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Abstract

A new approach to the kinetics of adsorption from ideal and non-ideal binary and

multicomponent liquid mixtures on heterogeneous solid surfaces is proposed. The equi-
librium adsorption isotherms, obtained from the rate equations, are discussed in detail.

The adsorption isotherm obtained for ideal binary liquid mixtures and heterogeneous solid

surfaces is compared with experimental data.

Introduction

The fundamental law of adsorption kinetics, defining the sorption rate
dn/dt (n is the number of adsorbed molecules at the time ), is a sum of
three contributions deriving from adsorption, desorption and diffusion.!~?
After a long enough time the diffusion contribution in the sorption rate
equations becomes negligible.? Then, at the boundary case, when dn/dt=0,
the equations of equilibrium adsorption isotherms may be derived. These
equations permitting us to verify the kinetic results.

The present paper deals with the kinetics of adsorption from liquid
mixtures on solid surfaces, and especially with the equations of equilibrium
adsorption isotherms for heterogeneous surfaces resulting from the kinetic
formulation. Throughout it is assumed that adsorption and desorption are
slow compared to diffusion. This approach may be considered as a first
step towards a theory of the adsorption kinetics from liquid mixtures on
heterogeneous solid surfaces, which has not been yet considered. In the
first section of this paper the adsorption kinetics on homogeneous solid sur-
faces will be discussed, and in the second, the energetic heterogeneity of
the adsorbent surface will be taken into account. In the two last sections
this approach will be generalized to non-ideal liquid mixtures and multicom-
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ponent liquid mixtures. All considerations concern liquid mixtures of non-
electrolytes.

The generalization of our kinetic equations to that taking into account
the diffusion effects is straight forward. The effect of diffusion on sorption
kinetics can be introduced by considering that the concentration of a given
component in the solution zone immediately next to the interface changes
with time. Thus, the concentration of a given component in the bulk phase,
appearing in our kinetic relationships, should be replaced by the actual con-
centration of this component. The analytical and integral equations for the
actual concentration of a given component have been already discussed.bz#

Kinetics of adsorption from ideal binary liquid
mixtures on homogeneous surfaces

Let us consider monolayer adsorption of a mixture “1-2” on a homo-
geneous solid surface and neglect the interactions in the adsorbed and bulk
phases. Each molecule adsorbs on a well-defined site in which the molecular
area is assumed to be identical for both types of molecules. This assumption
occurs frequently in the adsorption theory of liquid mixtures.#® In the case
of adsorption from liquid mixtures on solids, the monolayer is always com-
plete. Thus, if one molecule of the 1-st component adsorbs, then simulta-
neously one molecule of the 2-nd component desorbs. For such processes
the differential equations of adsorption kinetics may be written as follows:

d

d?il =k 2, Yo — kL 2591 (1a)
d

Zf =k 20—k 21 Ys - (Lb)

In the above x; and ¥; (=1, 2) are the mole fractions of the i-th component
in the bulk phase and adsorbed phase, respectively; z; +x,=1 and y,+v,=1.
From (1 a) and (1b) it follows that

R, = kS, (2)
and

Ry=k,. (3)
For the rate constants we write

k; = Kiyexp (—E}/RT) (4a)
and

kY =K% exp(—ES/RT)  for i+j. (4D)
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?; is the difference between the activation energies of component ¢ and of
component j. EY is defined analogously. At equilibrium, . e., when dy,/dt=
0, Eq. (1 a) becomes

X,
=k (5)

From (5) one obtains

_ kyy 212
y1—1+k12x12) (6>

where
By = k&/kS, = (K5/KS) exp (Ey/RT) (7)

and xp=x/x.. In Eq. (7) E, denotes the difference between the adsorption
energies of the components “1” and “2”. For the component “2” and
adsorption isotherm, analogous to Eq. (6), may be derived:

_ k21x21
yz—"l_*_kmxm, (8)

Where x21:1/x12 and km:l/klz.
Thus, Eq. (1) generates Egs. (6) and (8), which are well-known in the theory

of adsorption from ideal liquid mixtures.>?

Kinetics of adsorption from ideal binary liquid
mixtures on heterogeneous surfaces

Let us consider the adsorption of component “1” from an ideal liquid
mixture “1-2” on an energetically heterogeneous surface. Let Y; denote
the mole fraction of component “1” in the adsorbed phase. Then

L
Y= 3 bt (9)

where y,, denotes the mole fraction of component “1” on the I-th surface

patch. If M, denotes the number of adsorption sites on the I-th surface
L

patch and M= > M, then i,=M;/M. For an energetically heterogeneous
o1

solid surface Eq. (1 a) assumes the form

z dyll L a Lz a
=Xh = xll;lklz,lyzzhz*‘le;klz,zyuhz . (10)

Using an approximation, which has been introduced by Wojciechowski et
al™® in the adsorption kinetics of gases on solids, i.e.,
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z _
z§1 ks 1Y by = kS Yot (11a)
z _
l; kY1 hy = kS Y™ (11 b)
where m,>0 is a free parameter, we get
id% = E%z T Yzm‘+1 “E(}z Zp Y™t (12)
In the above
E%z = K} exp (—EE/RT) (13 a)
and
k%, = K% exp (—E3/RT) (13 D)

where Ef, and E% are some complex type of average values of E% and Eg.
Eq. (12) generates the following relationship

(Y Yp)mtt = El2 T2 (14)

with k,=k%/k%, which gives a new adsorption isotherm :
Cia(Z1g)"
Y —_ 12 12, 1
! 1+ cra(aye)™ (15)

In the above r=(m+1)"! and c,=(ky)". Eq. (15) may be considered as
a combination of the Langmuir and Freundich adsorption isotherms. This
type of isotherm has been proposed to describe the adsorption of gases on
solids by Sips®? and recently by Bering and Serpinsky.?

Kinetics of adsorption from non-ideal
binary liquid mixtures

Assuming non-ideality of the bulk phase and ideality of the adsorbed
phase, the differential equations (1 a) and (10) may be expressed by :

dy,

d = kh ayy,— ki, a2y, (16)
and
dY, Lz L
d—t1 =ay 2 ks Yy —a 3 kY Y 17)
=1 =1

where a; (i=1,2) is the activity of the i-th component in the bulk phase.
Applying similar transformations as in the preceding sections, from Egs. (16)
and (17) we have
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_ kyp ays
Y= 1+ kypay (18)
and
- Cra(ay)™
Yo = 1+ i@y 19)

In the above ap,=a/a, and a;=f;-x; (i=1,2), where f; is the activity coe-
flicient of the i-th component. In the case of regular solution, we have

In(fi/fs) = B(1—22) where S<2 is a constant. (20)
Combination of Egs. (19) and (20) gives
Y, = Cio(x19)™ exp [Bri (1 —22)] (21)

1+ cra(zy0) exp [Br1(1 —22)]

or
Yl
In Ty = In ¢pp+7 In 25+ (1 —229) (22)

Eq. (21) contains three unknown parameters: ¢y, 7y and $, which may be
evaluated from experimental data by means of Eq. (22).

Kineties of adsorption from multicomponent
liquid mixtures

Let us consider an n-component ideal liquid mixture. Let the adsorption
ehergy of the n-th component is smallest. Then, the adsorption mechanism
may be represented by the series of quasichemical reactions between a mo-
lecule of the i-th component ({=1,2,---,7n—1) and a molecule of the n-th
component, 1. e.

(Do +(n)a == (o + () (23)

where the symbols (i) and (n) denote molecules of the components “7” and

“n”, respectively ; the subscript “b” and “a” refer to the bulk and adsorbed
phases, respectively. The kinetic equations describing rates of these reactions
may be written in the form:

~d§/7i =k, Y — kS 20 Y for i=1,2,---,n—1 (24)
At the equilibrium, 7. e., dy,/dt=0 we have
yin:kin'xin for i=1,2,-,n—-1 (25)

and
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n—1 n—1
Yo' 1Y = (=YY = 2 kinZin (26)
Eq. (26) gives
1
Yn=""7zi (27)
1 + ;;.1 kin Lin
Combining Egs. (27) and (25) we obtain
yzk_lix for i=1,2,--,n—1 (28)
1 + szl kjn Zin

In the case of kinetics of adsorption from multicomponent liquid mixtures
on heterogeneous solid surfaces we will use the approximation analogous as
in Eq. (11) (see Appendix). Then,

dY;
dt

=k, x, Y, — RS, 2, Yt

for 1=1,2,-+,n—1 and m; >0 (29
Eq. (29) generates the important relationship :
Vi)™t = ki n (30)
or
Yin = Cin(xin)"* (31)

For similar components “4” and “j”, the exponents 7,=7,=r, and the ratio
of Y; and Y; is equal to:

Y=y for i+#j (32)
or
InY;;=Inc¢ +rn z; (33)
However, the mole fraction Y; is given by
Y, = gl (349
14 2, ein(sn)™?

Eq. (15) is the special case of Eq. (34). Replacing in the above equations
the ratio z;, by a;, we obtain the analogous expression for adsorption kinetics
from non-ideal liquid mixtures.
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Applications

The adsorption isotherm (15) has been applied to describe three adsorp-
tion systems: benzene-1, 2-dichloroethane (system “1”), benzene-cyclohexane
(system “2”) and acetone-1, 2-dichloroethane (system “3”) on glass beads
at 299.5 K ; the first compound in these systems denotes the component “1”.
The experimental isotherms N, measured for small values of x, (x,<0.01),
were approximated by the following linear form of Eq. (15):

In _NTJXIN[ =lIncp+rln z, (35)

where N;=N,-Y; and N, is the total number of molecules in the monolayer.
The parameters of Eq. (35} were calculated numerically applying the best-fit
procedure. In Table 1 the parameters 7y, ¢, N, and the sum of squares
of deviations of experimental isotherms from theoretical ones are summarized.
In Table 1 the average values of E,, are also given; they have been calcu-
lated from the following equation :

E, =(RT/r)In cp—In (KY/K}) =(RT/r) In ¢y (36)

Summing up, it can be seen from Table 1 that Eq. (35) well approximates
the investigated experimental data. This equation has been obtained from
Eq. (12); for that reason Eq. (12) should also give good agreement with the
experimental data.

TaBLE 1. Parameters of adsorption calculated
according to Eq. (35)

Adsorption 3 T 104 E2 Sum of squares
system 1 ‘1z Nm+10* mol/g kcal/mol of deviations-102
1 0.911 26.25 1.6 212 1.16
2 0.774 20.74 2.9 2.32 272
3 0.822 22.54 1.9 2.24 0.88
Appendix

In equations (9) and (10) the summation may be replaced by integration.
Then, the distribution function of differences of adsorption energies, E,=E%—
E%, may be introduced ; this function is normalized to unity. Such approach
to the equilibrium adsorption from binary liquid mixtures has been also
used.® However, the generalization of Eq. (24) to heterogeneous solid
surfaces is possible by means of (n-—1)-dimensional distribution function,

161



162

M. JARONIEC

which depends upon (n—1) variables : E,,, Es,, +++, Eq_1.n. The mathematical
considerations are formally identical with that for adsorption of (n—1)-com-
ponent gas mixtures on heterogeneous solid surfaces.’®~¥
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