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The kinetic study of the hydrogenation of ethylene in the presence of zine oxide shows
that the rate of the reaction is proportional to the partial pressure of hydrogen, provided
that an excess of ethylene in the reaction mixture is avoided. Neither the rate constant
nor the activation energy of the reaction are varied when the zinc oxide contains lithium
or gallium ions modifying its electronic structure.

INTRODUCTION

The correlations between the catalytic
activity of semiconducting oxides and their
electronic structure do not seem to have any
predictive value. These discrepancies were
clearly analyzed by Boudart in a recent
paper (1). It should be noted on this subject
that the surface activity of a catalyst should
be modified by a mere surface modification
of the electronic structure of the solid. This
surface modification is usually carried out
by the substitution of altervalent ions in
the bulk of the solid by a high-temperature
treatment. However the same result should
be reached at a much lower temperature if
the substitution is desired to be carried only
on the surface layer of the catalyst. In this
case the catalyst preparation bears some
resemblance to the elaboration of industrial
catalysts in which temperatures giving rise
to sintering are avoided.

The electronic properties of pure zinc
oxide and of oxides doped at low tempera-
tures with lithium or gallium were exten-
sively studied by one of the authors (2). The
chemisorption of hydrogen by zinc oxide
has been studied for many years and in-
formation is available on the nature of
chemisorption of hydrogen at different tem-
peratures (2, 3). The adsorption of ethylene
by pure and doped zinc oxides was also
studied by one of the authors (2). For these
reasons we thought it was worthwhile to
start the study of the hydrogenation of

ethylene on pure zinc oxide and on oxides
containing Li* or Ga?t ions, whose presence
modifies the electronic structure of the solid.

METHODS

The pure zinc oxide is prepared by decom-
position of the zine hydroxide in vacuo at
110°C (4). It is then activated in vacuo at
250°C. Doping with LiOH or Ga(OH); is
principally carried out by heating the mix-
ture of hydroxides in vacuo at 250°C (6).
The surface area of pure zine oxide and of
doped oxides after heating to 250°C is the
same (31 m?/g). The amount of lithium or
gallium is calculated so as to have an alter-
valent ion for every zinc ion on the surface
of the zinc oxide. The electric conductivity
studies of the samples show that this method
of doping is efficient (2) and no improvement
is observed by heating up to 400°C, whereas
the surface area of the catalysts decreases
to 10 m?/g. The hydrogenation of ethylene
is carried out in a constant volume system
equipped with a circulating pump. The
amount of reaction is followed by the pres-
sure changes measured with a mercury
manometer.

Resvrrs AnD Discussion
Hydrogenation of Ethylene by Pure
Zine Oxide

The theoretical discussion of this reaction
in the light of the mechanism of Langmuir-
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Hinshelwood or the mechanism of Rideal
was given in a previous paper (5).

To exhibit catalytic activity at 150°C
zine oxide must be activated in vacuo (10—%
mm Hg) at a minimum temperature of
250°C, for 12 hr. In each experiment of
hydrogenation a fresh catalyst was used, as
the reproducibility of the results was excel-
lent with these conditions. The amount of
catalyst in the system was always 700 mg,
which represented a surface of 22 m? The
analysis of the products of the reaction
showed that the decrease of pressure was in
agreement with the equation:

C.Hu(g) + Ha(g) = C.Hq(g)

Table 1 gives the initial partial pressures
of the reagents and the initial rate recorded.
The decrease of the total pressure with time
is shown in Fig. 1. With the exception of
mixture No. 6, which contains an excess of
ethylene, the initial rate is proportional only
to the partial pressure of hydrogen. The
initial partial order of reaction with respect
to hydrogen is then one. The logarithms of

P mm Hg
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TABLE 1
ReacrioNn RaTEs

PHo PEo Initial rate at 150°C
No. (mm Hg) (mm Hg) (mm Hg/min)
1 26.5 26.5 0.16
2 51.5 51.5 0.32
3 60.0 60.0 0.37
4 102.2 51.5 0.67
5 102.7 102.7 0.64
6 51.7 103 .4 0.09
the instantaneous rates of the reaction

(—dP/dt) plotted as a function of time (Fig.
2) follow a straight line and give evidence
that, except for mixture No. 6 when the rate
is constant (order zero) the total order of
reaction with respect to time remains one. If
this order depends on the partial pressure of
hydrogen only, then all the mixtures (No. 6
excepted) should give the same straight line
passing through the origin of ordinates what-
ever the initial total pressure of Py, if they
are plotted as:

log pu/(Pu)o = — (0.4343k)t = —Kk't
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Fice. 1. Experimental kinetics for mixtures of Table 1.
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Fic. 3. First order plot of kinetic results.



362

where py is the partial pressure of hydrogen
and (pm)o is this pressure at time zero. The
slope of this line represents the rate constant
of the reaction.

The straight lines of Fig. 3 which exhibit
the same slope and are very close together
show that this hypothesis is correct. The
rate constant does not depend on the initial
pressure of hydrogen and represents the
specific rate, as the amount of catalyst and
its surface area are constant for all the
experiments.

An examination of the kinetic data in
terms of Langmuir kinetics discloses that
hydrogen and ethylene must be adsorbed
on two kinds of sites, the hydrogen adsorp-
tion being weak and the Rideal mechanism
being discarded for reasons given in ref. (5).
A strong adsorption of two reagents on such
a surface would give zero order and a weak
adsorption would give order two. The hy-
pothesis that hydrogen and ethylene are
adsorbed and compete for the same surface,
regarded as uniform, must be discarded as
it does not lead to the order one of reaction.

The kinetics for mixture No. 6 corresponds
to an order zero, up to 609, of the reaction.
There are many examples in the literature
giving evidence that an excess of ethylene

A log k
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strongly decreases the rate of the reaction
(6). As the adsorption of hydrogen cannot
be strong when an excess of ethylene is
present, the zero order must result from the
increase with time, up to equilibrium value,
of the adsorption coefficient of hydrogen
in a mixture containing an excess of ethylene.
A compensation between the decrease of the
hydrogen pressure with time and the in-
crease of its adsorption coefficient may result
in a constant rate for some amount of the
reaction.

The rate constants determined between
140° and 160°C for stoichiometric mixtures
give an Arrhenius plot, shown in Fig. 4. The
apparent activation energy of the reaction
is B = 22.4 kcal/mole, the pre-exponential
factor being A = 2.6 X 10°/min.

For the surface of 22 m? of catalyst, the
rate W of the reaction is then represented
by the relationship:

W = 2.6 X 10° X [exp(— 22400/RT)]
[H,][C2H 4]° molecules/min.
The comparison with the homogeneous
reaction according to the results of Pease (7):
W = 1071 X [exp(— 43150/RT)]
[H;)[C.H,] molecules/sec (1)

2,30
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Fra. 4. Arrhenius plot for pure zinc oxide.
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may be made after some transformations (8).
For an equimolecular mixture of hydrogen
and ethylene under 1 atm pressure:

[Hy] = [C;H,) = 2.5 X 10"

The initial rate of the homogeneous reaction
would be:

Wo = 6 X 107 X [exp (—43150/RT)]
molecules/cm3 sec  (2)

molecules/cm?

In the same conditions of concentration,
Eq. (1) concerning the catalytic reaction,
becomes:

Wo = 6.2 X 10% X [exp (—22400/RT))
molecules/em3 min
or

W

1 X 107 X [exp (—22400/RT))
molecules/cm3 sec

The value of the initial rate of the heter-
ogeneous reaction corresponds to 22 m? of
catalyst. To compare it to the initial rate
of the homogeneous reaction given by Eq.
(2), it must be calculated for a surface of the
mass of the catalyst contained in 1 cm3,
Introducing the specific surface, 31 m?/g,
and the specific weight, 5.6 g/cm?, of zinc
oxide, the initial rate of the heterogeneous
reaction would be:

Wo = 8 X 107 X [exp (—22400/RT)]
molecules/cm3 sec  (3)

Comparison of Egs. (2) and (3) shows that
zinc oxide decreases the activation energy
from 43 to 22 keal/mole, but the pre-ex-
ponential factor remains the same. The
accelerating factor due to the catalyst is,
at 423°K (150°C):

exp [(43150 — 22400)/(R X 423)] ~ 10¢

Boudart (8) proposed a chain mechanism
for the catalytic hydrogenation of ethylene
by making an analogy with the homogeneous
reaction for which a chain mechanism is
well established (9). The calculation shown
above gives further argument for this
analogy. Taking into account the conclusions
reached by kinetics studies the following
chain mechanism between adsorbed species
is proposed:

363

Haaaey — 2H (aae) Initiation 4)
H(ads) + C2H4(ads) = CzHB(ads) (5)

CoHsao + Haan = CoHow  (Fropagation
+ H(ads) (6)
CoHs0d0) + Heaa) = CoHegce
However the slow step (4) could be

favored by the presence of adsorbed ethylene
according to:

Interruption (7)

Hygaasy + CeHigeas) = Heaas) + CoHsaan
Initiation (4a)

This scheme suggests that the catalyst al-
lows the substitution of the easier path (4)
or (4a) for the highly energetic initiation
step in the homogeneous reaction:

H, + CH,— CHs + H

Poisoning by Oxygen and Activity of Doped
Catalysts

If the zinc oxide, instead of being heated
in vacuo at 250°C, is heated in 160 mm of
oxygen at the same temperature, it does not
show any catalytic activity in the hydro-
genation of ethylene between 150° and
200°C. However the oxygen-treated catalyst
recovers the initial activity after activation
in vacuo at 250°C (Fig. 5). Actually, the
activity is already very much decreased if
at 150°C only 0.5 mm of oxygen is admitted
for a few minutes.

The electric conductivity studies have
shown (2) that vacuum treatment of zine
oxide at 250°C leads to the formation of a
nonstoichiometric zinc oxide:

Zn*0 2 Zn; + 30xp = Zni* + €™ + §0u0

where Zn; is a surface ““interstitial” zine.

The adsorption of hydrogen on an evacu-
ated zinc oxide (which is catalyst) is essen-
tially covalent (2) and can be visualized as
oceurring on Znt sites (10):

Znit 4+ {H: 2 (Zn — H)*

The adsorption of hydrogen on a stoi-
chiometric oxide (which is not catalyst)
involves ionization (2) according to the
equilibrium:

$H, + 0+ 2 OH- + e
It would therefore appear that only
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F1c. 5. Influence of activation of the catalyst in vacuo after poisoning by oxygen.

covalent hydrogen can participate in the
reduction of ethylene. The purpose of the
activation treatment ¢n vacuo is then to
produce, at least at the surface, the non-
stoichiometric zinc oxide, a necessary condi-
tion'for the catalytic activity.

The catalysts doped by lithium or by
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gallium must also be activated in vacuo at
250°C to exhibit a catalytic activity at
150°C. The kinetic results in the hydrogena-
tion of ethylene given in Table 2, and for
one temperature (162°C), shown in Fig. 6,
give evidence that doping does not influence
the catalytic activity of the zinc oxide. The
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Fia. 6. Influence of doping on the rate constant.
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TABLE 2
Kineric CoNsTANTS FOR PURE anDp Dorep Zinc OXIDE

Rs,t? constant

(min-1) Activation
energy
Catalyst 140°C 150° C 162° C (keal/mole)
ZnO,(Li) 3.5 X 1073 6.2 X 1073 1.4 X 1072 22
Zn0O 3.6 X 1073 6.5 X 1073 1.4 X 10 22
ZnO (Ga) 3.7 X 107 6.5 X 102 1.5 X 10 22

rate constants and the activation energies
are identical for the three cases.

In the same way as for pure oxide, doped
oxides are poisoned by oxygen and fully
regenerated by activation in vacuo at 250°C.

These results confirm the role previously
attributed to the activation treatment of
the catalyst ¢n vacuo. The formation of a
nonstoichiometric oxide is a necessary con-
dition for the catalytic activity in the
hydrogenation of ethylene. This formation
is accompanied by an increase of the con-
centration of free (conductivity) electrons.
Doping by lithium or by gallium, respectively,
decreases or increases this concentration in
the oxide and changes the activation energy
of conductivity (2). However, the catalytic
activity of the catalysts is independent of
these modifications. It would then appear
that the rate-determining step does not
involve a charge transfer between the solid
and the reagents. The electronic structure
of the catalyst is therefore without influence
on the catalytic activity.

It is then concluded that the activity in
the hydrogenation of ethylene exhibited
by the activated zinc oxide and its electric
conductivity due to free electrons, are paral-
lel but not correlated properties of a non-
stoichiometric zinc oxide. To find a correla-
tion emphasis should be given to the nature
of chemisorbed species, hydrogen and ethyl-
ene. Only covalent complexes, formed with-
out the electron transfer to the conductivity
band (2), are reactive in catalysis at 150°C.

One is led to think that a relationship
between electronic structure and catalytic
activity would be observed at temperatures
when hydrogen is preferentially adsorbed in
ionic form. For reactions with oxygen, which
is always adsorbed in ionic form, this rela-
tionship would be observed more easily.
However it seems wise to expect that the
type of correlation for a given catalyst may
vary with the temperature of the reaction
and also with the type of the reaction.
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