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The catalytic activity of tungsten carbide samples for ethylene hydrogenation and cyclohexane
dehydrogenation is described and discussed in the light of their physicochemical characteristics
(phase composition, presence of free carbon or superficial oxygen) and correlated with the parame-
ters of their preparation. A lack of activity presented by samples prepared in pure CO can be
ascribed to their surface being extensively covered by pregraphitic carbon. The activity of samples
prepared in CO-CQ, mixtures has been found to depend on their conversion to WC, and to
increase markedly after being heated at 300°C in H;; this treatment was necessary to eliminate the
oxygen fixed on the samples as a result of a previous passivation treatment. A kinetic model based
on a previously proposed mechanism on the W,C-WC transformation has enabled the variation of
the catalytic activity versus the conversion to WC 1o be simulated. According to the model, the
active sites of the carbide catalysts can be poisoned by the atomic carbon deposited on their surface
as a result of the dismutation of CO. At this stage, the samples can still be reactivated on being
heated in H, at 500°C. Higher levels of contamination of free carbon can result in the progressive
and irreversible formation of a pregraphitic layer which will prevent the gaseous reactants from
being adsorbed on the surface of the carbide samples, thereby depressing their catalytic ac-

tivity.  © 1986 Academic Press. Inc.

INTRODUCTION

In Part I () it was shown that the prepa-
ration of highly dispersed tungsten carbides
free of excess carbon was possible by re-
ducing appropriate precursors in hydrogen
and carburizing the resulting metallic tung-
sten samples in CO-CQO, mixtures. In Part
II (2), some physicochemical characteris-
tics (pseudometallic surface area, lattice
constants, and surface chemical composi-
tion) have been tentatively correlated with
the phase composition of the samples and
with the preparation variables (carburiza-
tion time and atmosphere, nature of the
precursor).

The aim of this final part is to demon-
strate and interpret in the light of the pre-
vious findings how the preparation parame-

! To whom correspondence should be addressed.
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ters of the tungsten carbide samples can
influence their catalytic activity. Ethylene
hydrogenation will be used as a first test
reaction because it has been the object of
numerous studies as a prototype of cata-
lyzed hydrogenation on metals, especially
on Ni (3). Dehydrogenation of cyclohexane
has been chosen as a second test reaction in
view of its industrial interest in catalytic re-
forming (4). The results will be tentatively
correlated with the phase composition of
the samples in the system W-W,C-WC. A
theoretical model of the transformation of
W,C to WC will be proposed, which allows
us to simulate how the catalytic activity of
carbide samples will vary as a function of
their conversion to WC. Finally, the dis-
crepancies observed between some experi-
mental results and the theoretical predic-
tions will be discussed in the light of the
previous knowledge concerning the prepa-
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ration and the surface characteristics of the
samples.

EXPERIMENTAL

Preparation and Characterization of the
Samples

The tungsten carbide samples have been
prepared as described in Part I of this series
(I). The preparation conditions, phase
compositions, specific surface areas, and
pseudometallic surface areas (as defined in
Part II) (2) of the samples selected for the
present study are summarized in Table 1.

Catalytic Testing

Hydrogenation of ethylene. The exother-
mic character of ethylene hydrogenation
made it necessary to dilute the catalysts
with an inert material, in order to prevent
temperature runaway. Thus, 0.15 g of tung-
sten carbide was mixed with 0.75 g of SiO,
(Sger = 3 m?g), previously calcined over-
night in air at 1000°C. The diluted samples
were homogenized by shaking them gently
in a flask, until a uniform gray color was
observed. The mixture was placed in a
flow-through, fixed bed reactor (i.d. = 10
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mm) around which a heating tape was
wrapped. The control thermocouple was
held against the wall of the reactor by the
heating tape, its tip being placed halfway up
the catalyst bed. The measuring thermo-
couple was placed in a thermowell which
entered the center of the bed.

Before starting catalytic runs, the reactor
was purged with N, at room temperature.
The sample was then activated by flowing
H, for 3 h at 300°C (temperature rise at
10°C/min) according to the procedure de-
scribed previously (2). At the end of the
activation treatment, the sample was
cooled to room temperature. The reaction
mixture (10% C,Hy in H;) was then admit-
ted to the reactor. The catalytic reaction
was monitored by injecting 1-ml pulses of
the effluent gas into a gas chromatograph
(Intersmat IGC 10C, column Porapak Q 80/
100, 2 m X 3 in.).

Dehydrogenation of cyclohexane. The
catalyst (0.2 g) was placed on a sintered
glass disk in a dynamic reactor with contin-
uous flow (the experimental device is out-
lined in Fig. 1). Before each run, oxygen
was eliminated from the reactor by purging
with N, at room temperature. Next, a flow

TABLE 1

Carburization Conditions and Characteristics of Tungsten Carbide Catalysts

Sample® Carburizing Composition® Sper Pseudometallic
conditions WCHAW2C + WC) (m¥g) surface area
(m*/g)
Gas Time
CO/CO  (h)
Wh-WC-CO 0.0 24 1.0 47 0
Wh-W,C-wce 0.5 24 0.0 33 30
Wh-W,C-ict 0.5 0.0 36 33
Wh-WC-14 0.1 1 0.14 32 31
Wh-WC(C-24 0.1 3 0.24 34 —
Wh-WC-37 0.1 4.5 0.37 34 —
Wh-WC-55 0.1 6 0.55 30 21
Wh-WC-72 0.1 10 0.72 29 12.8
Wh-WC-76 0.1 10.5 0.76 31 12.5
Wh-WC-100 0.1 13 1.00 28 18

« The samples were first reduced in hydrogen (15 liters/h) at 500°C for 5 h.
# As deduced from X-ray diffraction data (for details, see Ref. (/)).

< wc, Well-crystallized, ic, ili-crystallized.
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FiG. 1. Experimental setup for the study of cyclohexane dehydrogenation. Gv, gas valve; Rg, flow
regulator; F, soap bubble flow meter; Cu, copper catalyst held at 400°C; Zx, molecular sieve 13X; Si,
silica gel: R, reactor; Ge, chromatograph; Fu, furnace; V, vent; Vac, vacuum; S, syringe; T, mercury
reservoir; LI: device for the injection of liquid hydrocarbon.

of hydrogen was begun and the temperature
was raised to the value selected for the acti-
vation treatment (300 or 500°C). The tem-
perature selected for the catalytic test was
then established, with hydrogen still flow-
ing in the reactor. The reaction was started
by injecting cyclohexane (v = 1.85 x 1072
mol/h, Pc = 0.1 atm, Py = 0.9 atm) and the
reaction products were analyzed by gas
chromatography (column Reoplex 400, 2 m
X +in.).

RESULTS
Hydrogenation of Ethylene

Preliminary results. A constant gas flow
of 28 liters/h was used throughout the ex-
periments, after having checked that the re-
action rates were not controlled by extra-
granular diffusion when flows beyond 20
liters/h were used.

No detectable conversion occurred in the
20-t0-400°C temperature range when the re-
actor was filled only with silica and quartz
wool. In all cases, the selectivity for ethane
production was 100%.

When freshly activated catalysts were
contacted with the ethylene-hydrogen mix-

ture at 120°C, a high initial activity was ob-
served together with a transient increase in
the temperature of the catalyst bed (see
Fig. 2, curve A). This phenomenon did not
occur (Fig. 2, curve B) if the catalysts were
kept overnight at room temperature in flow-
ing hydrogen after the activation treatment.
The figure shows that the same stationary
activity is in any case reached after 50 min
exposure to the reacting mixture. There-
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F1c. 2. Initial activity: influence of the pretreatment
conditions on the activity of Wh-WC-100 for ethylene
hydrogenation (T = 120°C). Curve A: freshly acti-
vated sample; curve B: activated sample left for 16 h at
room temperature.
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fore, the activity values reported below
were those measured after 90 min stabiliza-
tion. This transient behavior was exhibited
by all the samples tested in this work. Sam-
ple Wh-WC-100 reproduced the same be-
havior, and the same steady-state activity
as before was reached, within experimental
error, when it was subjected to a second
test cycle including the following steps:
purging the reactor with Ar at the end of the
first test cycle, passivating the sample in
situ, under the same conditions as before
and storing in air for a few days.

The Arrhenius plots corresponding to
passivated and activated sample Wh-WC-
100 are presented in Fig. 3. The corre-
sponding activation energies, as deduced
from the plots, were 20 and 13 kcal/mol,
respectively.

Definitive results. All the metallic sam-
ples, together with the carbide samples pre-
pared in pure CO, showed no measurable
activity, despite the activation treatment in
H, at 300°C. Table 2 shows that increasing
conversions to WC of samples prepared in
CO-CO, mixtures resulted in a significant
increase of the activation energy for ethyl-
ene hydrogenation. Figure 4A shows that
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FiG. 3. Arrhenius plot for ethylene hydrogenation
on sample Wh-WC-100. Curve A, passivated and
curve B, activated catalyst.
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TABLE 2

Activation Energies Observed for Some Intermediate
Tungsten Carbides

Sample® Activation energies (kcal/mol)
Hydrogenation Dehydrogenation
Wh-W,C-wc 10 34
Wh-W,C-ic 10 —
Wh-WC-14 11 26
Wh-WC-55 12 27
Wh-WC-100 13 29

< The samples were activated in hydrogen (15 liters/
h) at 300°C for 3 h before the hydrogenation test, and
at 500°C for 12 h before the dehydrogenation test.

the activity of the samples prepared in CO-
CO, mixture depends strongly on their
composition. Comparison with the activi-
ties corresponding to the semicarbides
(samples Wh-W,-C-ic and Wh-W,C-wc)
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FiG. 4. Influence of the conversion to WC of car-
bides prepared in CO-CO, mixtures, on their catalytic
activity for ethylene hydrogenation (A) and cyclohex-
ane dehydrogenation (B). Open circles: samples Wh-
W,C-ic and Wh-WC-x; open triangle: sample Wh-
WzC-WC.
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stresses that not only the phase composi-
tion but also the exact conditions of prepa-
ration (see Table 1) will affect strongly the
final activity of the samples.

Dehydrogenation of Cyclohexane

Preliminary results. Table 3 shows that
sample Wh-WC-100 exhibits only a low de-
hydrogenation activity after an activation
treatment in H; at 300°C. A tenfold activity
increase is observed when the activation
temperature is raised to 500°C. The selec-
tivity of the reaction, expressed as moles of
benzene produced per mole of cyclohexane
converted, was better than 0.92 for all the
samples tested.

Definitive results. Sample Wh-WC-CO
exhibited no measurable activity for cyclo-
hexane dehydrogenation, whatever the ac-
tivation temperature used. Table 2 shows
that the activation energy of the reaction is
significantly higher for sample Wh-W,C-
wc, as compared with the samples con-
verted wholly or partially to WC. The influ-
ence of the phase composition of the
samples prepared in CO-CO, mixtures on
their dehydrogenation activity is presented
in Fig. 4B. The least active hydrogenation
catalyst appears to be the most active for
cyclohexane dehydrogenation (compare
the points corresponding to 14% conver-
sion to WC on curves A and B).

TABLE 3

Influence of the Activation Conditions on the
Activity of Sample Wh-WC-100 for
Cyclohexane Dehydrogenation

Conditions Reaction rate¢
(mol/h/g)
Temp. (°C) Time (h)
300 12 3.60 x 10 ¢
500 12 3.75 x 1073
500 16 3.65 x 107

« Conditions of reaction: py/pe = 42.5, T =
350°C.
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DISCUSSION

Effects of the Passivation and Activation
Treatments

The authors realize that the results pre-
sented above are not exhaustive and that a
more systematic study of the activation
conditions of tungsten carbide catalysts
would be desirable for elucidating more
deeply the mechanisms of their catalytic ac-
tivity. For instance, it would be interesting
to measure the production of ethane by
freshly activated samples brought into con-
tact with pure ethylene, and to test the ef-
fect of activation treatments in hydrogen
above 300°C. The authors hope that such
complementary experiments, which were
not possible to perform by the time of com-
pletion of this work, will be attempted in
the future. Nevertheless, tentative interpre-
tations of the data presently available will
be proposed, in the hope of stimulating fu-
ture work in the field of tungsten carbide
catalysts.

The Arrhenius plots presented in Fig. 3
show that the activation treatment in hy-
drogen of the samples results in a marked
increase of their activity. According to pre-
vious XPS results (2), this treatment elimi-
nates the oxygen which had been fixed on
the surface of the carbides during the pas-
sivation step and the storage of the samples
in air. The lower activity of the passivated
samples can thus be ascribed to the exis-
tence of a superficial oxide layer, in agree-
ment with the previous observation of Ko-
jima et al. (5) who found that a thermal
treatment at 1100°C in vacuo, resulting in
the desorption of oxygen, was effective in
activating WC catalysts.

The higher initial activity for ethylene hy-
drogenation, together with the pyrophoric
character of the freshly activated samples,
suggest that their surface would be satu-
rated with active hydrogen species which
could react with ethylene or oxygen, as the
case may be. As a result of the exothermic-
ity of ethylene hydrogenation (AH® =
—32.7 kcal/mol), the temperature of the cat-
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Fi16. 5. Theoretical changes in the conversion to WC
and WC* (x; + x4), versus the reduced reaction time
(carburization in CO-CO, mixtures).

Curve k1 ky k3
(Y (h~) (™)
Graph A
1 0.030 0.030 0.075
2 0.075 0.075 0.075
3 0.150 0.150 0.075
4 0.300 0.300 0.075
Graph B
1 0.075 0.075 0.075
2 0.150 0.075 0.075
3 0.300 0.075 0.075
4 0.600 0.075 0.075

alyst will rise, thus increasing further the
reaction rate and causing the observed ini-
tial surging in activity and temperature run-
away. After complete consumption of the
excess adsorbed hydrogen, the reaction
will reach a lower stationary rate. This ex-
planation involves the hypothesis that the
controlling step of the stationary rate is hy-
drogen adsorption, in agreement with the
mechanism proposed by Horiuti and Miya-
hara (3) when the orders of the reaction
are zero and one, respectively, with respect
to ethylene and hydrogen.

No clear explanation of the effect of the
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activation temperature on the catalytic ac-
tivity of tungsten carbides for cyclohexane
hydrogenation is possible on the basis of
the present data. Nevertheless, the fact that
higher activation temperatures are needed
to activate the samples in that case suggests
that the active sites for dehydrogenation
are distinct from the hydrogenation sites,
and more strongly poisoned than the latter.
Once can also speculate that the last traces
of poisoning substance (either carbon or ox-
ygen) would be eliminated by an activation
treatment at higher temperatures.

Influence of Preparation Factors of the
Activity of Tungsten Carbides

General considerations. Previous results
(1) have shown that, during the preparation
of tungsten carbides in CO-CO, atmo-
spheres, the formation of a free carbon
layer on the surface of the samples takes
place along with the transformation of W,C
to WC. This carbon layer has been found to
alter the pseudometallic surface area of the
carbides, i.e., the fraction of their surface
actually exposed to gaseous molecules (2).
The following discussion will try to eluci-
date the respective contributions of the
WC/W,C ratio of the samples and the
amount and state of free carbon deposited
on their surface, to the variation of their
catalytic activity.

To understand better the relationship be-
tween the catalytic activity of tungsten car-
bides and their carburization treatment, we
first develop a kinetic model of the reac-
tions which occur during the transforma-
tion of W,C to WC. The model presented
below will take into account the existence
of carbide species poisoned with excess
carbon, in agreement with the results of
Parts I and II of this series (I, 2). In a sec-
ond step, an attempt will be made to simu-
late the main features of the experimental
curve of Fig. 4A, by ascribing appropriate
values to the catalytic activities of the sepa-
rate carbide species involved in the model.
Finally, the validity of the model will be
evaluated by comparing the observed cata-
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lytic activities with the theoretical predic-
tions.

Kinetic model of the carburization reac-
tion. According to the reaction pattern pre-
sented in Part I of this study (1), and taking
into account the existence of carbide spe-
cies contaminated with excess carbon, the
following scheme can be proposed for the
transformation of W,C to WC:

W,C° & w,C* (1)
W,C* 5 wee )
wee S wex 3)

where k; is the rate constant of the ith reac-
tion. The solid reactant is assumed to con-
sist of particles of uniform shape and size.
W,C* and WC* stand for carbide species
covered with excess carbon, in contrast
with W>C® and WC°, Note that X-ray dif-
fraction cannot distinguish between the
contaminated and uncontaminated species;
however, they must be distinguished one
from another in order to account for the
catalytic activities of carbide mixtures,
since the contaminated species are presum-
ably less active as a result of their coverage
with free carbon.

According to Part I (/), the rate of free
carbon formation resulting from the dismu-
tation of CO depends only on the reaction
conditions (temperature and partial pres-
sures of CO and CO,). Consequently, Reac-
tions (1) and (3) can reasonably be assumed
to be zero order with respect to the concen-
trations of W,C° and WC?, respectively. The
change of the C/W ratio of carbide samples,
as deduced from XPS results (2), together
with the reaction pattern proposed in Part I
(1) support the hypothesis that W,C* parti-
cles would convert to WC° by consuming
primarily the excess carbon deposited on
them. Considering the very small size of the
carbide particles (/), the rate-controlling
step for Reaction (2) is likely to be the nu-
cleation of WC° in the W,C particles. As-
suming this to a first approximation to be a
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uniform nucleation process (i.e., the proba-
bility for a nucleus to appear within a given
time is the same for each particle in the
sample), it can be demonstrated (6) that the
pseudoorder of Reaction (2) will be unity
with respect to the concentration of W,C*.
Summarizing, the respective molar frac-
tions of W,C°, W,C*, WC°, and WC*, xi,
X3, x3, and x4 are related to the time ¢ of
Reaction (2) by the following set of differ-
ential equations:

d X2 _

E (xl + XZ) - kl (4)

d ( X3 ) _ ( X2

E X2 + x3 B kz X + X3> (5)

d X4 _

Zt <X3 + X4> - k3 (6)
X]+.X2+X3+X4=1 (7)

It is easy to solve this system of equations
and hence to calculate the variations with
time of the molar fractions, for known val-
ues of the rate constants &;. Typical results
are presented in Fig. 5, where theoretical
values of (x; + x4), corresponding to the
total conversion to WC, are plotted versus
the reduced time #/t, for different values of
the ks (¢, corresponds to the time neces-
sary to reach x; + x4 = 1). A trial and error
procedure can be used to select the k; val-
ues corresponding to a theoretical variation
of (x; + x4) vs time fitting at best the kinetic
data of the W,C-WC transformation, ex-
tracted from Table 1. Figure 6A shows the
very good fit obtained using appropriate
values of the rate constants (see the legend
of Fig. 6). Figure 6B presents the separate
changes with time of the various carbide
species corresponding to this set of rate
constants. It has been confirmed that other
combinations of the constants could not
produce the theoretical curve of Fig. 7A.
Catalysts prepared in CO-CO, mixtures:
(i) Hydrogenation of ethylene. In order to
see whether the proposed model can pre-
dict the relationship between the catalytic
activity and the composition of the carbide
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F1G. 6. Graph A: theoretical changes in the conver-
sion to WC and WC* (x; + x,), versus the reaction
time (h) corresponding to k, = 0.8, k, = 0.065, and &;
= 0.075 (h~!). Open circles correspond to the experi-
mental data taken from Table 1. Graph B: theoretical
changes in the carbide species versus carburization
time, under the same conditions as above. x;: W,C°,
X0 WoC*, x50 WC°, and x,: WC*,

samples illustrated in Fig. 4A, specific ac-
tivities must be ascribed to the carbide spe-
cies considered in the model. Considering
that W,C* and WC* are, by definition, cov-
ered by free carbon and that the carbide
samples prepared in pure CO (and therefore
extensively covered by free carbon) proved
to be totally inactive, the specific activities
of these species can be reasonably assumed
to be zero. The activity experimentally ob-
served for the sample Wh-W,C-ic (10'® mol
ethylene/s/m?) will be ascribed to W»C°.
Finally, a value for the specific activity of
WCP° has been chosen by trial and error so
as to achieve the best fit between the theo-
retical curve and the experimental data.
The choice of two distinct intrinsic activi-
ties for W>C° and WC° is supported by the
fact that two significantly different values
of the activation energies were observed for
samples Wh-W,C-ic and Wh-WC-14 on the
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one hand (10 kcal/mol) and for samples Wh-
WC-55 and Wh-WC-100 on the other (12—
13 kcal/mol, see Table 2). Figure 7 shows
the fit obtained when a value of 2 x 10'®
mol/s/m? is assumed for the specific activity
of WC°.

The agreement between the experimental
data and the theory is very good in view of
the approximation involved in the model.
Only the activity of sample Wh-WC-100 de-
parts markedly from the predicted value.
According to the model, this sample should
be completely inactive, since it is supposed
to be extensively covered with free carbon.
However, this hypothesis is questionable
for carbide samples submitted to very long
carburization times, as shown by the
pseudometallic surface area determinations
presented previously (2) and summarized
in the last column of Table 1. The fact that
the pseudometallic surface area of carbide
samples went through a minimum at 80%
conversion to WC was tentatively ascribed
to a larger fraction of the carbide surface
being exposed to the gas phase, probably as
a consequence of the sintering of the free
carbon layer to discrete carbon aggregates.

-

i CzH .sec_m.2
=)

4

17

Activity /10 mo

Conversion to WC /mol %

F1G. 7. Theoretical variation and experimental data
(open circles) of the activity of samples Wh-WC-x for
ethylene hydrogenation. The specific activities of the
different carbide species were (in umol/m?%s; 17 for
W,C?, 34 for WC°, and 0 for W,C* and WC*.
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This interpretation is supported by the
change in the catalytic activity of the sam-
ples containing more than 80% WC. The
fact that the minimum catalytic activity ob-
served at about 20% WC does not corre-
spond to a minimum of pseudometallic sur-
face area (see Table 1, samples Wh-WC-14
and Wh-WC-23) would, at first sight, cast a
doubt on a possible correlation between the
pseudometallic surface area, as deduced
from H,-O, titration data, and the active
surface revealed by catalytic testing. This
apparent discrepancy indicates that the free
carbon species involved in the transforma-
tion of W,C° to W,C* differs from that mak-
ing WC* inactive. As the former does not
prevent oxygen from adsorbing on the car-
bide surface during the titration experi-
ment, we can imagine it to consist of atomic
carbon which would poison the active hy-
drogenation sites. This picture agrees well
with the reaction mechanism suggested in
Part I (1), according to which W,C would
convert to WC by reacting with atomic car-
bon produced by the dismutation of CO.
(ii) Dehydrogenation of cyclohexane.
The maximum activity observed at 14%
conversion to WC for cyclohexane dehy-
drogenation (Fig. 4B), corresponding to a
minimum in hydrogenation activity (com-
pare with Fig. 4A) suggests various inter-
pretations. A presumably higher affinity of
WC for unsaturated bonds would result in a
stronger adsorption of ethylene and ben-
zene on the WC surface, and hence to a
faster formation of saturated hydrocarbons.
However, no experimental or literature
data are available to support this interpreta-
tion. Furthermore, it does not take into ac-
count the differences of contamination by
free carbon between carbide samples corre-
sponding to different degrees of carburiza-
tion. Thus, we could assume that dehydro-
genation would take place on specific sites
not poisoned by free atomic carbon; how-
ever, this latter interpretation is not sub-
stantiated by other experimental evidence.
Literature data (7) have shown that free
atomic carbon could be removed from me-
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tallic surfaces by exposing them to hydro-
gen at temperatures above 400-500°C,
while pregraphitic carbon was completely
inert in hydrogen below 600°C. Assuming
that carbides would behave in the same
way, free carbon would have been com-
pletely eliminated from the catalysts tested
for cyclohexane dehydrogenation, as a
result of their activation in hydrogen at
500°C, in contrast with those tested for eth-
ylene hydrogenation which were activated
at 300°C only. Consequently, the change in
the catalytic activity illustrated in Fig. 4B
would reflect mainly the change in the
pseudometallic surface area of the samples,
i.e., the fraction of their surface free of pre-
graphitic carbon.

Catalysts prepared in pure CO. The lack
of activity of the samples prepared in pure
CO, whatever the test reaction considered,
is clearly correlated to their very low
pseudometallic surface area (see Table 1).
According to the XPS data presented in
Part II (2), the surface of these samples be-
comes extensively covered with pre-
graphitic carbon as a result of the
Boudouard reaction 2 CO — C + CO,)
(1). The so formed carbon layer has been
found, in Part II of this work (2), to prevent
any O, or H; from being adsorbed during
the titration experiments, resulting in very
low estimates of the pseudometallic surface
area of these samples. This carbon layer is
also likely to impede the access of all the
reactants to the surface of the samples,
thereby explaining their lack of activity.

CONCLUSIONS

The present work has enabled us to eluci-
date the effects of various physicochemical
characteristics (e.g., surface and phase
composition, presence of surface oxygen or
free carbon) on the catalytic activity of
tungsten carbides for ethylene hydrogena-
tion and cyclohexane dehydrogenation.

This low hydrogenation activity of pas-
sivated tungsten carbides can be ascribed to
their surface oxidation as a result of the
passivation treatment. The complete re-
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moval of the surface oxide brought about
by a treatment in H, at 300°C results in a
marked increase of the catalytic activity of
the samples.

The carburizing atmosphere appears to
be a crucial factor for the preparation of
active tungsten carbide catalysts. Thus, the
lack of activity of samples carburized in
pure CO is clearly correlated to their very
low pseudometallic surface area and can be
explained by the coverage of their surface
by a carbon layer which prevents it from
being contacted with gaseous reactants.
Conversely, the catalysts prepared in ap-
propriate CO-CO, atmospheres exhibit an
appreciable activity, which is markedly in-
fluenced by their phase composition (W,C/
WC/C). The relationship between the activ-
ity and the phase composition of tungsten
carbides can be accounted for in the frame
of a kinetic model which has been devel-
oped in accordance with the most recent
knowledge about the W,C-WC transforma-
tion in CO-CO, atmospheres. The results
show that the active sites for ethylene hy-
drogenation and cyclohexane dehydrogena-
tion were poisoned by free atomic carbon
deposited during the first hours of the car-
burization treatment; the removal of this
carbon species upon reaction with hydro-
gen probably explains the considerable in-
creases in dehydrogenation activity of
some carbide samples after their treatment
in hydrogen at 500°C. The catalytic activity
of the samples carburized for longer times
is affected primarily by the formation of a
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pregraphitic carbon layer. This pregraphitic
layer is not removed by the activation treat-
ments used in this work, and results in a
lesser fraction of the carbide surface being
accessible to gaseous molecules. A good
agreement has been found between the cat-
alytic activity of tungsten carbides samples
and the extent of their pseudometallic sur-
face, as derived from H,-O, titration.
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