A Gas Adsorption Isotherm Equation Based

on Vacancy Solution Theory

A new isotherm equation for pure gas adsorption is developed and tested.
In the new method, the adsorption equilibrium is treated as an osmotic equi-
librium between two “vacancy” solutions having different compositions. One
solution represents the gas phase and the other the adsorbed phase. The
vacancy solution is composed of adsorbates and vacancies. The latter is an
imaginary entity defined as the vacuum space which acts as the solvent for
the system. Thermodynamic equations governing the equilibrium of this
system are used to derive the equation of state for the adsorbed phase. The
non-ideality of the adsorbed solution is accounted for in terms of an activity
coefficient whose composition dependence is described by the Wilson equa-
tion. The equation of state, together with the Gibbs adsorption equation, is
then used in the derivation of the adsorption isotherm equation. The devel-
oped correlation has been evaluated with the adsorption isotherm data of
0,, Ny, and CO on zeolite 10X at 144.3K, 172.0 K, 227.6 K and 2732 K,
and that of CH4, C‘2H2, CgH4, CZHS, C3H6, CgHg, nC4H10, and COz on
Nuxit-AL activated carbon at 293.2 K, 313.2 K, 333.2K and 363.2K. For
both adsorbents, the correlations are better than those obtained by any other
adsorption model which has been extended to gas mixtures. The parameters
obtained from the pure component data can be used to predict a priori gas-
mixture equilibria.
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Although multicomponent gas adsorption is a separa-
tion process that is widely used in industry, our knowledge
of the adsorption equilibria still remains limited. We need
equilibrium information to design such processes. How-
ever, a careful analysis of single-component adsorption
is necessary before dealing with a mixture.

In a study of a single-component adsorption system,
experimental data are generally determined at one or
more constant temperatures. These data can be correlated
by an adsorption isotherm equation whose parameters
contain, either implicitly or explicitly, information on the
system being investigated. Some available isotherm equa-
tions have been derived for a specific type of system, and
cannot be applied to other types of systems. For exam-
ple, the simplified statistical thermodynamic model of
Ruthven (1976) is useful only for zeolite adsorbents. The
Langmuir equation and the equation which was derived
by assuming that an adsorbed phase obeys the two di-
mensional van der Waals equation of state (de Boer 1953,
Young and Crowell 1962, Ross and Olivier 1964) are too

simplitied to give accurate predictions,

The objective of our work is to develop an adsorption
isotherm correlation that is not subjected to such limita-
tions. The desired isotherm equation can most likely be
obtained by using a rigorous thermodynamic method, since
it is generally independent of the type of adsorption sys-
tem. The isotherm equation should have a simple mathe-
matical form so that the calculations can be made con-
veniently, and it should be designed so that the constants
determined from the pure gas data can be used directly
to predict multicomponent adsorption equilibria. A new
isotherm equation which meets the above criteria is de-
veloped and evaluated with single-component adsorption
data of two different systems, namely the adsorption iso-
therms of O,, N,, and CO on zeolite 10X (Danner and
Wenzel 1969, Dorfman 1974, Nolan 1978), and those of
CH,, C,H,, CoHy, CHg, C3Hg, C3Hg, nCyHyo, and CO;
on Nuxit-AL activated carbon (Szepesy and Illés 1963a, b).
The extension of this method to gas-mixture equilibria pre-
dictions is described by Suwanayuen and Danner (1980).

CONCLUSIONS AND SIGNIFICANCE

The new isotherm equation (19) is of the form

ns = 8
p= [ lbl T;—B] f(Ais, Asy, )
The first term on the right-hand side is the Langmuir
equation. The second term represents the nonideality of
the system in terms of the activity coefficient, as defined
by the Wilson equation parameters (A3 and Aj;) and the
surface coverage. This equation accurately correlates the
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single-component gas adsorption on two different types of
solids over wide ranges of conditions. The maximum frac-
tional coverage is over 0.9 in both systems. The values of
the isotherm parameters have been correlated with tem-
perature for the adsorption of O, N,, and CO on zeolite
10X (144.3K to 273.2K) and for the adsorption of the
hydrocarbons on Nuxit-AL activated carbon (293.2K to
363.2 K).

The accuracy of the developed correlation surpasses
those of the simplified statistical thermodynamic and the
virial equations. Accordingly, it is recommended for use
in predicting thermodynamic properties, such as spreading
pressures and heats of adsorption. The applicability of the

AIChE Journal (Vol. 26, No. 1)



new correlation is general, since the use of the dividing
surface in its derivation circumvents the need for the usual
assumptions about the solids and the adsorbed phase. For
example, we obtain an isotherm equation (18), having the
same mathematical form as that of the Fowler isotherm,
when the regular solution activity coefficient is employed
in its derivation, The derived equation is, however, not
subjected to the assumptions on which the Fowler equa-
tion is based (i.e., a regular localized monolayer on a
homogeneous surface). The new method can be extended
to describe multicomponent systems, since the activity co-

efficient governing the non-ideality of adsorbed mixtures
can be readily calculated from binary parameters. These
are obtained from single-component adsorption data by
using a procedure analogous to a bulk solution.

For the adsorption of the light hydrocarbons on Nuxit-
AL activated carbon, we obtained linear correlations for
1) the logarithm of the limiting adsorption amount with
respect to the van der Waals size parameter, and 2) for
the initial isosteric heat of adsorption with respect to the
logarithm of the van der Waals energy parameter.

Among various separation processes, gas adsorption on
solids is often the cheapest and therefore most favored
alternative. To design an efficient gas adsorber, adsorption
data over a wide range of temperature and pressures are
required. Therefore, an accurate correlation for interpolat-
ing as well as extrapolating single-component data for a
variety of conditions is desirable, to keep the requirements
for experimental data to a minimum. The goal of this
article is to present a single-component adsorption iso-
therm equation that gives accurate predictions. In the
paper by Suwanayuen and Danner (1980), this pure-
component isotherm is extended to the more important
case of multicomponent adsorption.

Most isotherm equations in the literature contain two
to four parameters, and all have some limitations. The
Langmuir equation is subjected to a very serious assump-
tion of no lateral interactions. The equation based on
the two-dimensional gas model in which the adsorbed
phase is governed by the van der Waals equation of
state (de Boer 1953, Young and Crowell 1962, Ross and
Olivier 1964) is limited by the simplifications required in
the derivation of the equation of state. Accordingly, these
correlations fail to give accurate predictions for most non-
ideal systems. The virial isotherm equation truncated at
an appropriate point (Barrer and Lee 1968, Barrer and
Davies 1970, Kiselev 1971) has been used successfully
for representing pure gas data. Its prediction can always
be improved by adding higher order terms. In this case,
however, the correlation becomes more empirical, and
the values of its parameters exhibit random behavior. The
simplified statistical thermodynamic correlation of Ruth-
ven (1976) contains only two parameters, and its ac-
curacy is generally good. The equation, however, was
derived for gas adsorption on molecular sieves only, and
its mathematical form is very complex.

In deriving an adsorption correlation, the theory used
should circumvent the limitations described above. A
statistical thermodynamic method (the most rigorous treat-
ment) gives rise to very complicated mathematical equa-
tions that can be applied only to specific types of systems.
On the other hand, a treatment analogous to the solution
theory used in vapor-liquid equilibria is 2 very general
approach. Based on thermodynamics, it can be applied
without directly addressing the molecular details; only
macroscopic or measurable properties of a solution sys-
tem are involved. In general, the equation should con-
tain three to four parameters to predict the isotherm ac-
curately. Including a larger number of parameters makes
it very difficult to obtain reasonable functional behavior.
In addition, a method based on the thermodynamic theory
of solutions has the advantage that it can be extended to
multicomponent systems by using already available meth-
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ods. For these reasons, a solution theory model is de-
veloped.

ISOTHERM DERIVATION

A number of developments reported in the literature
can be applied to the derivation of an isotherm equation.
Dubinin (1977) treated single-component adsorption on
molecular sieves as an equilibrium between two “vacancy
solutions” having different compositions. The vacancy is
defined as a vacuum entity having the same size as the
adsorbate and occupying the remaining adsorption spaces.
An equation of state was then derived, using the criterion
for an osmotic equilibrium. Adsorption interactions were
accounted for in terms of the osmotic coefficient. Finally,
an adsorption isotherm equation was derived for the mo-

. lecular sieve system.

Lucassen-Reynders (1972, 1973, 1976) used an un-
usual dividing surface to represent a surfactant monolayer
adsorbed at the surface of its bulk solution, and derived
the equation of state for the monolayer. The activity co-
efficient is used to account for non-ideality in the ad-
sorbed phase. His method has the advantage that it can
be extended to predict the surface pressure of a mixed
surfactant system from pure-component adsorption data.
This approach is sufficiently general that it can' be ap-
plied to other kinds of surtace phases, such as found in
the adsorption of gases on solids.

In our work, parts of the two concepts described above
are used for developing the desired isotherm correlation.
First, the equilibrium of the vacancy solutions was
adopted as the model for the gas adsorption system. The
derivation was then carried out, using the method of
Lucassen-Reynders. Before presenting any details, we first
define the model representing the adsorption equilibrium.

® Both gas and adsorbed phases are considered to be
solutions of adsorbates in a hypothetical solvent
called “vacancy.” A vacancy is a vacuum entity oc-
cupying adsorption spaces that can be filled by ad-
sorbate molecules. Unlike the results of Dubinin, its
size is not defined, since it is not required in the
present treatment,

® The properties of the adsorbed phase are defined as
excess properties in relation to a dividing surface (de-
fined later).

® The entire system including the solid is in thermal
equilibrium, but only the gas and the adsorbed solu-
tions are in osmotic or phase equilibrium with each
other.

® The equilibrium of the system is maintained by a
pressure usually called surtace, spreading, or osmotic
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pressure which arises from a potential force field at
the surface.

According to this model, gas adsorption equilibrium can
be considered as an equilibrium between a bulk surfactant
solution and its surface phase. Solvent for this system is
the vacancy, and the solutes or surfactants are the ad-
sorbates. A pure gas adsorption equilibrium thus becomes
an equilibrium between binary vacancy solutions. The
expression for the chemical potential of a component in
the surface phase was given by Lucassen-Reynders (1972,
1973, 1976).

p® = pi® + RT Inyx® + 70, (1)

The last term of the right hand side is the contribution
of the surface potential. For the bulk solution, this term
vanishes, and the equation for the chemical potential is

wf = % 4+ RT lny,-gxig (2)

Since the system is in equilibrium, both chemical poten-
tials must be equal. Theretore

me = it (3)

By applying Equations (1), (2}, and (3) to the case of
a pure solvent (which we call component 3 to allow for
easy expansion to at least binary adsorption systems), the
relationship between its standard state chemical potentials
can be obtained. Since in this situation

X =25 =1
=yt =1
and = = 0, the result is
4" = pg® (4)

Now, by reasoning that in all cases, the bulk vacancy
solution is extremely dilute (x3 ~ 1 and y3 =~ 1), the
contribution of the logarithmic term in Equation (2) to
the chemical potential of the vacancy (pg) is negligible.
The equation of state for the adsorbed phase is obtained
by substituting Equations (1), (2) and (4) into Equa-
tion (3). After rearranging terms, one obtains

— RT

az

T =

Inyssxgs (5)

The next step is to choose a composition dependent
equation for the activity coeflicient to describe the non-
ideality in the adsorbed binary vacancy solution. In this
work, two different equations are used. The first is an
equation to describe non-ideality of a regular solution. The
expression for a binary solution was adopted because we
are dealing with single-component adsorption, equivalent
to a system of binary vacancy solutions. For an adsorbed
binary solution of an adsorbate (component 1) and the
vacancy (component 3), the activity coefficient of the
vacancy is

W13

Inge” = =2 (217)? ©

This equation, the two-suflix Margules equation, contains
only one parameter. It was chosen because of its simple
form.

The second equation employed was the Wilson equa-
tion. Wilson (1964) considered the case where the com-
ponents in a mixture differ not only in molecular size, but
also in their intermolecular forces. His development pro-
vides a direct method of using binary information to pre-
dict multicomponent equilibria. These considerations, to-
gether with the proven success of the Wilson equation
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for vapor-liquid-equilibria when there are no immiscible
liquid phases, suggests that it might be useful in the case
of adsorption equilibria also.

This equation appeared to be applicable to systems
with adsorbates of different sizes and varying adsorbate-
adsorbent interactions. Further, it does not introduce un-
due mathematical complexity. In this case, the activity
coefficient of the vacancy in the surface phase is

Inyss = — In(x3° + Ag1xs°)
A
s [ Ais _ 31 ] (7)
X%+ Agaxs® %55 4+ Asixd®

Now, to define the dividing surface that represents the
adsorbed phase: Until this point, all the properties men-
tioned, except those of the bulk solution, depend on the
surface definition, since they are functions of the surface
excess mole fractions. A simple and meaningful definition
is chosen. The dividing surface is located such that the
partial molar area of both components (adsorbate and
vacancy) are equal to a constant, taken to be the re-
ciprocal of the limiting excess adsorption concentration
{ Lucassen-Reynders 1976). That is

1
Iy

)|

E1 = (8)

3 =

Since, by definition, the excess adsorption concentration is

n;
Iy = o 9
o= (©)
one obtains
- = A
1= dg = o= =a (10)

In other words, the partial molar area of each component
in the surface phase is defined as equal to the limiting
molar area of the adsorbate.

In order to relate the surface excess mole fractions,
x%, with a measurable quantity (i.e., a fractional cover-
age, 0), one has to make use of another thermodynamic
relationship

%Em;s =A (11)

or

EEJ} =1 (12)
{

By substituting Equation (10) into (12), one gets (for a
Dinary mixture)

1
rl+r3: :I‘1°° (13)
ag®
Since
Ty
S = ——— 14
X4 STy ( )
then
Iy n*
S e—— = =@ 5
* I‘lac nls.w (l )
T nss
=t = 1—¢ (16)
I"lco nls,eo

At this point, it is possible to derive the adsorption iso-
therm equation from the equation of state (Equation 5)
and the Gibbs adsorption equation. The Gibbs adsorp-
tion equation for gas adsorption on a solid is

RT d(Inp) :%dﬂ (17)
1
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By substituting for = from Equation (5) and integrating,
two isotherm equations are obtained, corresponding to

the expressions tor the activity coeflicient in Equation (6)
or (7).
_ n13'°° 6 ] [ bl 2W13 ]
”"[ b Tl Pl Rr ¢ (18)
1—(1— Aa)f ]

p= [n1s'°° [/} ][A .
by 1-9 ¥ A+ (1~ Ap)f
Asi(l — As)d (1 — Ags)d ]
[5 [—- — 19
P 1—(1—As)8 A+ (I — Aw)b (19)

The integration constant, by, is defined such that agree-
ment with Henry’s Law is assured as the pressure ap-
proaches zero,

b= (-’;7) (20)

The first bracket of each isotherm equation is exactly
the same as the Langmuir equation. The remaining terms
can be considered as correction factors to this adsorption
isotherm correlation. These terms originate from the ac-
tivity coefficient, which accounts for the non-ideality or
the solute-solvent interaction in the vacancy solution. If
the solution is ideal (i.e. the activity coeflicient is unity},
the correction terms vanish. The vacancy is actually an
abstract entity assumed to be the solvent in the model
representing the gas-solid system. Therefore, the non-
ideality accounted for by the activity coefficient is due
to various effects at the gas-solid interface. These inter-
actions, which are generally functions of the adsorption
coverage, include those between a molecule in the bulk
phase and molecules already adsorbed, and those between
an adsorbate molecule and the adsorbent. If the solid
is homogeneous, the adsorbate-adsorbent interaction is
independent of the coverage. For heterogeneous ad-
sorbents, highly active adsorption sites are filled up be-
fore less active ones. Therefore, the adsorbate-adsorbent
interaction weakens as the adsorption amount increases.

The effects of the interactions described above are im-
plicitly embedded in the values of the activity coeflicient.
They are not accounted for separately. The non-ideality
in the adsorbed solution is therefore assumed to be similar
to that in a bulk solution—such that the composition de-
pendence of both solutions can be described by the same
expression.

The isotherm equation derived by using the regular
solution activity coefficient (Equation 18) has exactly the
same form as that of the Fowler equation. The latter was
derived subject to the assumption of a regular localized
monolayer, ie. immobile monolayer with lateral interac-
tions on a homogeneous surface (Young and Crowell
1962, Steele 1974). In this model, the non-ideality is due
only to the lateral interactions among adsorbed mole-
cules. Since the imperfection in the adsorbed phase of
both models (vacancy solution and Fowler’s) is described
by the same theory {the lattice theory), it is not surprising
that the same isotherm equation was obtained. The funda-
mental difference between the two approaches is in the
assumptions made to develop the equation of state for
the adsorbed phase. The assumption for Fowler’s model
is impractical, since all solids are heterogeneous and the
immobility of adsorbed molecules is truly valid for chemi-
sorption only. In our approach, no assumption has been
made concerning either the heterogeneity of the solid
nor the mobility of the adsorbed phase. The variation of
the non-ideality with respect to concentration, caused by
various kinds of interactions, is simply assumed to obey
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Figure 1. Relationship between the limiting adsorption amount, n;%: <,
and the van der Waals size parameter, bypw, obtained for the ad-
sorption of light hydrocarbons and CO2 on Nuxit-AL activated carbon.

TABLE 1, PARAMETERS OF THE VACANCY SOLUTION MODEL FOR
TuE PURE-COMPONENT ADSORPTION OF HYDROCARBONS AND
CarsoN Dioxipe oN Nuxrr-AL AcTivATED CARBON

1159
x 103
(kmol/ Temp. by
Adsorbate  kg) (K) (kmol/kg - kPa) Als Ast

CH, 8.92 2932 1279 x 1075 1.611  2.142
313.2 8.152 x 1076 0304  3.287

333.2 5324 x 10—¢ 0285  3.508

363.2 2.920 x 10—6  0.189  3.854

CaHy 812 20932 1.823 x 10—¢  0.282  3.543
3132 8962 x 1075 0282  3.550

333.2 4521 x 105 0290  3.443

363.2 1.701 x 10—3  0.111 4160

CO, 892 2932 4.852 x 1075 0.368 2721
313.2 2,659 x 10-5 0215  3.443

333.2 1.502 x 105 0356 2812

363.2 7.734 x 10—6¢ 0338  2.960

CoH,y 7.63 2932 2.808 x 10-¢ 0928 3.033
: 313.2 1134 x 104 0982  2.728

333.2 6.439 x 10-5  0.670  3.022

363.2 2.557 x 10—% 0217  3.909

CoHs 7.05 2932 4632 x 1074 0977  3.044
313.2 1.555 x 10—¢ 1.120 2485

333.2 8.557 x 10-5 0851 2734

363.2 2.132 x 10-5  0.0565 4.718

CsHs 589 2032 4140 x 103 2351  2.259
313.2 1.590 x 10—3 3221 2135

333.2 5.599 x 104 1.832  2.169

363.2 1.840 x 10—¢ 2276 1956

CsHs 540 2932 6.255 x 103 1963  2.670
313.2 1.631 x 1073 2268  2.172

333.2 6.663 x 10—¢ 2226  2.034

363.2 2.076 x 10-¢  2.013 1.988

nCyHyy 410 2932 1.777 x 10—2 1501  2.234
313.2 4598 x 103 2923 1.145

333.2 1.820 x 10—3 3526 0979

363.2 4688 x 10-¢ 4336  0.653

the regular solution equation. Therefore, the present
method of developing the isotherm equation is a more
general one.
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Figure 2. Adsorption isotherms of nitrogen on zeolite 10X at

144.3 X and 172.0 K. Points are experimental data of Danner and

Wenze! (1969) and Nolan (1978). Solid line—vacancy solution model;
dashed line—simplified statistical thermodynamic model.
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The Fowler isotherm correlation is a well-known three-
parameter equation., In general, it can only be applied
satisfactorily to adsorption equilibria which deviate only
slightly from the Langmuir isotherm. Accordingly, it is
not investigated further. Only the new four-parameter
isotherm equation (Equation 19) is evaluated with avail-
able adsorption data,

ISOTHERM EVALUATION

The new isotherm correlation (Equation 19) was ex-
amined with pure gas adsorption data for two different
systems: Op, Np, and CO on zeolite 10X at 1443 K,
1720 K, 227.6 K and 273.2 K (Danner and Wenzel 1969,
Dorfman 1974, Nolan 1978) and CH,, CsH,, C,H,, CoHs,
C3He, C3Hg, nCy¢Hyo, and CO, on activated carbon type
Nuxit-AL (Szepesy and Illés 1963a, b). Both adsorbents
are microporous solids. The zeolite has a very uniform
pore structure, while the pore size distribution of the
activated carboun is random.

The evaluation was carried out in two steps. First, the
isotherm parameters were obtained by fitting the isotherm
equation to the experimental data, In the second step,
the temperature dependence of the values of these pa-
rameters was investigated.

A least-squares fitting procedure utilizing the Marquardt-
Levenberg optimization algorithm is used to obtain the
isotherm parameters from the pure gas adsorption data.
The optimization program is a subroutine in the Interna-
tional Mathematical and Statistical Library (IMSL).

The new isotherm equation contains four independent
parameters, n,><, by, Ay, and Ay, obtained empirically
by fitting the experimental data. Plots of experimental ad-
sorption isotherms at various temperatures given in the
works of Dubinin (1977) and Fomkin et al. (1975) in-
dicate that the limiting adsorption amount n;%* varies
negligibly with respect to temperature. Consequently, if
the n*= value is known at one temperature, it should be
approximately the same at all temperatures, and only
three parameters need to be determined. Since the most
reliable limiting value from an isotherm is obtained at the
lowest temperature, the limiting value n;%* was deter-
mined from the lowest experimental temperature available.
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Figure 3. Adsorption isotherms of nitrogen on zeolite 10X at

227.6 K and 273.2 K. Points are experimental data of Nolan (1978).

Solid line—vacancy solution model; da<hed line—simplified statistical
thermodynamic model.

Only the three remaining parameters were determined
for the other adsorption isotherms, Another reason for not
fitting all four parameters to the data at high temperature
is that the isotherms usually have very small curvatures,
unless the adsorption pressure is quite high,

In the case of the O,, Np, and CO data at 144.3 K, the
n1%> values differed slightly, depending on whether the
value was regressed from the data of Danner and Wenzel
(1969) or Dorfman (1974). The value used for n®«
subsequently affected the values of b;, Ay, and A at
the other temperatures. The isotherms predicted by either
set of parameters are essentially identical, however, for
each temperature.

An interesting correlation was obtained from the in-
vestigation of the adsorption data of the light hydrocar-
bons on Nuxit-AL carbon. A linear correlation between
the logarithms of the calculated values of n;%* with
respect to the van der Waals size parameters (bypw) of
the adsorbates was obtained from the analysis (Figure 1).
This type of correlation may be used for generalizing the
model to adsorbates of similar kinds. The correlated values
for n;%-= (line shown on Figure 1), instead of the ex-
perimental ones, were employed throughout the rest of
the fitting scheme. The vacancy solution parameters for
these systems are listed in Table 1.

The predicted curves are compared with the experi-
mental points for the two systems examined in Figures
2-5. Only a portion of the data tested are presented here;
the rest gave analogous results., The accuracy of the new
isotherm equation is quite good. Predictions by the simpli-
fied statistical thermodynamic correlation, only applicable
to the molecular sieve systems, are also shown in Figures

2 and 3. The correlation parameters were obtained by

the same least-squares technique used for the present cor-
relation, rather than by the graphical procedure described
by Ruthven. The results are not as good as those of the
new correlation. For an activated carbon system, pre-
dicted curves obtained from the vacancy solution iso-
therm equation were also compared with those calculated
from the virial isotherm equation truncated after the third
term. Since in the case of the new isotherm the values of
ny*= were fixed by the correlation shown in Figure 1,

AIChE Journal (Vol. 26, No. 1)



n? x 103(kmol /kg)

I NI I I

| 1
o L=l
0 00 200 300 400 500 600 700

P(kPa)
Figure 4. Adsorption isotherms of CoHg on Nuxit-AL activated car-
bon. Points—experimental data of Szepesy and Illés (1963a,b); solid
line—vacancy soiunon model; aotted line—virial isotherm equation.

the new equation also has only three parameters to be
calculated from the data. The predicted results by both
three-parameter correlations are quite similar, as shown in
Figures 4 and 5.

Temperature dependencies of the three estimated pa-
rameters were then investigated. The plot of the Henry’s
Law constant (b;) against 1/T (Figures 6 and 7) is linear,
as expected. This constant contains information about the
adsorbate-adsorbent interaction at infinite dilution. From
the relationship between by and T
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Figure 6. Effect of temperature on Henry’s law constant, by, for the

adsorption of Oo, N2 and CO on zeolite 10X. Solid symbols—

ni$:* obtained from data of Dorfman at 144.3 K. Open symbols—
n1S+= obtained from data of Danner and Wenze! at 144.3 K.
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Figure 5. Adsorption isotherms of CaHg on Nuxit-AL activated carbon.
Experimental data of Szepesy and Iliés (1963q,b). Curves for the
vacancy solution model and the virial isotherm equation coincide.

bl = bo epr—- (21)

ost
T

an isosteric heat of adsorption, ¢®:, at infinite dilution
can be calculated. Since the parameter by is, in general,
characteristic only of the sorbate-sorbent system, the
logarithmic plot of Equation (21) is a straight line, with
a slope of g Further investigation indicated that q®%; of
the hydrocarbons-activated carbon system could be cor-
related with the van der Waals interaction parameters,

102

03

04

0%

107

| 3y

Figure 7. Effect of temperature on Henry’s law constant, b;, for the

adsorption of light hydrocarbons and COs on Nuxit-AL activated
carbon.
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Figure 8. Relationship between the isosteric heat of adsorption at

infinite dilution, g% and the van der Waals energy parameter,

aypw, cbtained for the adsorption of light hydrocarbons and CO2 on
Nuxit-AL activated carbon.

avpw (Figure 8). Note that the point for CO, also falls
close to the line.

When the two parameters of the Wilson equation (Ais
and Aj;) were plotted with respect to temperature, the
curves shown in Figures 9 through 12 are obtained. For
hydrocarbon adsorption, the trends of these curves are
approximate functions of the sizes of the adsorbates. For
example, the trend of A;3 changes gradually from de-
creasing with increasing temperature for CH4 to increas-
ing for nC,Hj,. At present, there is still no adequate
method of correlating these parameters with temperature.
Nevertheless, an empirical equation may be employed to
interpolate their values within the experimental range.
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Figure 9. Effect of temperature on the Wilson parameter Ay3 for the
adsorption of Oz, N2 and CO on zeolite 10X. Solid symbols—
niS>= obtained from data of Dorfman ot 144.3 K. Open symbols—
n15 = obtained from data of Danner and Wenzel ot 144.3 K.

By this procedure we can predict the adsorption volumes
at other temperatures.

An example of the effects of using temperature-
smoothed parameters is given for the case of the zeolite
systems. Here the b;, Ags, and Ag values scattered, pri-
marily as a result of which 144.3 K data set is used
to calculate the n,%= values as discussed above. Smoothed
curves were constructed for these parameters as shown in
Figures 6, 9, and 10. These averaged parameters (listed
in Table 2) had very little effect on the accuracy of the
isotherm predictions. These averaged values were subse-
quently used to predict mixture adsorption equilibria as
described by Suwanayuen and Danner (1980).
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Figure 10. Effect of temperature on the Wilson parameter A3y for the
adsorption of O, Ny, and CO on zeolite 10X. Solid symbols—
ni15:* obtained from data of Dorfman at 144.3 K. Open symbols—
n1S:= obtained from data of Danner and Wenzel at 144.3 K.
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Figure 11, Effect of temperature on the Wilson parameter Ays for
the adsorption of light hydrocarbons and CO2 on Nuxit-AL activated
carbon.
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Figure 12, Effect of temperature on the Wilson parameter A3z, for
the adsorption of light hydrocarbon and CO2 on Nuxit-AL activated
carbon.

TABLE 2, PARAMETERS OF THE VACANCY SOLUTION MODEL
OBTAINED FROM THE TEMPERATURE CURVES FOR THE
ADSORPTION OF OXYGEN, NITROGEN, AND CARBON MONOXIDE
oN Zeorrte 10X

nlS.DO

x 108
Adsorb- (kmol/ Temp. by
ate kg) (X) (kmol/kg - kPa) Aj Az

(07 6.62 144.3 1.874 x 10— 0.740 1.260
172.0 3.681 x 10—5 0.600 1.520
227.6 4.652 X 10~6 0410 2.130
273.2 1.580 x 10-6 0.340 2.700
N; 5.80 144.3 3.949 x 10-3 2.530 1.840
172.0 5.087 x 10—+ 1.640 2.250
227.6 3.949 x 103 0.450 3.360
273.2 1071 x 10—3 0.200 4.550
co 6.92 144.3 8.868 x 10—2 4.650 3.120
172.0 7.730 x 10-3 3.190 3.410
227.6 4.016 x 10~* 0.910 4270
273.2 7.429 x 10-5 0.180 5.630

The vacancy solution isotherm correlation has been ap-
plied successfully to the two adsorption systems investi-
gated. For the zeolite 10X system, the equation predicted
very accurate adsorption data between the temperature
of 1443 K and 273.2 K. The maximum fractional cover-
age of the data for this system is approximately 0.91. Be-
tween the temperature range of 293.2K to 363.2K and
coverages up to 0.97, the data for the activated carbon
system are represented well by the developed isotherm.

Besides its accuracy, there are several other advantages
of the new correlation. First, the isotherm equation can
be applied to adsorption systems of gases on all types
of solids. This is so because the representation of the
adsorbed phase by the dividing surface allows applica-
tion of the vacancy solution theory, developed originally
for the molecular sieve system (Dubinin 1977) to other
solid systems. Secondly, the present model is subjected to
neither an assumption about the behavior of the adsorbed
phase (mobility versus immobility) nor an assumption
concerning the characteristics of the solid (homogeneity
versus heterogeneity). Nevertheless, these factors are ac-
counted for by the activity coefficient, and the composi-
tion dependence of the activity coefficient may be affected
by them. Finally, this vacancy solution development can
be directly extended to predict gas-mixture adsorption

AIChE Journal (Vol. 26, No. 1)

equilibria based only on the pure-component parameters
as shown by Suwanayuen and Danner (1980).
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NOTATION

a partial molar surface area of i (m2/kmol)

a molar surface area of 1 at maximum adsorption
(m2/kmol)

aypw = van der Waals interaction parameter (]'m3/
kmol?)

A = surrace area of adsorbent (m2/kg)

by = temperature independent constant for each ad-
sorbate-adsorbent system (kmol/kg-kPa)

by = Henry’s law constant (kmol/kg-kPa)

bypw = van der Waals size parameter (m3/kmol)

n® = number of moles of i on surface (kmol/kg)

n;>> = maximum number of moles of i on surface (kmol/
kg)

p = p%essure of the gas phase (kPa)

g%: = infinite dilution isosteric heat of adsorption (J/
mol)

R = universal gas constant = 8.314 ]/ (mol‘K)

T = temperature of the system (K)

Wys = regular solution parameter for surface interaction
between 1 and 3 (J/mol)

x# = mole fraction of i in gas phase vacancy solution

x; = mole fraction of { in adsorbed phase vacancy so-

lution

Greek Letters

v = activity coefficient of i in gas phase vacancy
solution

v = activity coefficient of  in adsorbed phase vacancy
solution

I; = excess surface concentration (kmol/m?)

I'1® = maximum excess surface concentration (kmol/m?)

fractional coverage

A3, Az = Wilson’s parameters for surface interaction be-
tween 1 and 3

pi = chemical potential of i in gas phase (J/mol)

u standard state chemical potential of ¢ in bulk va-
cancy solution (J/mol)

# = chemical potential of i in adsorbed phase vacancy
solution (j/mol)

9 = standard state chemical potential of { in surface—
taken to be that of pure { in equilibrium with
pure i in adjoining gas phase at its standard state
(J/mol)

w = surface pressure (N/m)
Superscripts

s = surface phase value

0 = standard state value

w = value at maximum adsorption limit
¢ = value at infinite dilution

Subscripts

i = component i

1 = adsorbate

3 = vacancy
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Vacancy Solution Theory of Adsorption

From Gas Mixtures

A new correlation that improves predictions of gas mixture adsorption

SOLOT SUWANAYUEN

equilibria from single-component adsorption isotherm data is developed,
based on the vacancy solution theory. In this theory, the adsorbed phase and
the gas phase are treated as two vacancy solutions. The vacancy is an
imaginary solvent occupying spaces that will be filled by adsorbates. The
composition relationship between the two phases is derived from thermody-
namic equilibrium criteria. The non-ideality of the adsorbed solution is ac-
counted for by an activity coefficient, whose composition dependence is
described by the Wilson equation. For an adsorption system, the binary pa-
rameters, adsorbate and vacancy, can be obtained from regression of the pure
gas adsorption data with the vacancy solution isotherm equation. These pa-
rameters are then used to predict multicomponent adsorption equilibrium,
assuming that the adsorbate-adsorbate interactions are negligible. The new
correlation has been tested on two different kinds of binary adsorption sys-
tems. The new method is more general, simpler to apply, and more accurate
than other available models. The predictions can be further improved by
taking into account the adsorbate-adsorbate interactions.

SCOPE

and
RONALD P. DANNER

Department of Chemical Engineering
The Pennsylvania State University
University Park, Pa. 16802

Numerous industrial purification and bulk separation
processes involve gas mixture adsorption. To design such
processes, multicomponent equilibrium data are needed.
Since it is very tedious to collect the mixture data, a reli-
able way to-estimate the mixture equilibrium from single-
component adsorption isotherm data is preferred. While
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a number of correlations have been developed for this
purpose, all have some limitations. Consider the ideal ad-
sorbed solution model of Myers and Prausnitz (1965) or
the simplified statistical thermodynamic model of Ruthven
(1976). The former is subjected to the assumption that the
adsorbed mixture behaves ideally, and it can not predict
non-ideal behavior such as adsorption azeotropes. The
latter method can predict the non-ideality caused by size
differences of the adsorbed molecules, but has been spe-
cifically developed for adsorption on zeolites and cannot
be applied to other substrates.

AIChE Journal (Vol. 26, No. 1)





