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The hydrogenation of ethylene on thermally activated TaC were studied. Similar to the catalysis
by transition metals, the hydrogenation on TaC exhibited a maximum rate at a definite reaction
temperature; the activation energy of the reaction was 33.8 kJ mole™ below 370 K, but —54.4kJ
mole~! above 420 K. The reaction of ethylene with D, at 273 K yielded ethane ranging from d, to ds
and highly exchanged ethylene with increased conversions. The isotope composition of gaseous
hydrogen reached nearly equilibrium when the degree of conversion exceeded 40%. The chemi-
sorption of hydrogen on TaC obeyed the dissociative Langmuir isotherm. The application of
strongly adsorbed carbon monoxide and acetylene as poison showed that about 40% of the total
surface was catalytically effective, and that the reaction rate diminished with increasing fraction of
poisoned surface, 8,, being proportional to (1 — 8,)®. The accumulation of graphite-like carbon on
the TaC surface occurred by heating the catalyst above 400 K in an C,H, atmosphere, and was
accompanied by a drastic decrease in the catalytic activity. X-Ray photoelectron study revealed
that the characteristic features of electronic states in the activated TaC were a partial electron
transfer from Ta to carbon atom. The associative mechanism of hydrogenation was proposed and

the possible structure of active sites on TaC was discussed.

INTRODUCTION

In studying heterogeneous catalysis by
solid surfaces, transition metal carbides
have drawn considerable attention, not
only because of their interesting physical
properties derived from coexistence of me-
tallic, covalent, and ionic bondings (I), but
also because of a possibility of improving
the catalytic properties by the modification
of metals. In particular, the latter expecta-
tion is related to the recent findings that the
incorporation of carbon atoms with metals
leads to new catalysis which is different
from that of the original metals, e.g., the
carburized Ni(110) plane behaves like cop-
per metal for the decomposition of formic
acid (2), and tungsten monocarbide exhibits
platinum-like behavior for the chemisorp-
tion and isomerization of 2,3-dimethyl pro-
pane (3). In spite of many studies on the
physical properties of transition metal car-
bides, only a few investigations have been
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performed so far on their catalytic behav-
ior. Boudart et al. ) reported a catalytic
activity of Mo,C for the breaking of C-0,
C-C, N-N, and H~H bonds. In the earlier
stage of our work to examine the validity of
the metal carbides as catalyst, we found
that the evacuation of TaC, TiC, and WC at
high temperatures was effective in produc-
ing high catalytic activity for the hydroge-
nation of benzene (5) and ethylene (6). X-
Ray photoelectron spectroscopic (6) and
poisoning (5) studies revealed that the gen-
eration of activity is associated with the
exposure of a clean monocarbide surface as
a consequence of removal of the surface
oxygen and/or oxide layers. The synthesis
of hydrocarbon from CO and hydrogen by
TiC, TaC, and Mo,C has successfully been
carried out with high selectivity to produce
hydrocarbons of higher molecular weight
than methane (7).

In the present study, we attempted to
elucidate the reaction mechanism of ethyl-

128



ETHYLENE HYDROGENATION ON TANTALUM MONOCARBIDE

ene hydrogenation on TaC and the struc-
ture of active sites. The kinetic analysis
was performed in a temperature range 250-
593 K and was supplemented by a tracer
work using D,. The poisoning effect of CO
and C,H, molecules which are strongly
bound on TaC surface, was employed to
determine the density of the active sites. In
addition, the X-Ray photoelectron spectro-
scopic (XPS) technique was used to reveal
the electronic state of the catalytically ac-
tive surface of TaC.

EXPERIMENTAL

TaC powder (particle size 1-2 wm) of high
purity (>99%), purchased from Fru-uchi
Chemicals Co., was the same as that used
in the previous study (6); it contained
niobium of 0.5% and free carbon of 0.14%.
The BET surface area measured by Kr was
1.1 m? g~ (6). X-Ray diffraction provided
characteristic peaks due to the monocar-
bide structure. Hydrogen (99.999% pure),
deuterium (99.5%), carbon monoxide
(99.5%), ethylene (99.8%), and acetylene
(99.6%) were obtained from Takachiho
Shoji Co., and were used without further
purification.

The kinetics of the reaction was studied
in a temperature range between 250 and 593
K and total pressures up to 50 Torr were
studied (1 Torr = 133.3 N m™?) using a
conventional closed circulation system.
The course of reaction was followed by
measuring the change in pressure with a
glass Bourdon gauge equipped with a signal
transducer (8) and by the gas chromato-
graphic analysis of products. Under the
present experimental conditions, the prod-
uct was found to be ethane only, and thus
we took the initial rate of pressure change
as a measure of the catalytic activity. In the
experiments using D, as tracer, the reactant
and product were separated gas-chromato-
graphically and the deuterium distributions
were obtained from the analysis by means
of a Hitachi RMU-7 mass spectrometer.
The isotopic composition of hydrogen in
the gas phase was determined by using a
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gas chromatograph (9). The poisoning of
TaC catalyst was undertaken by exposing
the fresh surface to a CO or C,H, atmo-
sphere prior to the reaction study and the
amounts of adsorbed poisons were evalu-
ated from those of their irreversible adsorp-
tion.

X-Ray photoelectrom spectra were re-
corded at room temperature on a Hewlett—
Packard 5950A ESCA spectrometer using
monochromatic AlKa exciting radiation.
The TaC sample, after being pressed into
disks was transferred into the preparation
chamber of the spectrometer, and sub-
jected to the in situ heat treatments; the
background pressure during the heat treat-
ment at 1370 K was kept below 5 x 1077
Torr. The C 1s peak of graphite at 284.8 eV
was taken as reference.

RESULTS

In the previous study, the heat treatment
in vacuo above 1270 K was found to be
effective in activating TaC (6). The effect of
heating in a hydrogen atmosphere was ex-
amined in comparison to the previous
result, it was found that though heating at
temperatures higher than 1270 K was also
necessary for the activation, the latter
treatment led to less-reproducible results
and about one-half of the activity of that
obtained by the former one. The decreased
activity in hydrogen atmosphere is proba-
bly due to the fact that the catalyst surface
would be partly covered again by gases dis-
charged from the catalyst, since the heat
treatment was carried out in the closed sys-
tem in this case. Thus, we heated TaC in
vacuo at 1370 K for 1 h as the treatment
prior to the Kkinetic study, which yielded
almost the same activity as in the previous
study (6).

Figure 1 shows representative pressure
changes during the reaction. It is found that
the deactivation of the catalyst became ap-
preciable at high reaction temperatures; at
273 K, for example, we observed little de-
activation, whereas, at 593 K, the activity
dropped to one-tenth of the intial rate in a
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FiG. 1. Total pressure changes with reaction time at
various temperatures. The slopes by which the initial
rates of the reactions were determined are also shown.
One-tenth gram of TaC powder was used for reaction
1, and 0.05 g for reactions 2 and 3.

small conversion range 10%. Therefore, we
obtained the slope of the initial pressure
decrease as a measure of the catalytic activ-
ity.

Figure 2 illustrates the Arrhenius plots of
the reaction in the temperature range 250-
593 K. The rates were evaluated per unit
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F1G. 2. The dependence of reaction rates (*°) on
reaction temperatures. The initial hydrogen (O) or
deuterium (@) pressure = 20 Torr; ethylene pressure =
10 Torr.
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FiG. 3. The dependence of reaction rates on the
initial pressures of hydrogen (O) and ethylene (®).

BET surface area. The initial rate of hydro-
genation exhibited a maximum at around
400 K. Apparent activation energy, E ,, was
determined to be 33.8 kJ mole! below 370
K and —54.4 kJ mole™ above 420 K. Pres-
sure dependence of the rates was examined
at 273 K in a pressure range 5-40 Torr for
hydrogen and 5-20 Torr for ethylene; the
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F1G. 4. Deuterium distribution in ethane as a func-
tion of extent of double-bond addition during the deu-
teration of ethylene at 273 K (O, C;Hg; @, C.H;D;
@, C;H,D,; 1, C,H;D,; W, C;H,D; A, C,HD,, and A,
C,Dg). Initial pressures of deuterium and ethylene are
20 and 10 Torr, respectively.
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reaction orders with respect to the hydro-
gen and ethylene pressures were found to
be 0.9 and nearly zero, respectively (Fig.
3).

The reaction of ethylene with hydrogen
at 273 K was 1.5 times faster than that of
ethylene with deuterium, indicating that the
kinetic isotope effect is straightforward.
The latter reaction gave an E, value of 41.9
kJ mole~! in the temperature range 240—340
K (Fig. 2). The deuterium distributions in
ethane and ethylene are shown in Figs. 4
and 5. Even at a low conversion of 5%, the
wide distributions of deuterium atoms were
observed in ethane; the fractions of ethane-
d,, dy, and d, amounted respectively to 25—
35%, and those of ethane-ds and d, to 5~
10%. The deuterium distribution in
ethylene exhibited considerable fractions of
d, and d, species from the initial stage of
reaction. Figure 6 shows the isotopic distri-
butions in the gaseous hydrogen during the
deuteration of ethylene at 273 K. HD and
D, were found to produce from the begin-
ning of réaction, and the rate of the isotopic
mixing for hydrogen was almost compara-
ble to that for ethylene. The value of
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F1G. 5. Deuterium distribution in ethylene as a func-
tion of extent of double-bond addition during the deu-
teration of ethylene (O, C,H,; ®, C,H;D; @, C,H,D,;
0O, C;HDy; and B, D,D,). The experimental conditions
are the same as those in Fig. 4.
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FIG. 6. Deuterium distribution in gaseous hydrogen
during the deuteration of ethylene as a function of
extent of double-bond addition (O, D,; @, HD; @, H,).
The experimental conditions are the same as those in
Fig. 4. The variation of the K-value is given by A, and
the dotted line corresponds to the value at equilibrium
of the isotope composition at 273 K.

Pyp?/PyPy ratio, K, reached the value at
equilibrium when the conversion became
higher than 40%. However, in the reaction
of ethylene with equimolar mixture of H,
and D, at 273 K, the rate of HD formation
was rather low; the values of K were 0.23
and 1.05 at the conversions of 10.9 and
39.3%, respectively. In the absence of eth-
ylene, however, the H,-D, isotopic ex-
change reaction at 273 K proceeded at the
rate approximately 50 times higher than in
the above one.

The adsorption of CO or H, on an acti-
vated TaC was investigated at 273 K in a
pressure range 1 X 1072-40 Torr. A linear
relationship was observed in the plot of the
amount of CO adsorbed, Vo, vs the loga-
rithm of its pressure, indicating that the
adsorption follows the Frumkin-Temkin
isotherm. At the highest pressure em-
ployed, V., amounted to 4 x 10 molecule
cm™2, With hydrogen, the isotherm was
well represented by a linear relation be-
tween Vy, ™ and Py, ~''2, suggesting that the
adsorption of H, obeys the Langmuir iso-
therm of dissociative adsorption. The satu-
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ration amount of adsorbed hydrogen is
evaluated to be 8 X 10 atom cm~2 from the
intercept of the plot.

CO and C,H, were found to chemisorb
strongly on the TaC surface and to inhibit
the hydrogenation. Figure 7 shows the mo-
notonous decrease in the catalytic activity
with increasing fraction of covered surface
with CO or C,H,. It is of note that the
shapes of the two poisoning curves by CO
and C,H, molecules are quite similar and
these poisonings caused the almost com-
plete disappearance of the activity at the
same surface concentration, 4 X 10 mole-
cule cm™2,

The previous XPS measurements of TaC
showed that an evacuation at high tempera-
ture of 1370 K produced an almost oxygen-
free surface. In this paper, this technique
was extended to the study of the electronic
structure of carbon and the valence band.
The results were demonstrated in Fig. 8. By
evacuating TaC at 1370 K for 1 h, an inten-
sive peak appeared at 283.1 eV, although
there still remained a small peak due to free
carbon atoms at around 284.6 eV (spectrum
A). The exposure of this surface to S Torr
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FiG. 7. The decrease of relative activities of the
hydrogenation as a function of the preadsorbed
amounts of CO (O) and C,H, (®). The initial pressures
of hydrogen and ethylene are 20 and 10 Torr, respec-
tively, and the reaction temperature is 273 K.

of ethylene at 570 K lowered its catalytic
activity to one-hundredth, and it also
caused the broadening of the latter peak
toward higher binding energy side (spec-
trum B). The substraction of spectrum A
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FiG. 8. X-Ray photoelectron spectra of TaC: (a) C ls region; spectrum A—after evacuating TaC at
1370 K; spectrum B—subsequent heating of the sample at 570 K in ethylene atmosphere, and spectrum
C—difference spectrum between spectra B and A. (b) Valence region after evacuating TaC-at various

temperatures.
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from spectrum B indicated the existence of
a new peak at 284.9 ¢V, a binding energy
value close to that of graphite carbon. The
valence band spectrum, as shown in (b),
had a broad peak at around 5 eV below the
Fermi level, E;. With increasing tempera-
ture of evacuation, peaks I and II, which
arose mainly from C 2s and C 2p electrons,
respectively, were intensified. By further
evacuation of the catalyst at 1370 K, there
appeared a characteristic peak III having a
sharp edge near Fermi level.

DISCUSSION

Ethylene hydrogenation on a thermally
activated TaC was characteristic in show-
ing a maximum in the rate with the varia-
tion of reaction temperature. This is similar
to the feature of the same reaction on me-
tallic catalysts. In the reaction of ethylene
with D,, the deuterium distribution in eth-
ane was d, (31.6%), d, (27.4), d, (24.9), d,
(9.6), d, (4.8), d; (1.5), and d (0.2) at 5%
conversion. This result seems to contrast to
the findings on the metallic catalysts; eth-
ane-d, was the predominant species at
small conversions on catalyst such as Ni
(I0) and Pd (11), whereas ethane-d, was
main product on Ru, Os, and Ir (12, 13).
Further, it was found on TaC that the con-
siderable amounts of deuterium-exchanged
ethylene, HD and H, were produced in the
gas phase with increasing conversion.
These distinctive results together with the
dissociative adsorption of hydrogen lead to
the following Horiuti—Polanyi mechanism
(14) for the hydrogenation, viz.,

H, — 2H@), @

CH, — CHya), (2

H(a) + C;Hya) — C,Hi@), (3)
H(@) + C;Hs(a) — C,H,, 4

where (a) denotes adsorbed species.

The linear relationship for 1/r°'% vs
1/P,V? plot shown in Fig. 3 yields the ex-
pression of the hydrogenation rate, r°, at
273 K;
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where k is an apparant rate constant, K}, is
the adsorption constant of hydrogen, and
Py is the pressure of hydrogen. The super-
script, °, refers to the fresh catalyst. The in-
variance of the rate with ethylene pressure
indicates that the surface is covered mainly
with C,H,(a) whose concentration is nearly
constant. On the other hand, it is likely that
desorption of ethylene would become
significant at temperatures above 400 K,
which is probably responsible for the exis-
tence of the maximum catalytic activity at
about 400 K.

As is seen from Fig. 7, the two poisoning
curves are analogous in nature, hence both
CO and C,H, molecules occupy the same
active sites in a similar way. The adsorption
of reactants, H, and C,H,, was inhibited by
the presence of these strongly adsorbed
molecules. Figure 9 shows the variation of
log (r/r°) against log (1 — 8,), where 6, was
evaluated as the ratio of the concentration
of adsorbed poison to its saturation value, 4
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Fig. 9. Logarithmic plots of r/r° against

(1 — 6,). r/r° = relative activity of the hydrogenation,
and 6, = fractional coverage of poison, CO (O) or
C.,H; (@).
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x 10 molecule cm™2. When the coverage
of poison was below a half of the satura-
tion, the observed relative rates are on a
good straight line with a slope of 3. Then,
the reaction rate in this case, r, is given by

r=r(1— 6,3 (6)

This equation suggests the structure of the
catalytic active site to be composed of an
assembly of the three adsorption sites; i.e.,
a dual sites for the dissociative adsorption
of hydrogen and a single site adjacent to the
dual site for ethylene adsorption. This con-
sideration is also based upon the experi-
mental results that ethylene adsorbs more
strongly than hydrogen to reduce surface
diffusion of the reaction intermediates.
The almost complete poisoning of ethyl-
ene hydrogenation occurs at the concentra-
tion of 4 X 10'* molecule cm™2 of the pread-
sorbed CO or C,H, and this fact implies
that about 40% of the total Ta atoms on
surface take part in the active site, provided
that the surface is mainly composed of such
low index planes as (111), (100), and (110)
and that a poisoning molecule occupies a
surface atom. As shown in Fig. 10, the
above three planes can be divided into two
groups; the (111) plane exposes alternately
Ta and C atom layers, whereas the other
two planes include both Ta and C atoms
with periodical orientation. Tardif et al.
(I15) presumed that the carbon-deficient
part of TaC(111) plane forms active sites,
since the catalytic activity of nonstoi-
chiometric compound TaC, increased as x
decreased from 1.0 to 0.8. Schulz-EXkloff et
al. (16) assumed that the (1010), (1100) and
(0110) planes of WC expose only W atoms
forming active sites for ammonia synthesis.
A recent study by Oshima et al. (I7) on the
(100) and (111) faces of TiC revealed that
the (111) face exposes Ti atoms on the up-
permost layer and the adsorption of oxygen
on the (111) face is 100 times larger than
that on the (100) face. In analogy to TiC, Ta
metal atoms are likely exposed on the sur-
face of TaC(111) plane, suggesting that the
face is catalytically the most active. The
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FI1G6. 10. (a) Crystal structure of TaC; structures of
(b) (111); (c) (100); and (d) (110) faces. O, Ta atom; @,
C atom.

effect of oxygen admitted (5, 6) as a strong
poison also supports this view.

The hydrogenation rate on the thermally
activated TaC, 1.2 x 10" molecule cm™2s™!
at 273 K (P, = 20 Torr and P, = 10 Torr),
is compatible to that on an evaporated
nickel film, 2 x 10* molecule cm™2 s},
which was estimated by the correction of
the data obtained by Alexander et al. (I18) to
the present reaction conditions. Referring
the finding by Beeck (/9) that the evapo-
rated nickel film is 100 times or more as
active as the evaporated Ta one, it will be
noted that with alloying to carbon, Ta metal
is catalytically activated by about two or-
ders of magnitude. Such an enhanced activ-
ity of TaC will be associated with the char-
acteristic electronic states of Ta and C
atoms; the lower binding energy of C ls
level of TaC indicates that an electron
transfer occurs from Ta atom to carbon
atom (20). Further evidence for the dis-
tinct feature of carbon atom in the carbide
was obtained from the results for the heat
treatment in a C,H, atmosphere; the accu-
mulation of graphite-like carbon during the
treatment brought about the depression of
catalytic activity. An APW calculation of
TaC shows that the electronic states near
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the Fermi level is composed of #,,-electrons
which are localized on a Ta atom but partly
are involved in a Ta-Ta bond (21). A
DV-X, calculation of Ti;,C,3 cluster sug-
gests that the d-electron density of states
near the Fermi level is increased on the
uppermost surface layer (22). The evacua-
tion of TaC at 1370 K promoted evidently
the intensity due to valence band electrons
near the Fermi level as is seen from the
spectra in Fig. 8. Thus produced valence
electrons on the surface layer will interact
with ethylene 2p#* antibonding orbital,
which would cause a back donation of elec-
trons from TaC to ethylene. Such electron
donation may facilitate the rupture of the
double bond of the adsorbed ethylene at
high temperatures, resulting in the forma-
tion of the graphite-like carbon residues on
the surface.
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