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By

M. JArRONIEC®
(Received September 25, 1979)

Abstract

The fundamental differential equation of kinetics of gas adsorption has been formu-
lated for adsorption of multicomponent gas mixtures on energetically heterogeneous solid
surfaces. This approach leads to a simple dependence for two arbitrary adsorbing com-
ponents; namely, the ratio of surface coverages is a simple power function of the ratio of
partial pressures. Many experimental data available from the literature fit very well this

relationship.

Introduction

The kinetics of adsorption process is determined by rates of adsorption,
desorption and diffusion. In the case of adsorption from gaseous phase the
diffusion is generally sufficiently fast that it plays no role in the determina-
tion of the kinetics. Thus the diffusion effects may be neglected.

Many attempts have been made to describe the adsorption kinetics of
single gases on homogeneous surfaces.’® Only a few of them consider the
adsorption kinetics of gas mixtures.®*” However, for the case of a hetero-
geneous surface, the kinetics of monolayer adsorption is usually discussed
at low surface coverages or at surface coverages close to unity.>%® In the
other cases, the adsorption kinetics is modelled by the empirical equations.
The recent studies of Wojciechowski et al%9 lead to the expressions de-
scribing kinetics of monolayer adsorption of single gases on heterogeneous
surfaces in the whole region of the surface coverages.

In this paper we propose an approach to the kinetics of monolayer
mixed-gas adsorption on heterogeneous solid surfaces, basing on the theory
of mixed-gas adsorption!'™?® and partially applying the results obtained by
Wojciechowski ez al.®® for adsorption kinetics of single gases.

*) Department of Theoretical Chemistry, Institute of Chemistry, M. Curie-Sktodowska
University, 20031 Lublin, Poland.
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Equation of sorption rate

Let us consider a n-component gas mixture on a heterogeneous surface
by neglecting the lateral interactions and assuming identical molecular area
for all components. Such assumptions occur frequently in the theory of
gas adsorption.”™® The fundamental equation of kinetics of gas adsorption
may be formulated as follows:

. n
AL o (M 3] Nocw. )~ Koo (1)

where the sukscripts ¢ and / concern the i-th component and /-th surface
patch, respectively ; M, is the number of adorption sites on the /-th surface
patch ; Nym,; is the number of adsorbed molecules of the ¢-th component
on the I-th surface patch; p; is the partial pressure of the i-th component;
k%, and kY, are adsorption and desorption constants for the {-th component
and [-th surface patch. According to the treatment™™® each adsorption
site is characterized by vector of activation energies of all components. Then,
the total number of adsorbed molecules of the i-th component on the whole
surface is equal to

I
Nitw = L; Niawy 1 (2)

where L is the number of surface patches. However, the rate equation
for the whole surface is

dN z(n)

N

= PzL ke (M, — 12: Nim,i) — Z kS Niw 1 (3)

Replacing in Eq. (3) the symbols Ny, and N by the relative surface
coverages, we obtain :

d Vz(n)

]

= pi Z kihy (L—0a) — 2, kil (4)

where 6;=Nyw /M, and Viu =N;m/M are monolayer surface coverages
of the #-th component from n-component gas mixture on homogeneous and

A
heterogeneous surfaces, respectively; M= >, M, is the total number of ad-
=1

sorption sites; h,=M;/M; and 0uy= 2, i) Now we apply in Eq. (4) a
iml

similar approximation to that, which has been introduced by Wojciechowski
et al®?® In the case of adsorption kinetics of n-component gas mixtures
this approximation may be expressed by means of two equations :
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L -
2 Ky (1 =) = Bt (1= Vi) X (1 = Vi) (5)
and
x -
L; kgbhlot(n) = k?zVi(m . Y(Vi(n)) ( 6 )

Simulations for adsorption kinetics of single gases® have shown that in
practice X and Y are well represented by simple power functions. Thus,
in the case of mixed-gas adsorption the functions X and Y may be ex-
pressed by :

and

Y (Viw) = (Vi)™ 5 m;>0 \ (8)
Applying Egs. (5)-(8) in Eq. (4) we get

AV By (L= Vot — B (Vi (9)
At the equilibrium Eq. (9) generates the following adsorption isotherm :

(Vi)™ (1= Vi) t = (R RS)p; (10)

The constants w and m; may be treated as heterogeneity parameters. For
many adsorption systems these parameters are approximately identical, i.e.,
w=m; and then we get

AV B (1= Vi)t = (Vi) (1)
and
View = "—“Cinl ‘i)r“‘ — (12)
1+ j; ci(py)
where
r=(w+1)"! and ¢, = (k/kY" (13)

The adsorption isotherm (12) is very similar to the equation of adsorption
isotherm of single gases, which has been obtained by Sips.2?

The presence of a precursor state

The generalization of the results of Crickmore and Wojciechowski®,
concerning the presence of a precursor state, to the mixed-gas adsorption
gives the following rate equation :
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dViw _ kM, Sy :
dtt( ) Mp [V (D1, P2 +++» Pu)]*" — B (Vi )i+ (14)

where M, is the initial number of adsorption sites in the preadsorbed state,
M is the total number of adsorption sites, and VY, is the adsorption isotherm
for the precursor. Let us consider two equations for VY%, ; Henry’s and
Langmuir’s isotherms. In the first case we get

d Vi(n) _ E%Mp

dte — M
At the equilibrium Eq. (15) generates the classical Freundlich isotherm at

(K i)wo“‘lsg(vum)miﬂ; w’>0 (15)

low adsorbate pressures :

BM,

Vi =| Fo (R | pervnaes (16

“:Il/(mi+ v

where K! is the Henry’s constant for ¢-th component. The application of
the Langmuir isotherm in Eq. (14) leads to the following rate equation :

Vi _ BM, [ ape ", '
d;( » MP [ anP ] — B Vi)™t (17)
1+ j};l ap;

which generates the following mixed-gas adsorption isotherm :

= ) .
k‘;Mp ]l/(m;ﬂ) '[ aiPi ]w /(mi+ D

Viw = [W - 21—: i, (18)

If (B2 M,)/(k M)=1 we get from Eq. (18) the generalized Freundlich adsorp- |

tion isotherm for gas mixtures,

View = [__a%pt;__]“ 5 ro=w"(m;+1) 19
1+ ]g;l apy (19)

" which has been earlier obtained by Jaroniec.?®

Analysis of adsorption isotherm (12)

The most interesting equation of adsorption isotherm for gas mixtures
is Eq. (12). The ratio of two partial isotherms Viu, and Vi, for i#j,
given by Eq. (12), is equal to:

Vil Vim = (cdey)(pi/ps) . e (20)

Eq. (20) may be rewritten in this simpler form :
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Vism = Cip*us” (21)
or

In Vijo =Inciy+71n pyy (22)
where Vi = Vi /Vim, ciy=cilc; and py=pi/p;.

Now let us discuss the constant ¢;; more exactly. According to the

papers®® the constants £ and k¢ may be expressed in the form:

k= K* exp (—E2/RT) (23 a)
and

kS = Klexp (—EYRT) (23 b)

where E? and E¢ are average activation energies for adsorption and desorp-
tion, respectively, whereas, K? and K¢ are pre-exponential factors. Using
the definition of ¢;; and Egs. (23 a) and (23 b), we obtain :

8 j7d Yr ffd__ foa\ _ (8 _ fra
Cif:[ﬁf}llgé] exp[r(E’ EL)R;(E] E])] (24)
As it is known, that the difference between E? and E? is equal to the ad-
sorption energy E; thus

(B} —E3)—(E{—EY) = Ei—E;= Ey (25)

and
ci5 = (K%,K3,)" exp (rEy;/ RT) = (c;5)" (26)

From Eq. (22) the difference of the isosteric heats of adsorption, Q;w and
Qity, may be evaluated, it is

Qi = Qi — Qjtny = RT*(dlnpyy/dT)y,, v, .., =
—RT?(dInc,/dT) for r(T) = const (27 a)
and
Qusow = —RT*(dinc;y/dT)+ RT*[d(1/n)/dT|In Visen (27 b)
for r(T) = const
After a few simple manipulations in Eqgs. (27 a) and (27 b) we get
Qijm = —RT’[dln(K%,K‘}i)/dT] +E;; for r{T) = const (28 a)
and
Qujw = — RT[dIn(K3;K$,)/dT| + Eyy+ RT2[d(1/7)/dT |In Vijee
for »(T)+const (28 1)
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For chemically similar components 7 and j, the product K2 K9, is practically
temperature independent, ¢. e.,

K2 (T)-K$,(T) = const (29)
Then

Qujay = Eyy for »(T) = const (30)
The exact analysis of the function r(7) leads to the following expression® :

r(T)=#RT where # = const (31)
Using in Eq. (28 b) the assumptions (29) and (31) we obtain

Qi = Egy =(1/AInV,yin) (32)

The selectivity coefficient s;;, defined by the equation®

i1 = PiiVism (33)
for adsorption isotherm (12) is equal to:

Sij = V”(n) (r—l)/r.czj (34)
Taking into account the relationships (27 a) and (27 b) we have

dlns;,/dT = —(1/Re*) Qijemy for r(T) = const (35 a)
and

dins;;/dT = —(1/RT*)Qijm +(1/#RT®In Vij(n) (35 b)
The last equations after integration give :

Ins;; = Qyjm/ Rt +const (36 a)
and

Ins;; = Qijonr/ RT —InVyjiny/(RT #) + const (36 b)

Applications

To demonstrate the well applicability of the adsorption isotherm (12),
the experimental data available from the literature,®~% concerning the mixed-
gas adsorption, have been taken to compute the best-fit straight lines ac-
cording to Eq. (22). These data have been measured for adsorption of
simple hydrocarbons on different carbon adsorbents, silica gel and adsorption
of nitrogen on cesium iodide (Table 1 contains some informations about the
adsorbent samples). However, in Table 2 the parameters of Eq. (22), ¢.e.,
7, ¢z and the standard deviation

M 2 1/2
SD ={3:[in iz, —In Vith,] (M—2)} )

f=1
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TaBLE 1. Informations concerning the adsorbent samples

Abbreviation of the Specific surface area

Adsorbent Reference

adsorbent sample (m2g-1)
Charcoal “Nuxit-AL” NA 26 1200
activated carbon AC1 30 —
activated carbon AC2 27, 28 705
silica gel SG 27, 28 751
cesium iodide CsJ 29 —

TABLE 2. Parameters of Eq. (22) characterizing the mixed-gas
adsorption systems

No, ixdsor- G20 X Temp pera » o sDag B Ex® e
e gas 1 gas 2 (K) L (cal/mole) B
1 NA CH, C,H, 293 18 0956 0779 7.59 —150 — —
2 NA CH;y C,Hg 293 18 0.904 0.598 6.58 —330 — —
3 NA CH, CsHs 293 18 0996 0083 806 —1460 — —
4 ACl CH, CsH, 280 22 0959 0070 139 —1550 —1600 31
5 AC1 C,H, CsH, 298 22 0893 008 117 —1660 —1670 31
6 SG CH, CH; 273 20 0958 0132 193 —1150 -1140 25
7 SG C,Hy C3Hg 273 20 0935 0525 10.2 —380 — -
8 SG  CH, CsH; 298 20 0982 0548 598 —360 —190 25
9 SG CH, CsHy 313 20 0984 0551 643 —380 - —

10 NA C,Hs CsHg 333 18 0879 0.174 347 —1320 —1080 25
11 NA CgHy CHp, 293 18 0954 0321 150 —690 —630 25
12 AC2 C;Hs CgHg 208 19 1000 1.107 227 —60 140 25
13 NA CO, CpH, 203 18 0940 0373 434 —620 —9%0 25
4 Cs] N co 836 21 0772 0059 129 —610 —- -

&2  Reference concerning the given adsorption system.
b Reference from which the value of E;® was taken.

are summarized. The symbols V&5 . and V2, denote the experimental
and calculated relative surface coverages Vi /Vaue for the S-th point, respec-
tively, whereas, M is the number of experimental points. The subscripts
1(2) and 2(2) refer to the relative surface coverages of the 1-st and 2-nd
component adsorbing from binary gas mixture. In Table 2 the values of
E,; are also summarized ; they have been calculated according to Eq. (26) by
assuming K?;K%,=1. These values have been compared to the literature
data (next column in Table 2). Fig. 1 presents the linear dependences (22)
for five chosen adsorption systems. It follows from Table 2 and Fig. 1
that Eq. (22) is a good equation for characterizing the adsorption systems.
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Fig. 1. Linear dependences In Viyz vs. Inps calculated according
to Eq. (22) for five chosen adsorption systems. The integers
at straight lines denote No. of adsorption system summa-
rized in Table 2.

References

V. Ponec, Z. Knor and S. Cerny, Adsorption on Solids, Butterworths, London,
1974, pp. 254-301.

A. Clark, The Theory of Adsorption and Catalysis, Academic Press, New York,
1970, pp. 209-229.

Z. G. Szabé and D. Kallé, Contact Catalysis, Akadémiai Kiadd, Vol. 1, Budapest,
1976, pp. 209-233.

J. F. Baret, J. Colloid Interface Sci., 30, 1 (1969).

Z. Sedlacek, Collection Czech. Chem. Commun,, 37, 1765 (1972).

Z. Sedlacek, Collection Czech. Chem. Commun., 35, 763 (1970).

J. F. Baret and A. G. Bois, Can. J. Chem., 46, 3211 (1968).

V. L. Levin, Usp. Khim. SSSR, 17, 174 (1948).

R. R. D. Kemp and B. W. Wojciechowski, Ind. Eng. Chem. Fundamentals, 13,
332 (1974).

P. J. Crickmore and B. W. Wojciechowski, J. Chem. Soc. Faraday I, 73, 1216
1977).

M. Jaroniec, J. Colloid Interface Sci., 53, 422 (1975).

M. Jaroniec and W. Rudzifiski, Surface Sci.,, 52, 641 (1975).

M. Jaroniec, J. Chem. Soc. Faraday II, 73, 933 (1977).

M. Jaroniec and W. Rudzifiski, J. Res. Inst. Catalysis, Hokkaido University, 25,
197 (1977).

M. Jaroniec, J. Chem. Soc. Faraday II, 74, 1292 (1978).



16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)

28)

29)
30)

31)

Heterogeneity Effects in Adsorption Kinetics of Gas Miztures

. Jaroniec, Vacuum, 28, 17 (1978).

. Jaroniec, React. Kinet. Catal. Letters, 8, 425 (1978).

Jaroniec, React. Kinet. Catal. Letters, 9, 309 (1978).

Jaroniec, Thin Solid Films, 59, 249 (1979).

Jaroniec, Thin Solid Films, 62, 237 (1979).

Jaroniec, J. Res. Inst. Catalysis, Hokkaido University, 26, 155 (1978).

Sips, J. Chem. Phys., 18, 1024 (1950).

. Jaroniec, Colloid & Polymer Sci., 255, 32 (1977).

. Jaroniec, Surface Sci., 50, 553 (1975).

. Jaroniec, J. Colloid Interface Sci., 59, 230 (1977).

L. Szepesy and V. Illés, Acta Chim. Hung., 35, 53 (1963).

W. K. Lewis, E. R. Gilliand, B. Chertow and W. W. Hoffman, J. Am. Chem. Soc,,
72, 1153 (1950).

W. K. Lewis, E. R. Gilliand, B. Chertow and D. Bareis, J. Am. Chem. Soc., 72,
1160 (1950).

F. C. Tompkins and D. M. Young, Trans, Faraday Soc., 47, 88 (1951).

B. P. Bering and V. V. Serpinsky, Izv. Akad. Nauk SSSR, Ser. Khim. 6, 998
(1952).

M. Jaroniec, Z. Phys. Chem., 257, 449 (1976).

SEEEPEEKEEEE

39



	1001448.tif
	1001449.tif
	1001450.tif
	1001451.tif
	1001452.tif
	1001453.tif
	1001454.tif
	1001455.tif
	1001456.tif

