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LaCoO;becomes active for hydrogenation of ethene upon reduction in hydrogen at temperatures
between 300 and 490°C. Several aspects of the reacting system were studied in order to ascertain
the nature of the active sites generated in this manner. Catalyst deactivation was evaluated by
comparing rates between two successive experiments. An upper limit was estimated for the amount
of polymeric residues formed after a single run: 1.1 = 0.5 x 10'* molecules of C, per square
centimeter. Reduced LaCoQ; also catalyzed the self-hydrogenation of ethene. When a mixture of
C,H,: D, = 1:1 was reacted over LaCoQ, reduced to varying extents multiple-exchanged ethenes
and ethanes were formed. The exchange patterns were almost unaffected by the extent of
reduction. The effect of pretreatment temperatures was also evaluated. The solid in its reduced
form was particularly sensitive to high-temperature treatments. The amounts of CO chemisorbed
when plotted vs extent of reduction gave curves that were almost identical to the activity plots. The
results reported here, discussed in terms of the current literature, are consistent with a model in
which finely dispersed Co? formed in the oxide matrix upon reduction, is the locus of hydrogena-

tion activity.

INTRODUCTION

Mixed oxides of the general formula
ABO; with a perovskite structure have
been thoroughly studied due to their many
technological applications (/) and theoreti-
cal interest (2). However, their potential
catalytic properties remained almost unex-
plored till the early seventies when a sus-
tained effort began to try to use them as
substitutes of noble metal-based automo-
bile exhaust catalysts (/). Other possible
catalytic applications have been forecasted,
e.g., for coal liquefaction (3). Besides,
these isomorphic oxides offer the possibil-
ity of varying their properties by cation
substitution while still retaining their crys-
talline structure. This makes them very
attractive for basic catalytic studies.

Crespin and Hall (4) have recently stud-
ied the reduction—oxidation cycle of several

t To whom all correspondence should be addressed,
Santiago del Estero 2829, 3000 Santa Fe, Argentina.

mixed oxides. They have reported that La
CoQ; could be reduced in hydrogen up to
LaCoO,s (La,O; + Co% and reversibly
oxidized back to the original structure with
little loss in crystallinity. In two recent
publications Lombardo and co-workers
(5,6) have reported that LaCoQy;
perovskite upon reduction at high tempera-
ture became active for ethene hydrogena-
tion. When the catalytic activity was plot-
ted vs extent of reduction the curve showed
a sharp maximum. The goal of this work
was to ascertain the nature of the active
sites involved in hydrogenation reactions.

EXPERIMENTAL

Catalyst preparation and pretreatment.
LaCoQ, was prepared by precipitation
from an equimolar solution of La(NQO;); and
Co(NOs), (analytical reagent grade) using
tetraethylammonium hydroxide. The pre-
cipitate was repeatedly washed with water,
till pH 7, and then dried under vacuum for
48 hr before being calcined under flowing
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oxygen at 800°C. This value was deter-
mined by increasing the temperature until
the X-ray pattern of the perovskite phase
was obtained and the patterns for the oxide
phases had disappeared (4). The material
obtained had a surface area of 16 m?/g.
The LaCoO; was reduced in hydrogen at
the desired level before each run in a stan-
dard recirculation system. The extent of
reduction could be followed volumetrically
and controlled by selecting the reduction
temperature between 300 and 490°C.

300-490°C
LaCoO3; + xH, ——

LaCoO;_, + xH,0,0 = x =1.5;

x = 1.5 = 3 electrons (¢)/molecule.

Reoxidation was carried out in air at
400°C. More details about this redox
process have been given elsewhere (4-6).
The standard pretreatment before either
adsorption or activity measurements was as
follows: oxidation with air for 2 h followed
by evacuation for 1 h at 400°C, reduction at
the desired level, and final evacuation at
400°C. After the first redox cycle, usually
carried up to 1 e/molecule, the oxide
showed approximately a 10% loss in sur-
face area. From there on the surface area
remained constant.

Gases. Hydrogen obtained from com-
mercial sources was passed over copper
wire thermostated at 300°C, anhydrous
CaCl, and MgClO,, and given a final
cleanup with activated charcoal cooled at
—195°C. Air was dried before contacting
the catalyst. CO (research grade) was used
as received. Deuterium was passed through
a Pd thimble. Ethene, research grade, was
used as received after having checked, by
distillation between —78 and - 195°C, that
water was neither detected nor were other
effects observed when ethene was used in
kinetic experiments.

Adsorption measurements. They were
done in a standard BET system to which a
recirculation loop was added to reduce the
catalyst in situ before CO adsorption.
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Reaction procedures. The catalytic activ-
ity and tracer experiments were done in the
same recirculation system used for reduc-
tion into which a bulb, containing most of
the reaction volume (430 cm?®), was incor-
porated through a bypass. The exit stream
from the bulb could be sampled for glc
analysis. Less than 1% of the circulating
gas was removed for each analysis. The
reactant mixtures were prepared volumetri-
cally by introducing a measured amount of
ethene first into the circulation system
where it was frozen and outgassed before
hydrogen or deuterium was admitted in the
desired amounts. The reactants were mixed
before contacting the catalyst. The average
length of the hydrogenation run was 1 h.

Mass spectroscopy analysis. Provisions
were made to trap the individual products
at the exit of the glc column. Ethene was
analyzed at low ionization voltage, 15 eV,
but ethane was run at 70 eV; more details
are given elsewhere (7).

RESULTS

Deactivation, Residue Formation, and
Self-hydrogenation

To determine the extent of deactivation
that occurred after the standard runs, in
which C,H,: H; = 1: 1 mixtures were used,
the reactor was evacuated at 22°C for 1 h
(1075 Torr) and then a new load of reactants
was admitted. The data obtained are shown
in the first three rows of Table 1. A possible
cause of the significant reduction in activity
could be the formation of polymeric resi-
dues (coke) on the catalyst. To estimate an
upper limit for this deposit the reactor was
evacuated at 22°C for 1 h after a standard
experiment and then oxidized in air in the
circulation system. The amount of carbon
dioxide collected in the cold trap (— 195°C)
was measured in the BET system. Results
obtained from six runs done with the cata-
lyst reduced between 1.0 and 3.0
e/molecule did not correlate with the ex-
tent of reduction; the average value ob-
tained was 1.1 = 0.5 x 10" molecules of C,
per square centimeter.
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TABLE 1

Deactivation and Self-hydrogenation Activity®

Extent of Reaction Reactants Activity Activity

reduction temperature (m mol CZHG') ratio
(e/molecule) O g cat min

1.0 22 C,H, + H,? 1.3 x 1072 12.3
C,H, + Hy* 1.1 x 1073

1.3 22 C,H, + Hy? 2.6 x 1072 5.5
C,H, + Hy® 4.7 x 1078

1.35 0 C,H, + H? 5.3x 10 26.5
C,H, + Hy¢ 2.0 x 1073

1.5 -20 C,H, + Hy’ 6.1 x 1072 11.0
C,H,* 5.6 x 1073

1.5 0 C,H, + H,? 1.1 x 1071 7.0
C,H,¢ 1.5 x 1072

“ Batch reactor with recirculating gas system, 100 mg of LaCoO,.

* C,H,:H, = 1:1; total pressure, 170 Torr.

¢ These experiments were done after evacuation of the catalyst at 1073 Torr for 1 h at 22°C, following the

previous run.

@ All conditions the same as in footnote b but without hydrogen. Ethene pressure = 85 Torr.

In the last two rows of Table 1 it is shown
that reduced LaCoQO; catalyzes the self-
hydrogenation reaction, the rate of ethane
formation being lower than in the presence
of hydrogen. The only difference between
these runs and hydrogenation experiments
was the absence of hydrogen. In none of
these runs or even in one experiment done
at 50°C was it possible to detect acetylene
in the gas phase.

Tracer Experiments

The previous results, particularly those
of self-hydrogenation, seemed to indicate
that the active sites were metallic in nature.
To substantiate this behavior a series of
experiments was performed in which
ethene was reacted with deuterium. The
region of low extent of reduction was care-
fully explored for in these cases it was more
likely that an oxide-type behavior could be
detected.

In Table 2 the raw data are presented for
experiments in which mixtures of C,H,: D,
= 1:1 were reacted over LaCoO; reduced
to different extents. To cover a wide range

of conversions it was necessary to operate
at 22 and 50°C and to use varying amounts
of catalysts, 100 and 500 mg. An important
isotope effect was observed when compar-
ing hydrogenation with deuteration experi-
ments. The data show that both ethene and
ethane were multiply exchanged with deu-
terium. Note that different extents of reduc-
tion gave approximately the same product
distribution at comparable conversions.

The experimental isotopic data have
been compared to calculated binomial dis-
tributions. A good agreement between the
experimental and calculated distributions
was observed in all cases but those of
ethane samples obtained at conversions be-
low 5%. In these cases the experimental d,
concentration was higher and the d, con-
centration was accordingly lower than the
calculated ones. The important contribu-
tion of ethane-d, was due to the self-hydro-
genation reaction. To illustrate this point
the results obtained at low and high conver-
sion over a slightly reduced catalyst (0.5
e/molecule) were plotted in Fig. 1.

In aseparate experimentaC,Hg: D,=1: 1
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TABLE 2
Ethene Deuteration over LaCoQ; Perovskite®
Extent of Reaction  Conversion Ethene Ethane
reduction temperature (%) —
(e/molecule) O dy d, dy dy d, dy d, d, dy d, ds
0.5 22 0.3 098 002 — — — 033 018 049 — — —
22 0.5 09 001 — — — 035 028 037 — — —
0.5 50 5.1 094 006 — — — 0.42 025 033 — — —
50 44.5 0.55 0.29 0.11 0.03 0.02 0.24 0.26 0.27 0.15 0.05 0.03
50 54.0 0.40 0.36 0.16 0.05 0.03 0.23 0.30 0.28 0.12 0.05 0.02
50 58.4 0.37 0.37 0.18 0.05 0.03 0.23 0.30 0.26 0.15 0.05 0.01
0.7 22 2.3 098 002 — — — 027 023 050 — — —
0.7 50 32.0 0.67 0.28 005 — — 0.24 033 0.3 007 — —
50 42.0 0.55 0.34 0.08 0.02 0.0t 0.20 0.34 0.37 009 — —
1.25 22 9.0 0.94 006 — — — 0.14 0.37 0.43 0.04 002 —
1.25 50 56.5 0.52 0.33 0.11 0.03 0.01 0.14 0.36 0.38 0.10 0.02 —
50 58.5 0.499 0.36 0.11 0.02 0.02 0.10 0.31 0.41 0.14 0.04 —
1.5 22 6.4 095 005 — — — 035 031 034 — — —
22 6.8 097 0063 — — — 033 027 036 004 — —
1.75 S0 2.9 - - - -  — 045 017 03 - — —
50 3.5 097 003 — — — 046 0.17 0.36 001 — —

“ Batch reactor with gas recirculation. 100 or 500 mg of LaC00,. C,H,: D, = 1: 1. Total pressure = 170 Torr.

mixture was contacted with the catalyst at
50°C for 2 h. The mass spectra showed no
deuterated ethanes formed under these

conditions.

Evacuation Temperature Effects upon
Catalytic Activity

The experiments reported so far were run

following the standard pretreatment out-
lined under Experimental. In order to as-
certain the effect of evacuation tempera-
tures, both after oxidation and reduction,
the set of experiments shown in Table 3
were run.

As could be expected from a structural
point of view the evacuation temperature
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FiG. 1. Isotopic distribution of ethenes and ethanes produced by reaction of a C,H,:D, = 1:1
mixture over LaCoO, reduced at 0.5 ¢/molecule. Total pressure, 170 Torr: reaction temperature, f,.
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after reduction strongly influenced the cata-
lytic activity of LaCoQ;. By the same token
evacuation temperatures after oxidation
were not expected to affect the catalytic
activity as shown in the last row of Table 3.

Adsorption Measurements

The previous results were consistent
with a model of the reduced LaCoO; in
which finely dispersed cobalt was sup-
ported in an oxide structure, the metallic
sites being the loci of catalytic activity.
However, according to this picture it is
hard to explain the maximum in catalytic
activity unless the concentration of ex-
posed Co° is affected by other variables,
e.g., temperature, besides extent of reduc-
tion. Hydrogen is the most convenient gas
to estimate metal dispersions of supported
catalysts. However, in this case it could not
be used for it might penetrate within the
lattice. The second-best choice for this pur-
pose was carbon monoxide.

To determine the amount of CO chemi-
sorbed the catalyst reduced at the desired
level was contacted with carbon monoxide
at a pressure of 300 Torr. The pressure was
high enough to be located on the plateau of
the adsorption isotherm. After the total
amount of adsorbed gas was measured the

TABLE 3

Effect of Evacuation Temperature, after Reduction
and Oxidation, upon Catalytic Activity?®

Evac. temp of Evac. temp. of Activity
oxidation reduction (m mol C;Hg )

(°C) °C) g cat min
400 490 0

400 490 0

400 450 8.8 x 1072
400 400 6.1 x 1072
400 350 6.9 x 1072
490 400 8.0 x 1072

@ Batch reactor with recirculating gas system, 100
mg of LaCoOj;, reduction temperature = 350°C, 1.5
e/molecule, reaction temperature = —20°C, C,H,:
H, = 1:1, Py = 170 Torr.
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catalyst was evacuated at the adsorption
temperature (—20°C) for 30 min. A second
adsorption was done at the same pressure
to measure the amount of physically ad-
sorbed gas. The difference between the first
and second adsorption gave the amount of
CO chemisorbed which was plotted vs ex-
tent of reduction in Fig. 2a. Two curves are
shown in this figure. Curve I corresponds to
data points obtained with aliquots of the
catalyst that have never been reduced to
the highest possible extent, 3 e/molecule.
Curve II was obtained with aliquots that
have been reduced at least once to maxi-
mum extent. Figure 2b (5, 6) has been
included for comparison. It shows the ef-
fect of extent of reduction upon catalytic
activity. Again two curves were obtained as
in the adsorption case.

To check the connection between the
adsorption and activity results (Fig. 2),
experiments were done in which after the
catalyst has been reduced to 1.5e/molecule
and CO chemisorbed an activity test was
run. In these cases the activity dropped to
zero both at 0 and — 20°C. From the amount
of CO chemisorbed an upper limit of active
site concentration could be estimated. For
the most active catalyst (1.5 e/molecule on
curve 1) the maximum active site concen-
tration calculated in this manner was 1.9 x
10" sites/cm?,

DISCUSSION

The three tests applied to investigate the
nature of the hydrogenation active sites
consistently supported a metallic behavior
of reduced LaCoO;. In Table 4 the results
obtained are summarized and compared
with data reported in the literature for tran-
sition metals and their oxides. In the first
row it is shown how the deactivation be-
havior resembles that of group VIII metals
(8). Related metal oxides such as Co,O, do
not deactivate under similar conditions (9).
Note that these data refer to short runs not
to longer ones in flow systems where it is
likely that oxides will also deactivate.

A stronger proof of metallic behavior is
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FiGc. 2. Adsorption of carbon monoxide and hydrogenation activity over reduced LaCoO,. O,
Catalyst aliquots never reduced to maximum extent. @, Aliquots reduced at least once to 3
e/molecule. (a) CO chemisorption on reduced LaCoO,. (b) Initial rates of ethene hydrogenation over
reduced LaCoO,. C,H,: H, = 1: 1. total pressure, 170 Torr.

the ability to catalyze the self-hydrogena-
tion reaction, Tables 1 and 4. This i1s char-
acteristic of metals (/0), while metal oxides
are not known to be active for this reaction.

The ethene-deuterium reaction is an-
other key test to decide between both alter-
natives. Group VIII metals catalyze the
deuterium-olefin exchange. Therefore,
multiply-exchanged ethene and ethane are
obtained during the reaction (//-/4). On
the other hand metal oxides are more effec-
tive for hydrogenation than for exchange.
The reaction products are then almost ex-
clusively ethane-d,; and unexchanged C,H,
at low temperature (9, /5-17). Reduced
LaCoO, behaves very much the way metals
do (Table 2).

In most cases there was an excellent

agreement between the experimental and
the binomia!l distributions of deuterated
ethanes and ethenes. However, when the
conversion was below 5% the ethane distri-
bution did not match the random pattern.
Figure 1 shows that the ethane-d, concen-
tration is higher and the <, lower than the
values calculated assuming a binomial dis-
tribution. First, it could be concluded that a
given contribution of oxide-type sites pro-
duced a higher d, concentration. But this
conclusion is hard to sustain when almost
identical results were obtained with a cata-
lyst reduced at 1.15 e/molecule. This more
likely is an artifact arising from the cracking
pattern calculations for ethane which give
multiple fragmentation strongly dependent
on very many factors (/8).

TABLE 4

Criteria for Differentiation of Ethene Hydrogenation Mechanisms over Metals and Metal Oxides*

Criteria Oxides

Metals LaCoO,
Deactivation® No (9, 16) Yes (8) Yes
Self-hydrogenation No Yes (/10) Yes
C,H,+ D, C.HD,® 5 CHe_,D,? Multiply-exchanged
C.H,* (9. 15-17) C.H,_,D, (i=14) ethene and ethane

“ Numbers in parentheses correspond to references.

® Applies to short runs at or below room temperature.

¢ Low-temperature experiments.

¢ Average deuterium exchanged depends on the metal considered.
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Ichimura et al. (19), obtained similar
tracer data for LaCoQ, which has not been
prereduced. However, their experiments
were done at higher temperatures (80 and
300°C) at which it is expected that the oxide
will be reduced to a certain extent. This
possibility was not considered by the au-
thors (/9) and led them to conclude that
Co(III) played an important catalytic role.
The results shown here do not support their
views.

If the locus of activity is Co®, formed
upon reduction, how can the shape of the
activity vs extent of reduction curves be
rationalized, Fig. 2b? Part of the answer
could be found in the work of Crespin and
Hall (4). They claimed that Co** is selec-
tively formed at the early stages of reduc-
tion, up to 1e/molecule. The resuits of Sis
et al. (20) are also consistent with their
views. This would explain the slow in-
crease in activity up to this extent of reduc-
tion shown in Fig. 2b. From here on the
activity went up very fast but it promptly
reached a maximum (curve I, Fig. 2b). The
question is why the activity did not steadily
increase up to the maximum extent of re-
duction when all the cobalt has been re-
duced to the metallic form. Table 3 seems
to give some clues. It shows a drastic drop
in catalytic activity after heating the re-
duced perovskite under vacuum. Similarly,
to reach the extents of reduction on the left-
hand side of curve I it was necessary to
heat the catalyst in hydrogen at or above
400°C for periods between 2 and 5 h (4-6).
Heating at temperatures higher than 400°C,
or perhaps even several hours in hydrogen
at 400°C, could cause the migration of Co®
to form small clusters, still not visible by X
rays, but in any case producing a reduction
in the concentration of exposed cobalt. As
an alternative, migration of Co° into the
bulk cannot be discarded.

To estimate the dispersion of Co® on the
catalyst carbon monoxide was adsorbed for
this should interact more strongly with me-
tallic cobalt than with the oxide. Figure 2a
shows this to be the case. Figures 2a and b
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look very much the same. The differences
in height of the maxima in the adsorption
curves and the slightly different shape of
the adsorption curve II compared with the
activity curve II could be due to the dy-
namic character of both processes, i.e.,
slight variations of Co’ migration rates
could produce the effects observed. Be-
sides, the fact that chemisorbed CO poi-
soned the catalyst clearly indicates that this
is at least partially adsorbed on the active
sites. The active site concentration esti-
mate of 1.9 x 10" sites/cm?, obviously an
upper limit, is close, although somewhat
higher, than the density of Co° that should
appear on the surface when LaCoO; was
reduced to 1.5 ¢/molecule.

In summary, a picture emerges from this
work which is also consistent with the
results of Crespin and Hall (4). The hydro-
genation activity of reduced LaCoQO, is
almost exclusively due to the appearance of
highly dispersed Co" (Tables 1 and 2). The
slow increase in activity with extent of
reduction up to 1 e¢/molecule and the sharp
upturn beyond this point (curve I, Fig. 2b)
are consistent with the relative stability of
Co*" reported by Crespin and Hall (4). The
appearance of maxima in the activity
curves (Fig. 2b) mirrored by the CO ad-
sorption curves (Fig. 2a) seems to be due to
changes in exposed Co® concentration. The
maxima could develop as a consequence of
two factors playing in opposite directions,
the increased number of Co" produced by
reduction and the decrease in exposed Co°
due to heat effects (Table 3). To further
substantiate this point more sophisticated
techniques for surface studies will be used,
e.g., ESCA-Auger spectrometry.

ACKNOWLEDGMENTS

This research was supported by a grant from SE
CYT (Argentina}, We also wish to thank Michel
Crespin for providing the initial sample of LaCoO,and
the Laboratorio Central de Servicios Analiticos for
running the mass spectra.

REFERENCES

/. Voorhoeve, R. J. H., in ‘*Advanced Materials in



6.

10.

HYDROGENATION ACTIVE SITES ON LaCoO,

Catalysis’ (J. J. Burton and R. L. Garten, Eds.).
Chap. 5. Academic Press, New York, 1977.

. Goodenough, J. B., in “*Solid State Chemistry™

(C. N. R. Rao, Ed.), pp. 215-364. Dekker, New
York, 1974.

. Cusumano, S. A., Dalla Beta, R. A., and Levy, R.

B., *"Catalysis in Coal Conversion,”” pp. 101, 106,
195. Academic Press, New York, 1978.

. Crespin, M., and Hall, W. K., J. Catal. 69, 359

(1981).

. Petunchi, J. O., Nicastro, J. L., and Lombardo,

E. A.,J. Chem. Soc. Chem. Commun., 467 (1980).
Petunchi, J. O., Ulla, M. A., Nicastro. J. L., and
Lombardo, E. A., in *‘Proceedings, 7th Ibero-
american Symposium on Catalysis, 1980, p. 108.

. Lombardo, E. A., Houalla, M., and Hall, W. K_,
J. Catal. 51, 256 (1978).
. Schuit, G. C. A., and van Reijen, L. L., in

*“AdvancesinCatalysis,’” Vol. 10, p. 299. Academic
Press, New York, 1954.

. Fukushima, T., and Osaki, A., J. Catal. 41, 82

(1976). Tanaka, K., Nihira, H., and Osaki, A., .J.
Phys. Chem. 74(26), 4510 (1970).

Bond, G. C., "‘Catalysis by Metals.,”” p.
Academic Press, New York/London, 1962.

230.

1.

12.

13.
i4.

17.

8.

19,

20,

363

Turkevich, J., Bonner, F., Schissler, D. O., and
Irsa, A. P., Discuss. Faraday Soc. 8, 352
(1950).

Wilson, J. N., Otvos, J. W., Stevenson, D. P.,
and Wagner, C. D., Ind. Eng. Chem. 45, 1480
(1953).

Kemball, C., J. Chem. Soc., 735 (1956).

Bond, G. C., and Wells, P. B.. i# ‘"Advances in
Catalysis,”” Vol. 15, p. 92. Academic Press, New
York, 1964.

. Burwell, R. L., Jr., Littlewood, A. B., Cardew,

M., Pass, C., and Stoddard, C. T. H., J. Amer.
Chem. Soc. 82, 6272 (1960).

. Conner, W. C., Jr., and Kokes, R. 1., J. Phys.

Chem. 73, 2436 (1969). Dent, A. L., and Kokes, R.
Y., J. Phiys. Chem. 73, 3781 (1969).

Lake, I. J. S., and Kemball, C., Trans. Faraday
Soc. 63, 2535 (1967).

Amenomiya, Y., and Pottie, R. F., Canad. J.
Chem. 46, 1741 (1968).

Ichimura, K., Inoue, Y., Kojima, E., Miyasaki,
E.. and Yasumori, l., Preprints 7th International
Congress on Catalysis, B-44, 1980.

Sis. L. B., Wirtz, G. P., and Sorenson, S. C.. .J.
Appl. Phys. 34, 5553 (1973).



