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SUMMARY

Studies on the energetic heterogeneity of the surfaces of SiO, and Co30,
catalysts and their mechnical mixtures are described. The additivity of retention data
and thermodynamic values resulting from them for mixed adsorbents and catalysts is
discussed.

INTRODUCTION

Cobalt oxide (Co3;0,) is an important component of active catalysts for the
oxidation'—3, hydrogenetion®, polymerization® and disproportionation®? of olefins,
and also for the oxidation of some inorganic compounds®?® (such as ammonia and
carbon monoxide). In catalytic reactions, in addition to impregnated catalysts, me-
chanical mixtures of Co;0, with inactive carriers are also used. In some reactions, e.g-,
oxidation of hydrocarbons and carbon monoxide, such mixtures have a higher cata-
Iytic activity than catalysts obtained by impregnation methods®-*,

The surface properties of Co;0; and its mixtures with other oxides have been
studied by many workers>—*S, and much interesting information in studies cn cata-
lysts was obtained from methods of determining the energetic heterogeneity of their
surfaces!®+17. This heterogeneity can determine the rate of chemical reactions'® and
many other properties of catalysts'®.

In this paper, studies on the energetic heterogeneity of the surfaces of SiO, and
Co050; and their mechanical mixtures are described. We were interested in correlations
between the course of the energy distribution function energies and the composition
of complex catalysts. The possibility of the practical utilization of such studies is also
considered. Chromatographic methods for the determination of the energetic hetero-

(.geneity of the surface adsorbents were used, as described earlier?—2%,
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CALCULATIONS OF THE ENERGY DISTRIBUTION FUNCTION

In previous papers?°—24, we proposed the following expression for the retention
volume, Vy ,, on heterogeneous adsorbents:

N
Ve (p) = exp (£ B, ') m

where p is the adsorbate pressure, coefficients B, are suitable parameters and the sub-
script ¢ denotes the retention volume for a- heretogeneous surface.

Eqn. 1 appeared to be very useful for determining the energy distribution
function, z(e), directly from chromatographic data. As we showed previously, the
following energy distribution function corresponds with eqn. 1:

yZ N . ‘N h
z () = ~F(RT) 151 i Biy'~"exp (l_fo B; y ) @
where
1 £
y=-r (%7 ©)

In the above equation, K is a pre-cxponential factor of Henry’s constant and can be
easily calculated from chromatographic measurements?®—2*; F is the James-—Martin
compressibility factor, T is the absolute adsorption temperature and R is the universal
gas constant.

EXPERIMENTAL

Preparation of oxides

Si0,. Wide-pore silica gel, produced by POCh, Gliwice, Poland, of grain frac
tion 0.15-0.25 mm was purified from surface impurities of bi- and trivalent metal ions
by treatment with hydrochloric acid. The silica gel was then modified with steam in an
autoclave for 5 h at 423 °K. After drying, the silica gel was roasted at 773 °K for 5 h.
The surface area of the silica gel, determined by thermal desorption of argon, was
99 m?/g.

Co30,. Cobalt nitrate [Co(NOs),-6H,0] produced by POCh, Gliwice, was
roasted at 400 °C for 6 h. The Co;0, obtained was tabletted and, after grinding, the
0.15-0.25 mm fraction was sifted for use in the chromatographic measurements.
The surface area of this oxide was 8 m?/g.

Mixed catalysts
SiO; and Co;0, oxides prepared as described above were carefully mixed

mechanically to give catalysts containing 63, 50.11 and 30.28 %, (w/w) of SiO,.

Chromatographic experiments
Chromatographic measurements of the dependence of the volume retentions of
the tested substances on their vapour pressures were performed on a Giede 18.3 -
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chromatograph equipped with stainless-steel columns (0.5m X 0.2 mm I.D.) and
“a thermal conductivity detector. Argon was used as the carrier gas, from which mois-
ture was removed on a pre-column filled with molecular sieve 5A and oxygen admix-
tures were removed on Cu-ALQ; and MnO-Al,O; catalysts. After purifying the
carrier gas, its oxygen content was less than 1 part per 10 parts of argon?*?°. The
flow-rate of the carrier gas was 20 ml/min.

Carbon tetrachloride and chloroform were used as test adsorbates. From the
point of view of catalytic reactions, the use of hydrocarbons would be more suitable,
but they are oxidized in the presence of Co;0,. Moro-oka!? poisoned the oxide sur-
face with cis-butene in order to determine the heats of adsorption of hydrocarbons on
Co,0, before chromatographic measurements.

The constant K in eqn. 3 was determined from the temperature dependences of
retention volumes extrapolated to zero values [V ,(O)] of the density of the adsorbates
in the gaseous phase?-2%. For this purpose, test adsorbates were applied to the col-
umns in amounts from 0.1 to 1 ul. The temperatures at which these measurements
were made and the values of Vy_(O) obtained are given in Table I. Figs. 1 and 2 show
graphs of In ¥ (O) = f(1/T) for carbon tetrachloride and chloroform, respectively.

Energy distribution functions, y(c), of both test adsorbates were determined at
353 °K. A detailed description of the method of measurement and the relevent cal-
culations was given in earlier papers.
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Fig. 1. Ln Vy, (O) versus 1/T for carbon tetrachloride on different mixed catalysts. Composition of
catalyst: O, 100% SiOz; @, 1009 Co;04; (B, 63% SiO; + 37% Co:04; @, 50.11 % Si0, + 49.899;
Co304; ©, 30.28% Si0O: + 69.72%, C0,0..

Fig. 2. Ln Vy,. (O) versus 1/T for chloroform on different mixed catalysts. Compositions of catalysts
as in Fig. 1. -
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RESULTS AND DISCUSSION

In previous papers'™#’, the nature of the adsorption centres on the surface of
the oxides studied was discussed. According to the results obtained on the surface of
Co;0,, the adsorption centres were constituted mainly by Co?*, Co3+ and O2~ ions.
Chloroform molecules may have interacted with these ions with various forces, and
three maxima were obtained on the curve of y(¢) versus ¢ for this substance adsorbed
on Co,;0, (Fig. 3, I). Molecules of carbon tetrachloride have a high polarizability and
possess a diplole moment?® and they may have interacted with the Co?* and Co3* ions
On the curve of (&) versus ¢ for this substance two maxima were obtained (Fig. 4, I).

o xteLmee

70 74 78 8.2 8o S0 54 YN 102
£, keal/ mole

Fig. 3. Energy distribution functions for chioroform adsorbed on: I, Co30,; II, SiOs; i[[, 639
Si0. + 37% CO;O..; lV, 50.11% Sio; + 49.89% CO;OJ; V, 30.28% SiOz -~ 69.72% Co0;0;.

Three maxima were obtained for each of the two test substances adsorbed on
silica gel (Figs. 3, IT and 4, H). For chloroform and carbon tatrachloride the adsorp-
tion centres on this adsorbent were constituted by free and partially bound surface
hydroxyl groups and Si** ions. Molecules of these substances together with hydroxyl
groups may have formed hydrogen bonds?®-?°, Moreover, such bonds may have been
formed by chloroform with strained siloxane bridges present on the surface of the
silica. Because of the chemical structure of the chloroform molecule, there was a
greater possibility of “indication™ on the curve of y(&) versus e of adsorption centres
present on the silica surface. Therefore, the peaks on the () versus £ curve for this
substance were less symmetrical than those on such curves for carbon tetrachloride
(Figs. 3, II and 4, II) and less well' separated (broaden).

In Figs. 3 and 4 the energy distributions, y(¢), for test adsorbates on mixtures
of the two oxides are also presented. From a comparison of the courses of the z(¢)
versus & curves it can be seen that close correlations exist between the shape of the
energy distribution function and the distribution of a complex catalyst. The shape of
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Fig. 4. Energy distribution functions for carbon tetrachloride adsorbed on: I, Co;0;; II, SiOQ;; 111,
639, Si0. + 37% Co;0,; 1V, 50.11 % SiO, + 49.899; Co0:0;; V, 30.28 % SiO; + 69.72%, C030,.

the x(e) function for a complex catalyst is, in general, the resultant of its composition.
The curves of y(c) versus & for the mixed catalysts lie between those for pure SiO,
and Co;0,, although there is a greater shift of the function y(¢) on the axis £ for mix-
tures of the oxides for peaks representing energy centres with lower energy. In the
case of the strongest adsorption centres the peak maxima coincide in general. The
average adsorption energy, £, on the surface of heterogeneous adsorbents is

E=2XS,¢, @

where S, denotes the fraction of the adsorbent surface occupied by the nth type of
adsorption centres, having an average adsorption energy &,. From a comparison of
the y (&) versus & curves for test substances adsorbed on pure SiO, and Co;0, (Figs. 3,
I and II and Figs. 4, I and II), it can be seen that much greater differences exist be-
tween minimum than between maximum adsorption energies. A similar situation
applies to the differences between the average adsorption energies of the weakest
adsorption centres with regard to energy or energies characteristic of the maximum of
the peaks on the y(s) versus & curves for these centres on SiO, and Co;0;, as well as
to the differences between the strongest adsorption centres. Further, with Co,0,
most of the adsorption centres are constituted by the strongest adsorption centres.
Therefore, in accordance with eqn. 4, for mixtures of the oxides a greater shift (to
the right) of the peaks on the y(e) versus £ curves representing weaker adsorption
centres is observed than the shift to the left of the peaks representing the strongest
adsorption centres. The above problem is deait with in more &et’aiibefow; .
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Fig. 5. Dependence of g° on composition of mixed catalyst. O, Carbon tetrachloride ; @, chloroform.

Fig. 5 shows the dependence of average the adsorption energies of chloroform
and carbon tetrachloride on the mixed composition of the catalyst. These energies
were calculated from the temperature dependences of In Vy ,(O):

dIn Fy, (0)
1
d ()
In a previous paper!” we also studied the dependences of € = f (complex com-

position of a catalyst), using the average adsorption energies calculated from the
energy distribution function:

& = fey(e)ds/fz(e)de ~ q2, ©)

From Fig. 5, it can be seen that the dependences of g5, on the complex composition of
the catalyst are linear for both test adsorbates. Dependences of this’type can be
utilized for the determination of the composition x, and x;, of a mixture of catalysts or
any solid bodies, the average adsorption energy of the components of mixture
(&1, &2, £m) OF the surface area of one or both components in a mixture (Sy, S, S -
These determinations are possible, of course, only when neither component changes
its properties during mixing. Moreover, the sites of contact of the grains being mixed
should be as small as possible. The calculations of the above parameters can be made
graphically by using diagrams as shown in Fig. 5 and by solving a simple system of
equations:

q:v. = R- )

X =x1"X; + x2- X
o

l=x 4+ x



316 R. LEBODA, S. SOKOLOWSKI, J. RYNKOWSKI, T. PARYJCZAK

where X, denotes the value of ¢, and S,,- X, and X, denotes ¢, and S; and &, and S,
respectively, whereas x, and x, denote the weight fractions of the first (1) and second
(2) catalyst (or adsorbent).

For example, the average adsorption energy of carbon tetrachloride on the
mixed catalyst containing 63 % of SiO, calculated from the temperature dependences
of In Vy (0) is 8.7 kcal/mole (Table I), whereas that calculated from eqn. 7 is 8.5
kcal/mole. Considering the fact that the error of chromatographic measurement is,
in general, + 0.2 kcal/mole, it can be assumed that these data are in good agreement.
In the above calculations the following values were used: x, = 0.63, x, = 0.37, &, =
7.2 kcal/mole and &, = 10.5 kcal/mole (Table I).

Taking into account the error of chromatographic measurement of + 0.2
kcal/mole, the values of x; and x, are read from Fig. 5 with an accuracy of -+ 7%,.
This error can be considerably decreased by choosing suitable test adsorbates, so that
possibly the highest energy values on one of the adsorbents and possibly the lowest ¢
values on the other adsorbent would be obtained, in which event graphs of the type
shown in Fig. 5 will be steeper. Average adsorption energies calculated both from the
temperature dependences of In Vy (O) and the energy distribution function () can
be utilized for calculations of X ,,. From the practical point of view, measurements of
Vx..(0) are more convenient. However, it appears from the discussion of these results
and from the data published earlier'? that it is useful to study energy distribution
functions with a view to testing adsorbents and catalysts. This is supported by cor-
relations between the composition of a complex catalyst and the shape of the func-
tion xz(¢). )

We were interested in the additivity of retention data and the thermodynamic
values resulting from them for adsorbents and complex catalysts3®. We shall confine
ourselves to a theoretical discussion of the problem of additivity of retention volumes
for zero density of the adsorbate in the gaseous phase, Vy (0O), and average adsorp-
tion energies and distribution functions, (=), for mixtures of catalysts (adsorbents).

In a previous paper’, it was shown that the retenition volume in adsorption gas
chromatography can be presented in the form of the following virial equation:

V= [ 2 m: Wy 4+ X X mk Wy,pi(k —m) Q’"“‘”"“] X
m=2Lk=1 e
X+ 2 kfdy? @B
k=1

where g is the density of the adsorbate, §, are the irreducible Mayer integrals and W,
are cluster integrals defined as follows: m!W,, = the sum of the contributions of all
connected graphs of m distinct square vertices so that the basic part of these graphs
consists of white squares and their terminal sub-parts of black squares, the remaining
squares being white. The coniributions to W, associated with a given graph are cal-
culated as follows: -

(a) to each line corresponds a factor f;; = exp (—u;;/kT)—1, where u,; denotes
the energy of interaction of two adsorbate molecules localized at r; and r;;

(b) to each white vertex corresponds the factor

exp [—v(r)/kT] eV
& = )
0 r; jé vV
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where v = v(r;) is the external potential field at r;, due to the adsorbent surface, and
V is the volume of adsorption space;

(c) to each terminal part of 4 black vertices factor —1 4 II g: is associ-
ated; . i=1

(d) the integration is made all over configurational space which, according to
(b), in the case of white squares is reduced to integration after V.

In eqn. 8, W, is identical with the retention volumes V, (Q) used so far. Let
us consider for example:

I!Wl'=£[g(r,)—-1]drl ]
20y = {1 {e(r) [2(r) — 11fi2} dry dr
3WW, = | {f 3 g(ry) [g(r2) — 111[g(rs) — 11f12 fis}dri dry drs +

=+ £ {{ {g(r) [g(rD) g(r3) — 11 f12f13 f23} dry dry dry

: (10)

etc. Let us first consider the simplest case of the dependence of Vy (O) on the compo-
sition of a complex catalyst adsorbent. The adsorption system will consist of two ad-
sorbents with a homogeneous surface with the energy interactions v,(r;) and v,(r,).
The surface area, S, of such a system will be -

Sm = x_lSl -+ x_’_Sz (1 l)

Then, because

Vu(O) = Wy (12)
we obtain
= J'dS,,,OJ.wdzl g, (z,z) — 1] = J f dz, [g(zz) — 1] =

{183 U {x, S5} °
== '\-1 l(l) + ‘C-; 1(2) -"l Nyt (O) + X2 VNzl (O) (13)

where
vi(7,2) ¢ {x,8:}
v(z,2)) = r=(%,z)
vy(7,25) ¢ {x5,}
where 7 is a two-dimensional vector. It appears from the last equation that in the case
discussed the additivity of zero retention volumes, ¥y _(0), is preserved. By analogy,

the additive value should be the average adsorption energy

Em = X181 1 X263 (14)
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and the isosteric heat of adsorption, g2, within the zero limit of adsorption is

Gom = x g5y + X245 2 (15)

It can be proved that for a heterogeneous surface the integral W] is defined by
the following equation:

Wl’—_-gfde',f[g(rl;s) — 1]dn =!Jw;h°m () % (£) de (16)

where Wi"°™ (&) is the value of W] for an energetically homogeneous surface with
parameter ¢ and 2 is the range of possible variations of the adsorption energy, &.
The distribution function g;(e) for the ith adsorbent is defined as

Z(e) = %‘z—‘ . amn

If we consider a two-component complex catalyst (adsorbent), then because S, =
x5, + x,5,, we obtain

rm(€) = Xy(e) + xaa(€) (18)
Therefore, from eqgns 16, 17 and 18 we obtain
W= W, + 3 W,
} (19)
Vam(O) = x; Vy 1: (0) + x5 Vi 2, (O)

Q.25
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Fig. 6. Dependence of ¥y,.(0O) on compositioﬁ of mixed catalyst. O, Carbon tetrachloride; @,
chloroform.
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From the last equations, it appears that for energetically heterogencous adsorbents
(catalysts), the additivity of such values as ¥y ,(0), g2, Sand £is preserved for the com-
ponents of the mixture. The additivity of ¥y _(O) values simplifies, in an experimental
sense, studies of the composition or surfaces of complex adsorbents (catalysts) or
their components (in the catalysis of a selective surface). It should be stressed that the
above considerations are valid for mixtures of adsorbents or catalysts the contact
surface of which is very small and, as mentioned earlier, for solid bodies that do not
change their properties on mixing. These assumptions are not difficult to satisfy in
chromatographic systems, as many of the adsorbents used have spherical particles.
Fig. 6 presents plots of Vy (O) against the composition of a mixed catalyst.
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