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A procedure based on kinetic principles is presented for the development of models for the
adsorption of mixtures of gases in any number of layers by solid adsorbents. Equations of state
for two-dimensional gas mixtures which are thermodynamically consistent with the adsorption
models are also presented. The constants in the adsorption models for mixtures are obtained
from the isotherms for the pure components. Good accuracy for the predicted adsorption of
mixtures for the data available was obtained by use of a model for the adsorption of mixtures

in bimolecular layers.

The increased use of solid adsorbents in separation proc-
esses has led to the need for methods for predicting the
equilibria of multicomponent mixtures from a knowledge
of the equilibrium adsorptions for pure components. Hill
(9) followed by Arnold (1) proposed extensions of the
BET equations (3) for the description of multicomponent
adsorption. Mason and Cooke (17) used Hill's equations
for two-layer adsorption to describe the equilibria of multi-
component mixtures.

Lewis et al. (14, 15) followed by others (6, 7, 11) ex-
tended the application of the Polanyi theory to include
the correlation of the adsorption equilibria for multicom-
ponent mixtures.

Recently, Myers and Prausnitz (19) proposed a method
that makes use of Gibbs™ equation for pure component, the
experimental isotherm for each pure component, and the
expression for an ideal adsorbed solution in the presence
of perfect gas vapors. Subsequently, Kinay and Myers
(12) suggested a modification which improved the accu-
racy of the method of Myers and Prausnitz (19) at low
pressures. To include the deviations of the adsorbed phase,
Henson and Kabel (8) proposed a method based on the
supposition of a hypothetical liquid phase in equilibrium
with the adsorbed phase. And, more recently, Myers (18)
presented a simplified method to handle ideal adsorbed
solutions.

DEVELOPMENT OF THE KINETIC MODELS FOR THE
ADSORPTION OF MIXTURES OF GASES IN
BIMOLECULAR LAYERS

The development of the models for the adsorption of
mixtures of gases is a rather obvious extension of Lang-
muir’s kinetic model for the adsorption of a pure compo-
nent. The model for the adsorption of mixtures in uni-

molecular layers was first proposed by Markham and Ben-
ton (16), and it has been used to describe both physical
and chemical adsorption (2, 4, 10, 15, 22). The model for
unimolecular adsorption is obtained as a special case of

the more general model for the adsorption of mixtures in
multimolecular layers.
Following Hill (9), Myers and Prausnitz (19), de Boer
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(4), and others, the following assumptions are made:

1. The adsorbent is inert; that is, all of its thermody-
namic properties are the same in the presence as in the
absence of adsorbate molecules. As pointed out by Hill
(9), this approximation may well be inaccurate in the
chemisorption of gases by solids.

2. The surface area of the adsorbent is independent of
temperature and pressure. This assumption is subject to
the same inaccuracies as those encountered in the deter-
mination of surface areas (3) where relatively large gas
molecules and porous adsorbents are involved.

In addition, the kinetic model presented inherits some
of the basic assumptions of Langmuir (13):

1. Molecules striking either the bare surface or the cov-
ered surface are candidates for adsorption.

2. The probability of the evaporation of a molecule from
an adsorbed layer is independent of whether or not the
neighboring positions in a given layer are empty or filled.
This assumption could be highly inaccurate for the adsorp-
tion of highly polar compounds.

3. The total number of sites available for adsorption is
independent of pressure but dependent upon temperature.

4. The total number of sites available for adsorption is
the same for all components. This assumption has the same
weakness as the first assumption 2.

5. The adsorption of a given molecule in a given layer
is independent of the identity of the molecule adsorbed
beneath it in the previous layer.

6. The ratios of adsorption equilibrium constants given
by Equation (19) are equal to the same constants for all
components.

7. The adsorption process is assumed to be at equilib-
rium.

Admittedly, these assumptions may not represent a
physically realistic model of the adsorption process; they
do provide, however, a basis for the logical development
of expressions for the prediction of multicomponent adsorp-
tion equilibria of light hydrocarbon gas systems from a
knowledge of the isotherms of the pure components.
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In the interest of simplicity, the development of the
model for bimolecular adsorption is presented for a binary
mixture consisting of components A and B. Let S, denote
the bare surface and S; the surface covered by a uni-
molecular layer of A and B; that is, it is postulated that
the rates of adsorption and desorption of say A are unaf-
fected by the composition of the first layer. The mechanism
may be formulated as follows:

kya
A(g) + So & AS,
k'14

ki

B(g) + So & BS;
k'1p
(1)
koa
A(g) + 5: & AS;
k'2p

kop
B(g) + 51 = BS;
k'sp

The quantities k14, k’1a denote the rate constants for the
adsorption of A on the bare surface, and ksa and k’p4 are
the rate constants for the adsorption of A in the second
layer. Let C14 and Cp4 denote the pound moles of A ad-
sorbed in the first and second layers, respectively, per unit
mass of adsorbent. The symbols for component B are de-
fined in an analogous manner. Let Cr represent the total
pound moles of sites available for adsorption per unit mass
of adsorbent, and let Cs, and Cgs; denote the pound moles
of vacant sites in the first and second layers per unit mass
of adsorbent. The rates of adsorption of A on the bare sur-
face S and on the first layer S; are given by

(fa)as = kia pa Csoe and  (ra)az = koa pa Cs; (2)

respectively. The rates of desorption of A from the bare
surface and from the first layer are given by

(ra)ae =Ko Coa  (3)

respectively. The rate expressions for component B are
stated in an analogous manner. At equilibrium, the rates
of adsorption and desorption for each layer are equal
[(ra)a1 = (ra)a1 for example], which gives

(ra)a1 = K14 C1a, and

Cia = Kia Pa Cso
Cis = Kip PB Cso
Caoa = Kza pa Cs;
Csp = Kz pr Cs,y

(4)

where Ky; and Kp; (i = A or B) are the adsorption equi-
librium constants for the first and second layers, respec-
tively (3.150, KlA = klA/k,lA)-

The concentration of vacant sites is given by

CSo = CT - CIA - CIB (5)

When the first two relationships of Equation (4) are com-
bined with Equation (5) and rearranged, the following
result is obtained:

C
Cso T

_1+K1APA+K13PB

(6)
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Fig. 1. Comparison of experimental isotherms ot 20°C. [determined
by Szepesy ond llés (20)] with the isotherms curve fitted by the
bimolecular-layer model.

Substitution of this result into the first two expressions of
Equation (4) yields

[ Cr ]
Cia=K 7
1 1APA-1+K1.4P,«a+K11-3PB ™
and
_ Cr ]
Cig =K 8
1B prB'1+K1APA+KlBPB (8)
Since
Cs; =Cia+ Cyp (9)

Equations (7) and (8) may be added to give an expres-
sion for Cg, in terms of ps and ps. Use of the expression
so obtained to eliminate Cg, from the last two expressions
given by Equation (4) yields

Cr(Kia pa + Kip pB) ]
Coa =K [ 10
24 24 Pa 14+ Kia pa+ Kiz pB (10)
K K
Cos = Kop ps [ Cr(Kia pa + Kin o) ] (11)

1+ Kia pa + Kin pa

Then the total surface concentrations of A and B follow
immediately from Equations (7), (8), (10), and (11);
namely

Ca=Cia+ Ca

e [ Koa pa(Kia pa + Kip pB) + Kia pa
T 1+ Kia pa + Kin ps

| a2

Cp=Cip+ Cas
-C [ Kzp pa(Kia pa + Kis ps) + Kis pB
T 1+ Kya pa+ Kip pB

For the general case of the adsorption of a multicom-
ponent mixture in two layers, the total surface concentra-
tion of any component i is given by

| a3

Ky pi ( Ky pi ) + Ku pi
1

i=

Ci=Cu+ Cu=Cr

c

1+ 2 Ky ps

i=1

(14)
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For the special case of the adsorption of a pure com-
ponent A, Equation (14) reduces to

Ca Cia+ Coy _KZAP(KIAP)+K1AP
Cr Cr 14+ K P
This same result may be obtained by use of the BET equa-

tions for two-layer adsorption (3).
For the special case of the adsorption of mixtures of

(15)

gases in unimolecular layers, Cy; = 0, and it is readily
shown that Equation (14) reduces to
C
C,' = K]i Pi T (16)

1+ > Kupi
i=1

For the case of a pure component, this expression [Equa-
tion (16)] reduces to Langmuir’s isotherm. An expression
for the adsorption of mixtures which was of the same
general form as Equation (16) was proposed by Markham
et al. (16). Actually, their model was more general than
the one given by Equation (16) in that the total number
of sites available for adsorption was assumed to depend
upon the identity of each component i; that is, the model
of Markham et al. is given by replacing Cr in Equation
(16) by Cr;.

KINETICS MODEL FOR THE ADSORPTION OF
GASES IN n LAYERS

When the mechanism implied by Equation (1) is ex-
tended to include the adsorption of n layers as follows
for two components A and B

k3a
= AS,
k'ga

Alg) + S,

k3B
f=4 A52
k'3

kna
= ASn_ 1

K'na

A(g) + Sn—l

knB
F=4 BSn_ 1
k'np

B(g) + Sn—l

it is readily shown in a manner analogous to that used to
obtain Equation (14) that the concentration of any com-
ponent i of a multicomponent mixture adsorbed in n layers

is given by

Ci=
(PiCr)(Kii + Koi by + Ko prdbs + ... + Knidrds - . . $n—1)
1+ ¢
(17)
where
$i= 2 Kips (1=j=n-—1) (18)
i=1

For the adsorption of mixtures in n layers, let it be postu-
lated that

L= Ko  Ksi Ky _ K = constant
K;; Ky, K e Ky -
(19)

Thus, it follows that:
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V=m— ===, = = constant  (20)
é1 ¢ P3 $n—-1
and also
¢2 = vy Ky = vKy;
3 = v¥y Ks; = »®Ky;
by = 3¢, Ky = *Ky; (21)
¢;n : V'nwlqsl Kni : Vn._lKli

Equation (17) reduces to the following general expres-
sion for the total concentration of component i in n ad-
sorbed layers of a multicomponent mixture:

C _[CTKuPi

i = 1T 4 ] [ 14 vy + v3,% + 05613 + 1104

{(n—1)n

+ ... +v 2
For two layers, this expression reduces to
C, = [ Cr Kui p

1+ ¢y

and for the two-layer adsorption of pure component i, the
expression further reduces to

[CTKHP
1+Ku P

¢1"_1] (22)

| w0 (23)

;= ] (14 vKyP) (24)

THERMODYNAMIC CONSISTENCY OF
ADSORPTION MODELS

A proposed model for the description of vapor-liquid
equilibria is said to be thermodynamically consistent if it
satisfies the Gibbs-Duhem equation. Similarly, a proposed
model for the description of the equilibria between vapors
and adsorbed phases is said to be thermodynamically con-
sistent if it satisfies the Gibbs’ equation (or Gibbs™ for-
mula), which may be stated as follows:

dTr_
RT -

1

C dlog. fiV (atconstantT) (25)
=1

If the gas phase behaves as a perfect gas mixture, this
expression reduces to

d c dp;
- Ce i3 (at constant T')
i=1 pi

AT - (26)

For the adsorption of a pure component i, Equations (25)
and (26) reduce to

_— = . 14

i i d log. f (27)
and

dr__ Go dlog, P (28)

RT O @08

respectively. The concentration C;” has the units of pound
moles of component i adsorbed per unit area. Then, if a is
the surface area per unit mass of adsorbent, it follows that

Ci=C;/a, and C;°=Cy/a

The formula for C° as given by the kinetic model for
two-layer adsorption is obtained from Equation (14) by
dividing both sides by a.

The following expression for the spreading pressure =
for two-layer or bimolecular-layer adsorption satisfies the
Gibbs” equation
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= Cr” {loge (1 + ¢1) + v[¢1 — loge(1 + ¢1) 1}
(29)

The total differential of = at constant T is given by the
formula

T
RT

4

dr = 2 -:l dp; (at constant T)

1

(30)

i=1
Then, for each i, the partial derivatives are found by use
of Equation (29):

K Ky
e (ree 5]
1+ 14+ 41

1+ vy
1+ ¢
Thus, the total differential dr is given by

dr & [ (1+v¢1)] dp;
—_—= Cr* Kypi \ —— —_—
R - 2 Lo Ren g pi

In view of the formula for C; as given by the kinetic model
[Equation (23)1], it follows that Equatior (32) reduces to
Gibbs’ equation [Equation (26)].

The preceding analysis serves not only to establish the
thermodynamical consistency of the kinetic model, but it
also establishes Equation (29) as the equation of state of
the adsorbed phase for either pure components or mixtures
whose isotherms obey the relationship indicated by Equa-
tion (23).

The equation of state for the case of the adsorption of n
layers of a multicomponent mixture which is thermody-
namically consistent with Equation (22) is given by

RT 6pi

= Cr” Ky [ ] (31)

(32)

n
w
._CO'E: . 33
RT ! “ Xi (33)

where
x1 = loge (1 + ¢1)
X2 = —vx1 + vy

Vhi®
— 2.
3 = —vixs +
X X2 P}
25,3
Xxs = —¥xs +
3
V10¢14
— .4
5= —vixa +
X X: p)
(n—1)n
v 2 d)ln—l
xn= — V" Ixn_1 +

n—1

Although Equation (33) is applied with about equal ease
for any arbitrary number of layers, only the first two terms
(1 4 w»¢;) of the series in this expression (which corre-
sponds to adsorption in bimolecular layers) were needed
to represent the available experimental results with good
accuracy.

USE OF THE BIMOLECULAR-LAYER MODEL FOR THE
PREDICTION OF THE ADSORPTION EQUILIBRIA OF
MIXTURES OF GASES BY SOLID ADSORBENTS

The procedure described for the use of the two-layer
(or bimolecular-layer) adsorption model in the correlation
of adsorption data is precisely analogous to that employed
for a model based on three or more layers.

Since the same constants appear in Equation (23) as
appear in Equation (24), it follows that the isotherms for

Vol. 16, No. 5

AIChE Journal

TaBLE 1, CONSTANTS FOR THE BIMOLECULAR-LAYER-
ADSORPTION MODEL: BAsED on THE DATA OF SZEPESY
AND ILLES (20) FOR THE ADSORPTION OF PURE COMPONENTS
oN CareoN AT 20°C. aND AT PrEssures BeLow 1,000 MM, He.
(Use pressure units in pounds per square inch absolute to
obtain pound mole adsorbed per 100 Ib. of adsorbent. )

Component Ky;
Ethylene 0.2043
Ethane 0.3125
Propylene 2.5819
Propane 2.1261
Carbon dioxide 0.0818

Cr = 0.3816
v = 0.0043

Carbon nuxit—AL, particle size: 1.5 mm.
Diameter: 3 to 4 mm. long.

the pure components may be employed to determine the
constants appearing in the expressions for mixtures. How-
ever, at high pressures, the partial pressure and total pres-

sure in Equations (23) and (24), respectively, must be
replaced by their corresponding fugacities to give

1+ v Ky £/ ]
Ci ur - C K i iV [——— 34
[ ]clom;onent T f 1 -+ Kli fiV B ( )
¢ N
1+v 2 Ky f¥
- i=1
[Ci]mixture = CT K1i fiV . (35)
1+ 3 Kuf
i=1 J

where f;V is the fugacity of pure component i evaluated at
the total pressure and temperature of the adsorption, and

fi¥ is the fugacity of component i in the vapor phase of
the multicomponent mixture that is in equilibrium with
the adsorbed phase.

The curve fitting of all the isotherms was done simul-
taneously, and the quantities Cr and » were common for
all components while the Kii's were determined from the
isotherms of the respective pure components. Once the
above step has been completed, the individual Kys can be
used in Equation (35) to predict the equilibrium adsorp-
tions for gas mixtures.

In this work, the coefficients were found by fitting pres-
sures in pounds per square inch absolute vs. surface con-
centrations given in pound moles of a component adsorbed
per one hundred pounds of adsorbent material. This choice
of units gives values of Cr at room temperature that range
from 0.2 to 0.5 for the adsorption of the light hydrocarbons
on most silica gels and activated carbon adsorbents. For
the systems considered, the variation of the coeflicients Cr,
v, and the Ky;’s with temperature could be curve fitted by
use of exponential functions of the reciprocal of the ab-
solute temperature.

The constants in Equation (34) were determined for
each component by use of data that covered a range of
pressures of the same order of magnitude as the respective
partial pressures of these components in the mixtures of
interest. The use of the proposed expressions [Equation
(34) and (35)] for the prediction of the adsorption of
mixtures of gases from the isotherms of the pure compo-
nents is demonstrated by use of the data of Szepesy and
Ilés (20, 21) and the data of Mason and Cooke (17).

The pure component isotherms given by Szepesy and
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TABLE 2. STANDARD DEVIATIONS FOR THE PREDICTED
IsoTHERMS FOR THE PURE COMPONENTS AND FOR
THE PREDICTED ADSORPTION EQUILIBRIA FOR FIVE

OF THE BINARY PAIRs INVESTIGATED BY
SzepEsY AND ILLES (20)

Component Standard deviation
Ethylene 0.058
Ethane 0.077
Propylene 0.052
Propane 0.032
Carbon dioxide 0.074
Binary pairs 0.086

Illés were curve fitted for a range of pressures extending
from 30 to 1,000 mm. with the aid of regression analysis
(see Figure 1). The function minimized was the square
of the fractional deviations of the predicted values from
the experimental values.

The constants in Equation (34) which were deter-
mined for the pure components on the basis of the data
of Szepesy and Illés (20) are shown in Table 1. The
coefficients for the pure components given in Table 1 were
then used in Equation (35) for the prediction of the ad-
sorption equilibrium for multicomponent mixtures. Com-
parisons of the predicted experimental values for the
adsorption of several binary mixtures studied by Szepesy
and Illés (21) are given in Figure 2 and elsewhere.® Table
2 gives the standard deviations for each of the predicted
isotherms from the experimental pure component values
as well as the standard deviations of the predicted equi-
libria for five gas mixtures from the corresponding ob-
served equilibria.

The relatively small value » for the data of Szepesy and
Illés implied that only one layer was present to any ap-
preciable extent. For Szepesy and Illés data, » = 0.005
and ¢; == 2. The terms in the numerator of Equation (22)
represent the contributions of the second, third, and
higher-order layers relative to the first layer; that is

first Jayer: 1.0
second layer:
third layer:

vy = (0.005) (2) = 0.01
B2 = (0.005)3(2)2 = 0.0000005

which clearly indicates that in this case the predicted in-
fluence of the second layer is only 19 and that a direct
curve fit to a one-layer model would have produced equiv-
alent results.

The use of the constants for the pure components in the
prediction of the equilibrium adsorptions of multicom-
ponent mixtures is demonstrated by the following illustra-
tive example.

lllustrative Example

Calculate the predicted equilibrium adsorptions on the
adsorbent used by Szepesy and Illés (20, 21) for the case
where the gas phase contains 11.5% ethane and 88.59
ethylene at the equilibrium temperature and pressure of
20°C. and 759.5 mm., respectively.

Solution. From Table 1:

Cr =0.3816; v»=0.0048
Keong = Ky = 0.3125
KC2H4 = K12 = 0.2043

© Tables 5 through 10 have been deposited as document 00982 with
the ASIS National Auxiliary Publications Service, c¢/o CCM Information
Sciences, Inc., 22 W. 34th St., New York 10001 and may be obtained for
$2.00 for microfiche or $5.00 for photocopies.
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TABLE 3. CONSTANTS FOR THE BIMOLECULAR-LAYER MODEL:
Basep oN THE DATA OF Mason AND Cookke (17) FOR THE
AvsorpTION OF PURE COMPONENTS ON SiLica GEL aT 100°F.
AND HiGH PRESSURES
(Use pressure units in pounds per square inch absolute to

obtain pound mole adsorbed per 100 b, of adsorbent.)

Range of curve fits,

Component Ky Ib./sq.in.abs.
Methane 0.0018 0 to 1,400
Ethane 0.0072 0 to 400
Propane 0.023 0to 20
i-butane 0.068 0to 20
n-butane 0.076 0to 20
i-pentane® 0.21
n-pentane 0.28 0to 10
n-hexane 0.85

Cr = 0.4098

v = 0,1252

® Estimated by extrapolation, see Figure 3.

Because of the relatively low pressures at which these
adsorptions occur, pressures instead of fugacities may be
used in the predictions:

P = 759.5 mm. or 14.687 Ib./sq.in.abs.
Peans = P1 = (0.113) (14.687) = 1.689 lb./sq.in.abs.
Pcong = p2 = (0.885) (14.687) = 12.998 Ib./sq.in.abs.

The surface concentrations may now be computed by use
of Equation (35) as follows:

CCsz =C; =

o [57)
(0.3816) (0.3125) (1.689) L1 + 0.0048 | i=t
1+ [(0.3125) (1.689) + (0.2043) (12.998)1

= 0.04888 g.-moles of C;Hg¢/100 g. of carbon.

(0.38186) (0.2043) (12.998) [1 + 0.0048 L=1 }
1+ [(0.3125) (1.689) + (0.2043) (12.998)]

= 0.2460 g.-moles of C;H4/100 g. of carbon.

Ceony = Co =
[

Ky pi

Thus
volume of CsHg adsorbed (at
0°C. and 760 mm.)/

g. of carbon = 10.95 cc./g.
volume of CyH, adsorbed (at R
0°C. and 760 mm. )/

g. of carbon = 55.10 cc./g.

The corresponding experimental observations were 10.62
cc./g. (for ethane) and 55.02 cc./g. (for ethylene) as
given by Szepesy and Illés (21), and the respective devia-
tions of the experimental and predicted adsorptions were
3 and 0%.

CORRELATION OF THE DATA OF
MASON AND COOKE (17)

The pure component data of Mason and Cooke (17)
were used to determine the constants in Equation (34).
In order to estimate the equilibrium adsorption constants
for i-pentane and n-hexane, the graph shown in Figure 3
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TasBLE 4, COMPARISON OF THE EXPERIMENTAL AND PREDICTED ADSORPTION EQUILIBRIA FOR MIXTURE A ON Strica GEL AT
100°F. anp 1,400 LB./5Q.IN.ABs. BAsep oN THE DATA oF MasoN AND Cooke (17)

Experimental,
Fugacity factor,  Ib. mole/
Compenent Yy /Py 1,000 Ib.
Methane 0.9184 0.870 -
Ethane 0.0400 0.580 —
Propane 0.0240 0.395 0.335
i-butane 0.0068 0.325 0.274
n-butane 0.0056 0.300 0.235
i-pentane 0.0020 0.250 0.187
n-pentane 0.0012 0.230 0.136
n-hexane 0.0020 0.160 0.516

was prepared, and the K's for these components were ap-
proximated by extrapolation as indicated. The complete
set of coefficients for the pure components is given in
Table 3. Comparison of the adsorptions predicted by use
of Equation (35) and those observed by Mason and Cooke
(17) for mixture A is given in Table 4. The corresponding
comparison for mixture B is not significantly different, and
it is given in Table 10.®

It should be remarked that the relatively large value of
v given in Table 3 reflects the fact that the model predicts
a significant amount of adsorption in the second layer. For
these data, » = 0.125 and ¢; == 2. The ratios of the
amounts adsorbed in each different layer relative to the
first layer follows:

first layer: 1.0
second layer:
third layer:
fourth layer:
fifth layer:

why = (0.125) (2) = 0.25
B2 = (0.125)3(2)2 = 0.008

84,3 = (0.125)8(2)3 == 0.00003
1044 = (0.125)10(2)4 = 0.000000015

The above results indicate that the second layer con-
tributed approximately one fifth of the total amount ad-
sorbed and is therefore quite important. The third layer
would have contributed less than 19, and the effect of
higher-order layers is negligible. Curve fitting of the data
to models based on one layer, two, three, four, and five
layers indicated a significant improvement in the curve
fits when going from one layer to two layers, only very
small changes in the values of the coefficients when going
from two to three layers, and negligible changes between
the predictions of models assuming more than two layers.

The multicomponent equilibrium values predicted by
the one-layer model for the high pressure data were inac-
curate. For the case of models of two or more layers, the
predicted values were accurate, and there were negligible
variations among the multicomponent equilibrium values.

In the correlation of the data, the values for both the
fugacities of pure components and the fugacities for the
components in mixtures were taken from work of Edmister

(5).

CONCLUSIONS

The procedure proposed for the development of adsorp-

tion models from kinetic considerations is seen to be rela-
tively easy to apply. From the demonstrated use of this
procedure in the development of the models for the ad-
sorption of mixtures in bimolecular layers as well as n
layers, it is evident that the procedure may be extended

® See footnote on p. 722,
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Percent deviations
Calculated Mason and
Mason and Cooke This method Cooke This method
—_ 2.605 —_ —_
— 0.304 —_ —_—
0.322 0.394 —4 18
0.192 0.273 —30 —1
0.235 0.232 0 —1
0.144 0.191 —23 2
0.125 0.140 -8 3
0.480 0.494 -7 —4

to include the development of more generalized models
wherein the number of molecules of any component ad-
sorbed per site, say A, may vary from layer to layer. For
example

aoA(g) + So = AaOSO

alA(g) + S‘1 = Aa‘51

anA(é) + én(‘;“) A;nsn

The models proposed for the adsorption of mixtures
provide a quick and simple procedure for the prediction
of adsorption equilibria for mixtures on the basis of
parameters determined from the respective isotherms of
the pure components of the mixture. Equilibrium adsorp-
tions were predicted with good accuracy by the bimolecu-
lar model at both low and high pressures when applied to
systems of light hydrocarbon gases.

A two-dimensional equation of state which is thermody-
namically consistent with the model for the adsorption of
gas mixtures in any number of layers is presented. Since
the two-dimensional equation of state and corresponding
adsorption model for the same number of adsorbed layers
form a thermodynamically consistent set, it is anticipated

1.0
Ll
)
<
I o.8}
o
0
<
Q
0.6}
I
-
Z
BINARY PAIRS:
Z 0.4
o . ETHYLENE -PROPYLENE (a)
I . ETHANE - PROPANE (+)
O . CARBON DIOXIDE-ETHYLENE(®
é - ETHYLENE~ETHANE (o)
w 0.2 . PROPANE-PROPYLENE (0}
W
-l
o
=
0.0 ] | |
0.0 0.2 0.4 0.6 0.8 1.0
MOLE FRACTION IN THE ADSORBED
PHASE

Fig. 2. Comparison of experimental (27) and predicted adsorption
equilibria for binary gas mixtures at 20°C. and at pressures approxi-
mately equal to atmospheric.
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1.0
N-Cg 1
- /
C; = 0.4098 y '/
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Fig. 3. Constants for the bimoleculor-layer model for pure com-
ponents: based on the high pressure data of Mason and Cooke (17).

that they may be used for the prediction of thermodynamic
properties of the adsorbed phase.
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NOTATION

A(g) = component A in the gas phase

AS; = component A adsorbed on the bare surface

AS; = component A adsorbed in the second layer

a = surface area of the adsorbent per unit mass

C: = concentration of component i in the adsorbed
phase, Ib. moles of component i adsorbed/unit
mass of adsorbent

Cs, = concentration of vacant sites, lIb. moles of vacant
sites/unit mass of adsorbent

Cs, = concentration sites on the first adsorbed layer
which are vacant, moles/unit mass of adsorbent

Ci# = 1lb. moles of component i adsorbed/unit mass of
adsorption area

Cr = total number of sites available for adsorption,
moles of sites/unit mass of adsorbent. C;¢ =
Cr/a and has the units of Ib. moles of sites/unit
adsorption surface area

Ci14 = concentration of A in the first adsorbed layer, Ib.
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moles A adsorbed/unit mass of adsorbent. C7y4
= Cja/a and has the units of 1b. moles of A/unit
of adsorption area

Cssa = concentration of A in the second adsorbed layer,
Ib. moles of A adsorbed/unit mass of adsorbent.
C%, = Cop/a

fi¥ = fugacity of vapor composed of pure component

fV = fugacity of component i in a mixture of vapors,
1b./sq.in.abs.

kia, kK14 = rate constants for the adsorption of A on the
bare surface; KIA = klA/k,lA

koa, k’24 = rate constants for the adsorption of A on the
first layer; Koa = kga/K'2a

pi = partial pressure of component i
P = total pressure
(ra)es (ra)a = rate of adsorption and desorption of A,

respectively, moles of A adsorbed (desorbed)/
unit time/unit mass of adsorbent

R = conventional gas constant in consistent units

S, = vacant sites on the bare surface

S, = vacant sites on the first adsorbed layer; §; =
ASy + BS,

T = temperature

v = constant; defined for a multimolecular-layer ad-
sorption by Equation (19)

n = spreading pressure for the adsorbed phase, force/

unit length

¢ 2 Kip, (L=j=n)
i=1

x;j = functions (1 =j = n) of ¢, and »; defined below
Equation (33)
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