (Sircar, 1991b). This feature
adds another advantage of the virial-based predictions
of the isosteric heat of adsorption, especially when the
O(T?) coefficients are used. In addition, eq 23 indicates
that at a fixed Q, temperature cannot cause an inver-
sion; but if Q is allowed to change, then temperature
can participate in the inversion, as indicated in eq 22,
which approaches zero when

_ .2aB® +3Qc®?

Tot = 72 B0 3Qc®

(26)

At constant loading, the temperature variation can only
change the relative dependence of the isosteric heat of
adsorption on this loading. However, the sign of this
change inverts only at specific loadings when the
temperature effect is overcome with the opposing lateral
and vertical interactions. These loadings are obtained
by setting eq 23 to zero, which gives

a
Qo = 5o (287 % Va(B@) - 6A9C?)  (27)

Therefore, the second-order virial equation predicts that
there are two possible intersections of the isosteric heats
of adsorption estimated at different temperatures, as
indicated in eq 27. These intersections are generally
observed in Figures 2, 3, and 5, where all the temper-
atures meet at some certain loadings for each compo-
nent. The fact that those two intersections appear in
some figures and one intersection or none appear in
others depends on the nature of the adsorbate—
adsorbent/adsorbate—adsorbate interactions that con-
tribute to the values of the virial coefficients. The
presence of the intersection also depends on the loading
range on which the estimations are calculated because
this phenomenon can sometimes occur at high loadings
that are excluded from these figures so as not to exceed
the practical ranges of loading over which the adsorption
isotherms were measured.

Multicomponent Isosteric Heats of Adsorption.
The derived equations can also be used for predicting
multicomponent isosteric heats of adsorption in a pre-
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Figure 6. Sample binary isosteric heats of adsorption as a function of the amount adsorbed and the adsorbed phase composition on (a,
b) Nuxite-AL-activated carbon (Szepesy and llles, 1963c), (c, d) PCB-activated carbon (Ritter and Yang, 1987), and (e, f) BPL-activated
carbon (Reich et al., 1980) showing that the isosteric heats of adsorption predicted by O(T 1) virial equation were close to those of O(T~2)

only for lightly adsorbed components.

dictive mode (i.e., without using any binary or multi-
component experimental data). Multicomponent isos-
teric heats of adsorption can be predicted simply from
eq 11 with the single-component isotherm parameters
and the component loadings predicted from eq 3. This
ability adds a very useful tool for simulating multicom-
ponent adsorption processes using information only
from the single-component adsorption isotherms. Con-
sidering that there is no published information on
estimating isosteric heats of adsorption for more than
binary systems (Karavias and Myers, 1991; Sircar,
1991a; Sircar, 1992), this technique was successfully
applied to binary systems, ternary systems, a quadratic
system, and a five-component system. All of the results
are shown in Figures 6—10, with Figures 6, 7, and 9
focusing on binary trends, and Figures 8 and 10 focusing
on multicomponent trends.

When dealing with equally adsorbable components at
moderate-to-high temperatures, the isosteric heat pre-
dictions by the two types of virial coefficients were close
to each other. However, when predicting the isosteric
heats of adsorption of mixtures with components of
different adsorption affinities (e.g., heavy—light and
polar—nonpolar component combinations or at low tem-
peratures, a considerable difference was noticed be-
tween the predictions corresponding to the two types
of virial coefficients. This difference was understood to
be related to the increased interaction forces at condi-
tions under which a strong adsorption occurs, releasing

a high amount of energy (e.g., at low temperatures), and
the considerable surface heterogeneity towards different
components with different adsorption affinities. Hence,
the virial equation with O(T~2) coefficients was believed
to be superior under these conditions because of its
ability to consider the various interactions as noticed
in the predictions of the single-component isosteric heats
of adsorption. The total pressure of the system seemed
to have a negligible effect on its heterogeneity as
indicated by close predictions obtained from both types
of virial coefficients with various total pressures.
Sample distributions of the isosteric heats of adsorp-
tion for some of the binary systems at a constant total
pressure of 1 atm are shown in Figure 6, which indicates
that the differences between the isosteric heats of
adsorption predicted by two orders of temperature
dependencies were similar for equally adsorbed compo-
nents at moderate temperatures, such as those shown
in Figures 6a, 6¢, and 6e. In contrast, when estimating
the binary isosteric heats of adsorption for components
with different adsorption affinities, such as those shown
in Figures 6b and 6d, the difference between the
estimations obtained from the two orders of the virial
coefficients significantly increased. The same behavior
was noticed when estimating the binary isosteric heats
of adsorption at low temperature, such as that shown
in Figure 6f, when compared to the estimations of the
same system at a higher temperature, such as that
shown in Figure 6e. Therefore, at such conditions where
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Figure 7. Sample temperature dependencies of the binary
isosteric heats of adsorption as a function of the amount adsorbed
and the adsorbed phase composition on (a) Nuxite-AL-activated
carbon (Szepesy and llles, 1963c), and (b) BPL-activated carbon
(Reich et al., 1980), showing that the isosteric heats of adsorption
predicted by O(T~1) virial equation were close to those of O(T~2)
only at moderate-to-relatively high temperatures.

a strong adsorption is expected or when a mixture of
distinctly different adsorbates is considered, it is advis-
able to adopt the estimations with O(T~2) virial coef-
ficients or higher if large nonidealities or adsorption
affinities are expected.

Figure 7 shows binary predictions calculated at a total
pressure of 1 atm for equally adsorbed components at
different temperatures. The predicted isosteric heats
of adsorption were also noticed to be very close to each
other for moderate-to-high temperatures. When con-
sidering low temperatures, however, the predictions
tended to vary considerably from the others. This result
was another indication of the increased interaction
forces/heterogeneity observed at low temperatures. This
difference was much more pronounced when using the
virial equation with O(T~2) coefficients. Moreover, the
estimations obtained from the virial equation with
O(T™1) coefficients, such as those shown in the lower
part of Figure 7b, can indicate misleading temperature

q; (kJ/mole)

binary, O(1/T)
binary, O(1/T"2)
ternary, O(I/T)
ternary, O(1/T*2)
quadratic, O(I/T) ||
quadratic, O(1/T"2)]
S-comp., O(1/T)

0 20 40 60 80 100
q (kJ/mole)

Figure 8. A comparison between single- and multicomponent
isosteric heats of adsorption on (a) BPL-activated carbon (Reich
et al., 1980), (b) Nuxite-AL-activated carbon (Szepesy and llles,
1963c), (c) PCB-activated carbon (Ritter and Yang, 1987), and (d)
13X molecular sieve zeolite (Danner and Choi, 1978; Hyun and
Danner, 1982; Kaul, 1987), showing that the multicomponent
isosteric heats of adsorption in some cases deviated significantly
from the single-component isosteric heats of adsorption at the
same partial loading (dotted lines indicate equality).

dependencies where the trend can be inverted with
temperature. However, the estimations yielded from
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Figure 9. The difference between single- (s) and multicomponent (m) isosteric heats of adsorption as a function of the amount adsorbed
and the adsorbed phase composition for both O(T~1) and O(T~2) on (a, b, c) BPL-activated (Reich et al., 1980) and (d, e, f) PCB-activated
carbon (Ritter and Yang, 1987), showing that the multicomponent isosteric heats of adsorption could not be approximated by the single-
component isosteric heats of adsorption for low temperatures and/or heavily adsorbed components.

O(T7?) coefficients, such as those shown in the upper multicomponent predictions are totally dependent, are
part of Figure 7b, gave a very well-behaved temperature more sensitive toward temperature variations when
dependency. This is also understood to result from the truncating eq 2 after the third term instead of the

fact that the single-component parameters, on which the second term.
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Figure 10. The difference between single- and multicomponent
isosteric heats of adsorption as a function of the adsorbed phase
composition on (a) BPL-activated carbon (Reich et al., 1980), (b)
Nuxite-AL-activated carbon (Szepesy and llles, 1963c), (c) PCB-
activated carbon (Ritter and Yang, 1987), and (d) 13X molecular
sieve zeolite (Danner and Choi, 1978; Hyun and Danner, 1982;
Kaul, 1987), showing that the difference increased significantly
in the case of infinite dilution in the adsorbed phase (dotted lines
indicate equality).

Figure 8 shows a comparison between the predicted
single- and multicomponent isosteric heats of adsorption
(calculated at the same temperature and partial loading

for each point and type of virial coefficient) for several
binary/multicomponent combinations on different ad-
sorbents. It is clear from Figure 8 that there are some
factors that can cause the multicomponent isosteric
heats of adsorption to differ considerably from the
single-component isosteric heats of adsorption. Such
factors are shown by the clear trends at which the
predictions deviated from the equality criterion (dotted
lines), as those noticed in Figures 8a, 8b, and 8d.

Figure 9 shows comparisons between the estimations
of some binary isosteric heats of adsorption (marked
with “m”) and the corresponding single-component
isosteric heats of adsorption (marked with “s”) calcu-
lated from the virial equation with the same order of
temperature dependence at the same partial loading of
each component. The binary isosteric heats of adsorp-
tion were close to the single-component isosteric heats
of adsorption at the same partial loading only when
using a temperature-sensitive method of prediction
(such as the virial equation with O(T2) coefficients)
with light adsorbates and at moderate-to-high temper-
atures. Therefore, the single-component estimations
with O(T~?) virial coefficients (the upper part of Figures
9a—9f) were much closer to the binary isosteric heats
of adsorption than those with O(T 1) virial coefficients
(the lower part of Figures 9a—9f). The differences
between the single and binary isosteric heats of adsorp-
tion also decreased considerably with increasing tem-
perature. Examples of this phenomenon were the
isosteric heats of adsorption of methane and ethylene
on BPL-activated carbon at 213, 260, and 301 K shown
in Figures 9a, 9b, and 9c, respectively. When comparing
these differences at a fixed, moderate temperature for
different adsorbate mixtures, such as those shown in
Figures 9d, 9e, and 9f, the difference increases when
heavier adsorbates were considered. Therefore, it is
advisable to use the suggested multicomponent model
rather than approximating the multicomponent isosteric
heats of adsorption from the single-component isosteric
heats of adsorption, for any order of estimations,
whenever high adsorption affinity or nonideality are
expected.

Figure 10 shows that large deviations between the
single- and multicomponent isosteric heats of adsorption
resulted when the adsorbed phase mole fraction of one
of the components in the mixture was low (e.g., <25%).
Under these circumstances the predicted multicompo-
nent isosteric heats of adsorption were considerably
different from the single-component ones at the same
temperature and partial loading. This result suggests
that multicomponent adsorption process models that
typically utilized constant, single-component isosteric
heats of adsorption (e.g., Doong and Yang, 1986; Kapoor
and Yang, 1988; and Cen and Yang, 1985) may have
severely over- and/or underpredicted the total heat load
in the system, especially if nonisothermal effects were
important in the simulations and if one or more of the
adsorbed phase mole fractions of the components fell
below ~25% anywhere within the column during the
simulation. Clearly, experimental mixed-gas isosteric
heats of adsorption are needed to verify this intriguing
result.

Figures 9 and 10 also show the consistency of the
proposed formulations for the multicomponent heats of
adsorption, which always approached the single-com-
ponent heats of adsorption as the mole fraction of a
particular component approached unity. This consis-



tency was always observed regardless of the tempera-
ture dependency, conditions, or expected heterogeneity
of the system.

Conclusions

A very useful tool for the prediction of the isosteric
heat of adsorption of single- and multicomponent gas
adsorption was derived with the virial adsorption
isotherm. Explicit expressions were obtained in terms
of single-component isotherm parameters, only. The
new model of the isosteric heat of adsorption has the
advantage of accounting for the temperature effect and
being used for any number of components in mixed-gas
adsorption in a purely predictive mode. The new model
also indicates the conditions when lateral or vertical
interactions dominate when using O(T—2) virial coef-
ficients. Overall, the new formula is expected to have
more accurate predictions of the isosteric heat of ad-
sorption of binary and multicomponent mixtures than
the usual techniques that require a chain rule applica-
tion followed by numerical differentiation. What re-
mains to be done, however, is an extensive comparison
with experimental binary and multicomponent isosteric
heats of adsorption. This kind of data is nearly non-
existent in the literature because of the difficulties
associated with its measurement.
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Nomenclature

a = adsorbent specific surface area, m?/kg

A = first virial coefficient, dimensionless

A’ = temperature derivative of the first virial coefficient,
K*l

ARE = absolute relative error, %

B = second virial coefficient, kg-m2/mol adsorbed

B' = temperature derivative of the second virial coefficient,
kg-m?/K-mol adsorbed

C = third virial coefficient, kg2-m*mol? adsorbed

C' = temperature derivative of the third virial coefficient,
kg2-m#/K-mol? adsorbed

m = counter

n = total number of data points

N = number of components in a gas mixture

O(1/T) = corresponding to T~ virial coefficients

O(1/T?) = corresponding to T2 virial coefficients

P = absolute pressure, mmHg

Pi = partial pressure of component i, mmHg

g = single-component isosteric heat of adsorption, kJ/mol
adsorbed

Q = adsorbed amount, mol/kg adsorbent

gi = multicomponent isosteric heat of adsorption of com-
ponent i, kd/mol adsorbed

Qi = partial amount adsorbed of component i, mol/kg
adsorbent

gy = isosteric heat of adsorption of pure component i, kJ/
mol adsorbed

g@¥M = single-component isosteric heat of adsorption with
T-1 virial coefficients, kJ/mol adsorbed

g@T = single-component isosteric heat of adsorption with
T2 virial coefficients, kJ/mol adsorbed

R = universal gas constant, kJ/mol-K

T = absolute temperature, K
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x = adsorbed phase composition, mole fraction
y = fluid phase composition, mol fraction

Subscripts

exp = experimental

i = counter

j = counter

k = counter

opt = optimum, yielding a zero derivative
pred = predicted

Q = constant loading

T = constant temperature

Superscripts

calc = calculated data

exp = experimental data

(m) = T-m virial coefficients, m =0, 1, 2, ...
(1/T) = corresponding to T~ virial coefficients
(1/T2) = corresponding to T2 virial coefficients
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