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The gross kinetics for the oxidation of ethylene were determined over Pd and
Pd-Au alloys in a steady-state flow reactor and in a recirculating reactor in which
the products were stripped with each pass. The partial oxidation products over Pd
included acetic acid, acetic anhydride, acetaldehyde, and (a trace) ethylene oxide.
Initial selectivity for partial oxidation varied between 25 and 45%, depending upon
reaction conditions; steady-state values fell in the range, 6-25%. Both the total rate
and selectivity increased with O, pressure. The rates of both total and partial oxi-
dation passed through maxima near 5 Torr with varying C.H. pressure, changing
from first-order at lower pressures to negative-order at higher. The apparent activa-
tion energy, based on nitial rate data was 20 £ 2 keal/mole for both complete and
partial oxidation, but was 30 = 2 keal/mole for steady-state measurements. The dif-
ference may reflect effects of poisoning by products. When small amounts of acetal-
dehyde-"C were added to the reaction, 80% of the radioactivity was recovered in
the acetic acid and 10% as CQO.. Added ethylene oxide-"“C was recovered unreacted.
The C.H. reacted about 14 times faster than C.Di. Scrambling in the unreacted
ethylenes during oxidation of equimolar mixtures was minimal at low ethylene pres-
sures. No 0”0 was found when mixtures of ®0., and ®0. were used to oxidize
ethylene, but the isotopic distribution in the product CO. was near equilibrium.
The Pd-Au alloys were much less active than pure Pd and much more active than
Au. The selectivity, however, went through a maximum (~50%) near 20% Pd. A

gimilar maximum was found for fast Q. chemisorption.

INTRODUCTION

Since Lefort’s original patent (7), it has
been well known that a substantial fraction
of the products from the oxidation of ethyl-
ene over silver catalysts is ethylene oxide.
This system has been extensively studied.
It is unique in that Ag is the only catalyst
known for ethylene oxide production and
ethylene oxide is the sole partial oxidation
product. It was curiosity about this situa-
tion which motivated the present work.

In 1962 Kemball and Patterson (2) dis-
covered that Pd films produced small
amounts of acetic anhydride and acetic
acid from C,H, in a reaction parallel to
total oxidation (to CO, and H,O). More
recently, a communication from this labo-
ratory (3) revealed that the selectivity for
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the formation of partial oxidation products
could be raised from about 3% (2) to 30%
by carrying out the reaction over Pd
sponge. In the present work, results from
a steady-state flow reactor are compared
with those from a recirculating system.
Tracer experiments were made to define
some of the surface reactions occurring.
The Pd-Au alloys were used as catalysts
as well as pure Pd. Apart from a brief
discussion in our previous communication
(3), no information is available for ethyl-
ene oxidation over Pd-Au alloys. The vari-
ation in selectivity, rate, and kinetic be-
havior with catalyst composition for this
system are discussed below.

Flank and Beachell (4) found that alloy-
ing Au with Ag lowered the activity of the
latter for oxidation of C,H,. A correlation
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was found between activity and rather
small changes in lattice parameter (0.25%),
which led them to suggest that a ‘“geo-
metric factor” was influencing the activity.
The selectivity for formation of ethylene
oxide increased with Au for compositions
containing less than about 30 at. % Au.
The activation energy fell from about 12
keal/mole for pure Ag to 8 keal/mole for
the alloy containing 80% Au. Much larger
changes (~5%) in lattice parameter occur
when Pd is alloyed with Au (§). In addi-
tion, an “electronic factor” is introduced.
Thus, comparable studies of ethylene oxi-
dation over Pd-Au alloys afforded a way to
further evaluate these factors.

The heats of formation of Pd—Au alloys
are negative for all compositions (6), with
a deep minimum near 60% Au. Since en-
tropies of mixing are usually positive, there
should be no tendeney for phase separation
at the surface of the type described by
Sachtler and co-workers (7, 8 for Cu-Ni
allovs, The Pd-Au system forms a con-
tinuous series of solid solutions having
minimal deviations from Vegard’s law; the
structure is FCC. The magnetic susceptibil-
ity falls as Au is alloyed and the system
becomes diamagnetic for compositions con-
taining less than 50% Pd (6). Although the
alloys appear to be devoid of long-range
order, the behavior of certain electrical
properties has been attributed to “loose
compound formation” (9).

EXPERIMENTAL METHODS

Apparatus and Techniques

The reaction system used for initial
rate studies consisted of a glass reactor
with an internal thermocouple well and of
volume about 2 ml, a pressure transducer,
a trap maintained at —135°C and a mag-
netically operated pump. The components
were connected in a cyeclic manner and the
reactants were circulated through the sys-
tem at the pumping rate of about 75
ml/min. The transducer was catalytically
inactive and its output was plotted by a
recorder. The remainder of the system was
made of Pyrex glass and had a volume of
about 300 ml. For pretreatment, the cata-
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lyst was connected to a conventional
vacuum system through a U-tube trap
cooled to —78° for protection from Hg.
The single-pass flow system was of con-
ventional design. It was constructed mainly
of stainless steel, but the reactor was of
Pyrex glass. It has been described elsewhere
(10).

The standard procedure with the recircu-
lating system was to premix C,H,, O,
and He in the proportion 1:2.3:3.3 and to
admit 290 Torr of this mixture to the reac-
tion system with the pretreated catalyst
at a suitable temperature. As reaction
proceeded, the condensable products were
collected in the —135° trap while the
unreacted C.H, and O,, together with the
He and the vapor pressure of CO, (~1
Torr) were recirculated. Usually 10-30%
of the ethylene was oxidized in each experi-
ment. The partial pressures in the gas
phase before and after reaction, and the
composition of the condensed products,
were determined by GLC.

In two instances, acetaldehyde-“C was
oxidized along with the C.H,—O. mixture.
This was accomplished by diverting the re-
circulating gas through a second trap con-
taining the acetaldehyde which was cooled
to —78°, The collection trap was also
maintained at —78° and in this way about
1 Torr of the aldehyde was recirculated
until nearly all of it had been consumed.
The products were separated, burned to
carbon dioxide and water and the specific
activities of the CO. (gas) samples were
determined. Labeled compounds were in-
troduced into the flow system using a Sage
pump driving a gas-tight syringe.

Surface area and CO and O, chemisorp-
tion measurcments were made with a BET
system. N, was the adsorbate for total
areas > 1 m* and Kr for lower total areas.
Usually, the surface areas were measured
after an oxidation experiment, but in
several instances where they were meas-
ured both before and after, the second
value was lower by about 15%.

Analytical

With both reaction systems, products
were identified by comparing their chro-
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matograms with those of authentic sam-
ples; where necessary, additional confirma-
tion was obtained through mass spectral
analysis and chemical tests on samples col-
lected at the outlets from the columns. The
mass speectra were taken with a 6-in. radius
magnetic sector nuclide spectrometer which
was also used to determine the isotopie
compositions of the starting and unreacted
ethylenes (at low ionization voltages) and
of the acetic acid formed during experi-
ments in which mixtures of C;H, and C,D,
were oxidized. Specific activities of radio-
active gases were determined with a Tracer-
lab Superscaler by methods previously
described (11).

For the experiments with the recirculat-
ing reactor, a 33 in. X 3-ft column packed
with 5 A molecular sieves held at 180° was
used to separate CO; O,, and C,H, and
a Y4 in X 10-ft column containing 5%
Carbowax 1500 on Fluoropak 80 at 100°
for the condensable products. The cor-
responding columns used in the later work
with the flow system were Poropak Q
(14 in X 6-ft) at 75° and Poropak R
(34 in X 5-ft) at 160°.

Catalyst and Pretreatment Method

Unless otherwise stated, the pure metal
catalysts were Pd and Au sponges as re-
ceived from Engelhard Industries and were
stated to have purities of 99.99%. The
alloys were prepared from these starting
materials using two methods.

Method I was essentially that described
by Kulifay (12) for the preparation of
alloys and intermetallic compounds by re-
duction of the metal salts with hydrazine.
Appropriate quantities of palladium and
gold were dissolved separately in aqua
regia and the solutions were mixed. The
solution containing the reducing agent was
prepared by mixing hydrazine dihydro-
chloride, ammonium hydroxide, and water
in the proportions of 1:15:4.5 by weight,
respectively; the ratio of hydrazine to
the metal was 13 moles/g-atom. The hydra-
zine solution was heated to the boiling
point, stirred vigorously while the metal
salt solution was added dropwise over a
15-30-min period. A black precipitate
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formed immediately, but the mixture was
boiled for 1 hr on completion of the reac-
tion. The precipitate was washed re-
peatedly with large volumes of boiling
water and dried at 125°.

Method II was reduction of the metal
salts with sodium borohydride and was al-
most identical to that used by McKee (13).
The metals were dissolved together in
aqua regia and then reduced by rapid addi-
tion (5 sec) of a second solution contain-
ing 5% NaBH, and 9% NaOH. (It was
found that if the sodium borohydride solu-
tion was added slowly the gold precipitated
first.) The precipitate was washed once
with dilute HCl, then repeatedly with liter
quantities of boiling water until the wash
solution was free of chloride (no ppt with
AgNO,) and had a pH of 6-7. Finally,
the precipitate was dried at 125°.

Debye-Scherrer X-ray diffraction pat-
terns of catalysts prepared by both methods
and sintered at 300° showed that they were
homogeneous alloys with lattice parameters
in fairly good agreement with those given
by Maeland and Flanagan (5) for Pd-Au
alloys prepared by melting. However, spec-
trographic analyses showed that the im-
purity content was dependent on the
method of preparation. Alloys prepared by
Method II contained up to 2000 ppm of B
and 10-15 ppm of Na while the starting
materials and the alloys prepared by
Method I contained only 3-10 ppm of Na.
The level of other impurity elements were
comparable in all samples and amounted
to a total of 130-250 ppm for Cr, Cu, Fe,
Ag, and Ni.

Prior to each experiment, the catalyst
sample was reduced in flowing hydrogen
at either 300° (alloys) or 500° (pure metal
sponges) for 2—6 hr and then freed from
hydrogen by either evacuation or purging
with helium for 15-20 hr at the same tem-
perature.

Materials

The chemicals used in alloy preparation
were sodium borohydride (98%) and hy-
drazine dihydrochloride (Certified Reagent
100.5% assay), both from Fisher Scientific
Co.; NH,OH, HCI, and HNO, were Baker
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and Adamson (Research Grade) materials.
All water was distilled and then demineral-
ized.

The gases employed with the recycle
reactor were purified as follows. Ethylene
(Phillips Research Grade 99.97% pure)
was passed through a trap at —78°, and
given a repeated freeze-pump-thaw treat-
ment at —196°. Carbon monoxide (Mathe-
son C.P. 99.5%) was passed through a trap
at —183°, Oxygen (Linde USP, 99.5%)
and helium (Airco C.P. 99.95%) were
passed over activated charcoal at —78 and
—196°, respectively. Hydrogen (Airco
Electrolytic Grade 99.95%) was passed
through a Deoxo unit, over Pt asbestos
at 350° and finally over charcoal at —196°.
In flow experiments, the gases were puri-
fied as described elsewhere (10).

The CH;CHO-1,2-“C (Baird Atomic,
Inc.) was diluted with Eastman White
Label acetaldehyde. Radioactive ethylene
oxide (*C) was also obtained from Baird
Atomic and was diluted with Matheson
C.P. grade ethylene oxide prior to use.
Deuterated ethylene (C,D, > 99% D) was
obtained from Volk, Inc.; %0, (97%) was
purchased from Yeda Research and De-
velopment Co. These reagents were used
as supplied.

Treatment of Data

When using the steady-state reactor,
condensable products were collected for
fixed time intervals in a sampling loop
cooled with either dry ice or liquid nitro-
gen (10). The rates of formation of each
product were calculated directly (uM
min~) from the chromatogram of total
collected product. These data could be
readily converted into an oxidation rate
(C.H, molecules se¢™® em=) using the sur-
face area data and the known stoichiom-
etry of the reactions. For reaction in the
recirculating system, the initial and final
partial pressures of ethylene and oxygen
were known from the GLC analyses. By
assuming that the changes in these quanti-
ties were linear with overall pressure de-
crease, it was possible to convert the ex-
perimental curve of overall pressure vs.
time to a plot of ethylene pressure vs.
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time. The specific rate at any time could
then be caleulated from the slope of this
plot, knowing the volume of the system
and the surface area of the catalyst.

With both systems, the selectivity was
calculated from the analysis of products
accumulated in the trap and was defined
as 100 times the number of moles of ethyl-
ene converted to acetaldehyde, acetic acid,
and acetic anhydride divided by the total
number of moles of ethylene oxidized to
all produets.

REsuLTts

Initial Rate Studies over Pure Palladium

Partial oxidation products positively
identified during ethylene oxidation over
palladium included acetic acid, acetic an-
hydride, acetaldehyde, and ethylene oxide
(trace). The initial selectivity to partial
oxidation products was in the range 25—
40%. Of these products, acetaldehyde com-
prised 1-10%; acetic acid was always the
major product although some of this may
have been formed by hydrolysis of acetic
anhydride during collection.

Several representative ethylene pressure
vs. time curves for oxidation over pure
palladium (2.05g, 0.2 m? g™ pretreated at
500°), using the standard mixture in the
recirculating system, are shown (open
symbols) in Fig, 1. The plots were usually
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F1e. 1. Rates of oxidation of ethylene over pure
palladium; in a recirculating reactor at (°): 71, [;
91, A; 92, A;and 103, ©.
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nearly linear, so an accurate value for the
initial rate could be calculated from their
slopes.

The apparent activation energy, calcu-
lated from an extended series of curves of
this type, was 20 == 1 keal mole™. Since
the initial selectivity changed only slightly
with temperature (38% at 78°, 33% at
109°), the difference in activation energy
for partial and total oxidation was small
(<1 keal mole). The overall pre-expo-
nential factor was 4 X 10** C,H, molecules
sec™! em?,

It could not be concluded from these
curves that the reaction was zero-order in
C.H, because the pressures of both reac-
tants were falling simultaneously by simi-
lar fractions and a positive dependence on
the pressure of one reactant could be can-
celed by a negative dependence on the
other. In experiments in which the initial
ethylene pressure was lowered to 10 Torr
from 44 while the oxygen pressure was kept
constant at 100 Torr, the curves were fairly
linear until the C.H, pressure fell below 5
Torr (e.g., see filled triangles of Fig. 1).
Below this limit, the slope decreased con-
tinuously, indicating a change in the reac-
tion order in this region.

Experiments were made to determine
the effect of reactant pressure on the initial
rate and selectivity. At 90° with a con-
stant O, pressure of 100 = 3 Torr, the ini-
tial rate appeared to be independent of
C.H, pressure in the range 1047 Torr; the
average values at 44 and 10 Torr were
4.4 + 0.6 X 10** and 4.8 + 0.2 X 10*2 mol-
ecules sec™ em™2, respectively. The ob-
served selectivities were also constant at
35 +4%. By contrast, with a constant
C,H, pressure (44 = 3 mm) both the rate
and selectivity varied with O, pressure as
shown in Fig. 2. The selectivity increased
from about 25% for an oxygen pressure
of 25 Torr to about 43% when the oxygen
pressure was 250 Torr. The rate of total
oxidation was about first-order in O, pres-
sure at low pressures, but tended towards
half-order at high pressures.

It would be expected from these ap-
parent Kinetics that, under standard con-
ditions, the rate would fall with time in
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Fic. 2. Effect of oxygen pressure on initial rate of
oxidation and on selectivity over pure palladium at
90 + 1°C; ethylene pressure was constant at
44 + 3 Torr.

direct proportion to the oxygen pressure
rather than follow the observed linear
paths (Fig. 1). In experiments with a
higher surface area palladium sample (pre-
pared by Method 1, 1.756g, 1 m* g* pre-
treated at 300°), the slope of the ethylene
pressure vs. time curve did decrease as the
reaction proceeded, although the initial
specific rate, under standard conditions at
a given temperature, was within experi-
mental error (*+=20%) of that measured
with the lower area catalysts. It was these
kinetic inconsistencies and the presence of
poisoning which led us to make some addi-
tional experiments with a steady-state
system.

Material balance ealculations showed
that 2-6% of the reactants were being
retained by the catalyst in each experi-
ment. Qualitatively, the amount adsorbed
was smallest at the highest temperature
and largest at the lowest temperatures and
was directly related to the surface area of
the catalyst sample. This accumulation of
residue probably aceounted for some of the
decrease in activity with time.

Steady-state experiments over pure pal-
ladium. With the single-pass system, the
method corresponding to the standard pro-
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TABLE 1
VARIATION IN Rate oF ErHYLENE OxmvaTioN ovkiR Pd SronNgk witH Timge®

Elapsed Reaction  Rate of C;H, Rate of H:O  Selectivity,’ ¢

time temp. consumption formation to CH;COOH  Selectivity, %
(hr) (°C) (ud min™?) (uM min~!) + (CH,C0),0 to CH;CHO®
05 81.8 7.7 12 4 27.

1.0 81.4 6.6 10.7 27. 1.2

1.5 80.4 4.8 7.73 26.

2.2 79.6 2.7 4.43 25. 1.1

3.1 79.2 2.0 3.29 20.

3.6 79.2 1.7 2.KR7 19. 1.3

4.1 79.1 1.4 2.51 17.

4.7 79.1 1.3 2.18 1%. 2.2

5.2 79.1 1.2 2.04 17.

5.8 79.1 1.1 1.84 18, 2.4

6.3 79.0 1.1 1.86 17.

23 78.6 0.6 1.01 18.

¢ Experiments were made with the steady state flow system; Pc,g, = 40 2 2 Torr, Po, = 98 £ 3 Torr
and a total flow rate of 45 ml min~.. The catalyst was prepared by Method I and weighed 4.28 g reduced.

Its surface area was 1.0 m? g1
» Some ethylene oxide is included.

cedure in the recirculating systemn was to
flow a mixture of ethylene, oxygen, and
helium at partial pressures of 40, 100, and
~600 Torr, respectively, over the catalyst
at a constant total flow rate of 45 ml
(NTP) min?. In some instances, 90 ml
(NTP) min— were used and these experi-
ments are specifically designated., Using
this methed, it was found that the activity
of a Pd catalyst changed markedly with
time in the way shown in Table 1. Over
the first 24 hr, the rate declined by an
order of magnitude and the seleetivity fell
to about half its initial value. The initial
values could be substantially restored,
however, by a standard pretreatment so
that the observed decline was not due to
permanent loss of surface area. Following
the “lining-cut” period, the catalytic ac-
tivity remained constant for many days.
The effect of changes in temperature on
the lined-out activity are given in Fig. 3,
where the points are numbered in the order
the data were taken. Between each deter-
mination an hour elapsed, except for point
10 which was obtained 16 hr after point 9.
When the points around 10%3/7T = 2.59
were examined, the rates were found to be
somewhat dependent upon whether the
previous temperature was higher or lower

than this value. If, however, sufficient time
was allowed for the stabilization, the rate
was quite reproducible (compare points 1
and 10, 24 hr apart). The apparent activa-
tion energy was the same (30 =2 keal/
mole} for both partial and total oxidation

130
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Log Rate,C,Hy molecules sec-tcm-2

1.5

Po2=100 Torr
Pc,Hs= 44 Torr

.0 o2

1 1 |
2.5 26 27

103/ 7°K

Fia. 3. Effect of temperature on rate of (a) total
oxidation, (b) partial oxidation.
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F1c. 4. Effect of oxygen pressure on oxidation
rate to water over palladium sponge.

(Fig. 3). This meant that the selectivity
was constant (at 14-17% under standard
conditions), irrespective of the temperature.

The reaction was also rather sluggish in
responding to changes in reactant pressure.
Our most reliable results were obtained
using a 4.34-g sample of the palladium
sponge (surface area 0.2 m? g*) and a total
flow rate of 90 ml min; these data are
shown in Figs. 4 and 5. With a constant
ethylene pressure of 24 Torr (Curve b),
the rate was first-order in oxygen. How-
ever, when an ethylene pressure of 2.4
Torr was employed (Curve a), the de-
pendence was closer to zero-order, as was
observed by Kemball and Patterson (2)
in their experiments with a similar ethylene
pressure. These authors stated that the
dependence of the rate on ethylene pres-
sure (with an oxygen pressure of 23 Torr)
was first-order below 2.3 Torr and zero-
order above this limit. However, their ex-
perimental data, which is also plotted in
Fig. 5, agreed quite well with ours. There
seems little doubt then, that the rate goes
through a maximum with ethylene pres-
sure in the range 1-10 Torr. Under stand-
ard conditions, the pressure dependencies
were, therefore, first-order in oxygen, but
inverse in ethylene and the near linear
plots of Fig. 1 are quite understandable on
this basis.

The effect of reactant pressures on the
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Fia. 5. Effect of ethylene pressure on rate of to-
tal oxidation over palladium sponge.

rate of partial oxidation is demonstrated
in Figs. 6 and 7, where the numbers refer
to the percentage selectivity. The kinetic
behavior was quite similar to that observed
for complete oxidation, although the rate
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Fi1e. 6. Effect of oxygen pressure on rate of oxida~
tion to acetic acid over palladium sponge.
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(o) at 94°C O, Pressure 23 Torr
(b) at 94°C O, Pressure 118 Torr
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Fra. 7. Effect of ethylene pressure on rate of
oxidation to acetic acid over palladium sponge.

of partial oxidation fell off more sharply
for a given increase in ethylene pressure
and also increased more rapidly with oxy-
gen pressure. Thus, high selectivities under
“lined-out” conditions are favored by
ethylene pressures in the range 2-10 Torr
and the highest possible oxygen pressure.
1t is noteworthy that these same conditions
also maximize the overall oxidation rate.

Product Potsoning

The effects of reaction products were
investigated. A syringe driven at a constant
rate was used to introduce the compound
immediately upstream from the catalyst in
the flow reactor. CO, was without effect
on the rate or selectivity. When H,O was
introduced at a rate approximately equal to
its rate of formation by oxidation, total
oxidation was suppressed by about 10%,
but partial oxidation was unaffected; hence,
a small increase in selectivity resulted.
Acetic acid and acetic anhydride caused
pronounced reduction in rate, and for a
given pressure the former was approxi-
mately three times as strong a poison as the
latter. Acetic acid added at about the same
rate as the overall rate of partial oxidation
of ethylene caused a 20% decline in water
formation. Since the partial pressure of the
added acetic acid was only about 10%
that of the added H.O and since its effect
on the rate was larger, acetic acid was the
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stronger poison, perhaps by an order of
magnitude. In every case, once the source
of added poison was removed, the original
catalyst activity was restored within an
hour. These results indicate that under
steady-state conditions, product inhibition
was present to some extent. However, be-
cause of the low conversions involved, the
pressure dependencies revealed by Figs.
4-7 were not greatly affected by these
factors. Consequently, they probably repre-
sent the true kinetics of reaction quite
closely.

Tracer Studies During Ethylene Oxidation

The formation of small amounts of
acetaldehyde during ethylene oxidation
over palladium was positively established
in our experiments. The results of two
experiments in which mixtures of ethylene
and acetaldehyde-“C were cooxidized in
the recirculating system are summarized in
Table 2. In these experiments, the gas was
recirculated until several times more C.H,
was consumed than acetaldehyde added
(see “Experimental Methods” section).
Over pure Pd, less than 10% of the total
radioactivity ended up in the CO, while
nearly 80% was in the acetic acid. This
provided good evidence for the validity of
the suggestion of Kemball and Patterson
(2) that acetaldehyde is an intermediate
for acetic acid formation and that partial
and complete oxidation are primarily par-
alle] rather than consecutive reactions. By
contrast formic acid (and probably for-
maldehyde as well) was rapidly oxidized
to CO, 4+ H.0. Results with the alloy cata-
lyst were generally consistent with the data
for pure Pd (vide infra).

An experiment was also carried out in
which a mixture of ethylene oxide-C,
C.H,, O., and He with respective pressures
of 1.5, 12, 100, and 625 Torr, was passed
over Pd (prepared by Method I, 428 g,
surface area 1.0 m? g') at 45 ml min™*
and at a temperature where about 30% of
the ethylene was oxidized to the wusual
products. Substantially, all of the ethylene
oxide was recovered, unreacted and unisom-
erized, and the radioactivity of both the
acetic acid and carbon dioxide was neg-
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TABLE 2
OXI1DATION OF ETHYLENE WITH ADDED ACETALDEHYDE-MC
Amount
formed Location? of
Produet (uM) Sp aecte BC (%)
Over 1009, Pde CO, 201 37 6.4
CH,CHO % .
CH,COOH 125 719 78
Over 209, Pd® CO. 139 138 18
CH;CHO 12 131 1.2
CH,COOH 126 630 76

e At 72°C, with 73 pM of added CH;CHO-1,2-1C of specific activity 1598 cpm Torr™ over 1.75 g o f

catalyst (surface area, 1 m? g™1).

b At 102°C, with 68 uM of added CH;CHO-1,2-C of specific activity 1555 ¢cpm Torr™, over 3.65 g of

catalyst (surface area, 1.0 m? g™1).
¢ In cpm Torrt.

4 Some of the UC was lost through adsorption on the catalyst and in handling. The values shown were
calculated from [100 (sp act)(umoles formed)]/[(1598) (umoles of acetaldehyde used)].

ligible. This showed that ethylene oxide
cannot be an intermediate for either com-
plete or partial oxidation, although it con-
ceivably could be formed from the same
surface species as some of the other
products.

On several occasions, a 1:1 mixture of
C.H, and C.D, was oxidized to see if a
kinetic isotope effect was operative in
either oxidation. The isotopic compositions
of unreacted ethylene and product acetic
acid for two experiments are shown in
Table 3. Fully deuterated acetic acid was
barely detectable because the acid OD
group was rapidly exchanged by sources
of hydrogen on the chromatographic column

used for separation. Thus, this product
became ds;. When high ethylene pressures
were employed, exchange among the olefin
molecules was faster than the oxidation
rate and meaningful kinetic isotope effects
could not be measured. However, this mix-
ing was negligible at low ethylene pressures
(below 3 Torr) and ky/kp ratios could be
calculated from substitution experiments
with C,D, alone and competitive experi-
ments using C,H,/C,D, mixtures.

The value expected for the ku/kp ratio
(14) at 110° for the breaking of carbon-
hydrogen as compared with a carbon—
deuterium bond is in the region 3 to 4.
Thus, the values observed (1.4 = 0.1 for

TABLE 3
OxipatioN oF CoH,/C.D; MixTures oVER PALLADIUM SPONGE
Experimental
Conditions
Ethylene Fraction L
Ethylene conver- Isotopic composition i) exchanged

Expt. pressure  sion molecules  Exchange/
no. Products analyzed (Torr) (%) do d, ds ds d, o conversion

1+  Unreacted ethylenes 22 10 38.2 8.8 3.6 9.1 40.8 20 2.0

26 Unreacted ethylenes E 3 35 ; 47.7 1.6 0.5 2.2 480 3.3 0.1

Product acetic acid* 46.6 7.3 9.4 36.7 17 0.5

e At 90°, O. pressure of 65 Torr over 4.28 g of catalyst of surface area 1.0 m? g=1.
b At 120°, O pressure of 135 Torr over 4.34 g of catalyst of surface area 0.2 m? gL
¢ Values for methyl group only; corrected for starting impurities and deuterium in carboxyl group.
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total oxidation, 1.3 = 0.1 for partial oxi-
dation) indicate only a secondary effect
and suggest that carbon-hydrogen bond
cleavage is not the slow step in ethylene
oxidation. Morcover, the amount of acetic
acid-d, was much too low to be consistent
with an hypothesis of one intermolecular
hydrogen transfer per tranformation of
C.H, to CH,CHO or CH,COOH.

Experiments in which a 3:1 mixture of
%0, and %0, (97%) was used to oxidize
ethylene over pure palladium showed that
the unreacted oxygens contained no *0*0.
In fact, even in the absence of ethylene,
the exchange reaction was not observable
over freshly pretreated (reduced) Pd at
temperatures below 250°. Thus, one must
conclude either that ethylene oxidation
over Pd does not require dissociated oxy-
gen or that recombination and desorption
of oxygen atoms is very slow. The isotopic
distributions in the CO. and the acetic acid
were, however, very close to equilibrium
(e.g., 73.0% C*0,, 23.3% C*00, 3.7%
C**Q,). Separate experiments in which
C.H,, 0, and CO,* mixtures were flowed
over Pd under standard conditions estab-
lished that no oxygen transfer took place
between the CO,® and the CO.'* being
formed by C,H, oxidation.

Oxidation over Palladium—Gold Alloys

Ethylene oxidation was studied over
seven Pd-Au alloys at 100°, using the
standard procedutre in the circulating sys-
tem. The observed variation in initial rate
with composition is shown in Fig. 8 Within
the estimated error, the initial rate was
fairly independent of composition in the
range 16-75% Pd, although this value was
two orders of magnitude less than that for
pure Pd and was greater by a similar fac-
tor than that for pure gold (based on ex-
trapolation of the rates determined at a
higher temperature).

The initial selectivity at 100° over alloys
prepared by Method I varied with alloy
composition in the way shown in Fig. 9.
It was low for alloys having palladium
contents in the range 40-80% or less than
15%, but went through a steep maximum
near 20%. Initial rate and selectivity de-
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Fic. 8. Oxidation rate as a function of alloy com-
position under standard conditions at 100°C.

terminations under standard conditions at
other temperatures revealed similar pat-
terns, but the results were too imprecise
to yield a complete picture of the effect
of composition on the apparent activation
energy.

Significantly, only over the 209% alloy
was acetaldehyde formed in more than
trace amounts. At 70°, the overall selec-
tivity was 70%, comprising acetaldehyde
and acetic acid (plus acetic anhydride) in
nearly equal amounts; at 100°, the selec-
tivity was 50% of which acetaldehyde
amounted to about one fifth, while at 130°
the selectivity decreased to 30% and only

60+ ——

Selectivity, Per Cent

20

Io) | L | |
0 20 40 60 80 100
Atom Per Cent Pd m Au

TF1a. 9. Selectivity at 100°C as a function of alloy
composition.
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a trace of acetaldehyde was detected. From
these observations, it might be supposed
that at the higher temperatures, acetalde-
hyde was being oxidized to CO, rather
than acetic acid. However, tracer experi-
ment over the alloy catalyst (Table 2)
showed that most of the radioactivity ap-
peared in the acetic acid rather than the
CO,. Also, the ratio of the specific activity
of the acetaldehyde to that of the acetic
acid was 0.17, showing that most of the
radioactive acetaldehyde had reacted and
had been replaced with molecules formed
by ethylene oxidation. Thus partial and
complete oxidation are parallel reactions
over the alloy catalyst also and the varia-
tion in selectivity with temperature must
be the result of a difference in activation
energy for the two reactions. This differ-
ence was estimated to be 6 kcal mole™
compared with less than 1 keal mole for
the same two reactions over Pd.

These rate and selectivity data for ethyl-
ene oxidation over the Pd-Au alloys were
confirmed by experiments carried out with
the single-pass flow system. Such experi-
ments also served to show that poisoning
of the alloy catalysts proceeded in a similar
way to that deseribed for pure Pd, although
the rate of poisoning was temperature de-
pendent and by no means the same for all
alloys.

Eventually a steady state could be
reached for each alloy, but the selectivity
in this state was invariably low (less than
5% regardless of composition). Activation
energies and pre-exponential factors cal-

TABLE 4
AcTivation ENERGIES AND PRE-EXPONENTIAL
FacTors FOR STEADY STATE OXIDATION OF
EruyLENE OoVER Pd-Au ALLoys

Surface Activation Logw A
Palladium area energy (molecules
L (m2 g71) (keal mole™?) sec™! em™2)
100 0.2 30 £ 1.7+ 29,9 +1.0¢
50 3.5 256 +2.6 25.1 +1.4
40 3.1 2002 +1.0 21.7 £ 0.5
20 1.0 21.2 +£1.8 21.6 £ 0.8

e These errors refer to caleculated standard

deviations.

GERBERICH, CANT, AND HALL

150

—
Numbered in order data were taken
TC © Dependence on O, Pressure,
E 2ms Fen, =185 Torr
s Dependence on C,H,4 Pressure,
1100 Po, = 75 Torr
=
=
S
£
o
rd
o
N
T 50
s
2
o
o
L ! 1 |
0 50 100 150
Pressure, Torr

Fic. 10. Pressure dependencies in ethylene oxida-
tion over 209 Pd-Au alloy at 185°C.

culated from these data are given in Table
4. Both of these quantities increased with
Pd content and there was an approximately
linear relationship between them (compen-
sation effect). No attempt was made to
determine the steady-state reaction kinet-
1es for all alloys, but limited measurements
with the 20% alloy gave the results shown
in Fig. 10. As with Pd, the reaction was
first-order in oxygen and went through a
maximum with ethylene. However, under
equivalent conditions, the alloy required
a much higher ethylene pressure to achieve
the maximum rate.

Carbon Monoxide Chemisorption

The chemisorption of carbon monoxide
at 100 Torr was measured at 0° after a
30-min contact with the surface and at
100° after an additional 30 min. The ad-
sorption at each temperature was fast and
complete after a few minutes. The chemi-
sorption data taken at 100° are plotted in
Fig. 11 as a function of alloy composition.
All of the data fell close to a straight line
passing through the origin. Similar be-
havior was observed at 0°, although the
slope of the line was a little less. When
adsorption measurements at 100° were con-
tinued beyond 30 min, a very slow uptake
occurred over a period of many hours.
This additional adsorption varied with alloy
composition, but never exceeded 20% of
that taken up in the initial 30 min. The
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Fi¢. 11. Chemisorption of CO at 100°C and
100 Torr on Pd-Au alloys as a function of alloy
composition.

data suggest that nearly a complete mono-
layer is adsorbed on Pd and that adsorp-
tion on Au is nil.

Chemisorption of Oxygen

An attempt was made to assess the rates
of oxygen chemisorption on these catalysts.
A constant volume system was used and
the chemisorption was measured as a func-
tion of time. The small magnitude of this
parameter with some catalysts dictated the
use of low pressures (10 Torr) to achieve
reasonable accuracy. Two types of chemi-
sorption were distinguished: a very rapid
initial chemisorption (complete in about 10
min) and a slow process following Elovich
kinetics. The rate of the fast process de-
creased rapidly with coverage, the adsorp-
tion during the first minute being about
half the total adsorption during the first
ten. It was ascertained that the rate of
oxidation (based on O. consumption) fell
between the rate of chemisorption during
the first minute and the average rate over
the next nine. This comparison was pos-
sible because the chemisorption rates were
not very pressure dependent.

The slow chemisorption may have in-
volved bulk oxidation, because after sev-
eral days the volume adsorbed exceeded
one oxygen atom per surface Pd. The pres-

0.4
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Fre. 12. Ratio of oxygen chemisorption to carbon
monoxide chemisorption at 100°C as a function of
alloy composition.

ence of C.H, virtually eliminated this
process.

The total chemisorption during the first
10 min increased slowly with an increase
in temperature, but at a given temperature
it, varied considerably with alloy composi-
tion. When these data (for 100°) were
normalized to the corresponding CO chemi-
sorptions (to give O atoms adsorbed per
surface Pd), a curve strikingly similar to
Fig. 9 was evolved; this is shown in Fig.
12. In accordance with the observation that
the selectivity increased with O, pressure,
the selectivity was maximized by satura-
tion of the surface Pd atoms with chemi-
sorbed oxygen.

Discussion

The kinetics of the Pd-catalyzed oxida-
tion of C.H, to CO, and H,0, reported
herein, are in good agreement with the
findings of Kemball and Patterson (2) pro-
vided comparison is made in similar pres-
sure ranges. At first sight, the pressure
dependencies under our standard conditions
(first-order in oxygen and about negative
first-order in olefin) may seem rather
strange, but a similar behavior has been
observed many times during CO oxidation
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over Pd [see discussion of Baddour et al.
(15)].

The gross kinetics were qualitatively
similar for partial oxidation and total oxi-
dation and over the alloy and pure Pd
catalysts. The same activation energy was
found for both total and partial oxidation.
It may be concluded, therefore, that the
controlling factors are the same in all these
cases, and perhaps for CO oxidation as
well.

As pointed out by Kemball and Patter-
son (2), the heat of adsorption of oxygen
(16) at low coverages is higher than that
of ethylene (17). What cannot be assessed
are the relative heats and coverages under
reaction conditions. On the basis of the
available data, it seems likely that at the
low pressures used by Kemball and Pat-
terson, the surface is predominantly cov-
ered with oxygen, with ethylene adsorbed
on top or in between the chemisorbed oxy-
gen atoms. The kinetics then approach
zero-order in oxygen and first-order in
C.H, as reported (2). At higher C.H, pres-
sures, the kinetics approach first-order in
0. and negative first-order in C.H, pres-
sure. These data suggest that the surface is
heavily covered with C.H, (or residues
formed therefrom), under these reaction
conditions, making adsorption of oxygen
rate determining. This is supported by the
fact that 1%0. did not exchange with 20,
under reaction conditions, although the
CO, formed was close to equilibrium. It is
also supported by the observation that
some isotopic scrambling occurred when
mixtures of C.H, and C.D, were cooxi-
dized, showing that these molecules do
undergo desorption. No **0*Q was formed
over the clean surface in the absence of
C.H, at the temperature of the oxidation
reaction, but this is irrelevant. Oxygen is
dissociated during reaction, but it does not
desorb under our experimental conditions.
Thus, there is a strong analogy between
oxidation and hydrogenation of C,H, over
metal surfaces.

The data can be discussed in a general
way on the basis of the Langmuir-Hinshel-
wood model. For the case of reaction be-
tween two adsorbed species, the negative
dependence on C.H, pressure is evolved,
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if 1t is assumed that C,H, is more strongly
adsorbed than oxygen. The first-order de-
pendence on oxygen pressure requires,
however, that molecular oxygen compete
for surface sites with C,H,. It was not
found possible to fit the observed kinetics
over the entire pressure ranges with a
unique set of Langmuir-Hinshelwood
parameters.

The high values of the pre-exponential
factors recorded in the present and related
work (2, 10, 18) for this reaction deserve
comment. Most values of log 4 fell be-
tween 20 and 25 with several values some-
what higher. The collision frequency of O,
with the surface under the experimental
conditions is ~10%* sec™. This, together
with the fact that the absolute rate of re-
action was of the same order of magnitude
as the observed rate of oxygen chemisorp-
tion on the partially oxidized surface, sup-
ports the idea that oxygen chemisorption
is the rate limiting step. This assumption
would also explain the absence of a kinetic
isotope effect in comparison of the oxida-
tion rates of C,H, and C,D,, although
other explanations could be advanced. The
equation

rate = kPo,(1 — 0g)

leads to the desired pressure dependencies
when KP >>1. Here, 0y is the fraction of
the surface covered with C,H, and KP is
a term of the Langmuir equation.

In their work, Kemball and Patterson
(2) found an apparent activation energy
of 14 kcal mole™, compared with 20 keal
mole™ (based on initial rates) and 30 keal
mole™* (steady-state conditions) reported
herein. These discrepancies can be ex-
pected since the mechanism is not the same
at high and low ethylene pressures and
since reversible poisons will play a role
under steady-state conditions. A more
quantitative discussion would require the
postulation of particular mechanisms and
this is unwarranted on the basis of the
available information.

One of the chief conclusions of Kemball
and Patterson (2) was that ethylene oxi-
dation proceeded by two parallel paths as
follows:
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1 1s taken of the fact that only part of these
reactant gases may have been chemisorbed.
Hence, the hydrogen transfer probably is

€O, + Hy0

CaHgq + Oz
TN OHUOHO = (CHC0R0 —> CH,CO0H T
as

Our tracer experiment with ™C-labeled
acetaldehyde showed that most of the CO,
and H,O was indeed formed directly from
C.H,, 1.e., that acetic acid and acetic an-
hydride were much more refractory than
C.H,. One of the advantages of the flow
reactor was that it enabled us to positively
identify small amounts of acetaldehyde
and even smaller quantities of ethylene
oxide.

One salient difference between our re-
sults and those of Kemball and Patterson
(2) is in the value for the selectivity. They
reported that less than 3% of the ethylene
was oxidized to useful products, whereas
we found values 5-15 times greater under
comparable conditions. They used a static
systermn which allowed an accumulation of
acetic acid on the metal surface. Preferen-
tial poisoning of partial oxidation sites
could have produced their lower selectivi-
ties. In our experiments, the selectivity in-
creased with oxygen pressure; it could also
be increased by alloying more than 60%
Au with Pd. These results suggest that
total oxidation is related in some way with
the ability to dehydrogenate the olefin.
Hence, the selectivity could be improved
by repressing the dehydrogenating function
of the metal. This was done by increasing
the surface coverage with oxygen atoms or
by filling the metal d-orbitals with elec-
trons from Au. In this connection, note that
alloying Au had the same effect as raising
the O, pressure on the pressure of C.H,
required for maximum rate (compare Figs.
5, 7, and 10). Both increase this pressure.

In the formation of acetic acid from
cthylene, if the transfer of hydrogen from
one carbon to the other (to form the
methyl group) is via the catalyst surface,
then the methyl groups should contain d,
and d, (and d. and d;) in approximately
equal amounts when C.H, and C.D, are
cooxidized. The data (Table 3) show that
this is not the case. In fact, the distribution
is about that expeeted from the isotope
scrambling in the ethylenes when account

intramolecular. This is exactly what hap-
pens when the same reaction is catalyzed
by Pd complexes in solution (19).

There should be no tendency for low
temperature preparations of Pd-Au alloys
to form separate surface phases, such as
leseribed for the Cu—Ni system (7, 8). The
linear increase in CO chemisorption with
Pd content (Fig. 11) supports this conten-
tion. Although Trapnell (20) found that
carbon monoxide chemisorbed on both Pd
and Au, the heat of adsorption on the lat-
ter was small (8.7 kcal mole™ and § = 0.26
at 63°). In the present work, CO did not
appear to chemisorb on pure gold at 100°
and it scems likely, therefore, that chemi-
sorption on the alloys oceurred on individ-
ual Pd atoms in the surface., Our data,
however, do not preclude the possibility of
nguregates of Pd atoms existing as “is-
lands” in the surface. The surface density
of sites (atoms/cm?®) was calculated for
each alloy using the equation of Brennan
et al. (16). On this basis, the ratio of ad-
sorbed CO molecules to surface Pd atoms
was 0.6-0.7 for all the alloys and 0.6 for
pure Pd. A 1:1 correspondence would not
be expected because of the possibility of
both bridged and linearly adsorbed species
(21). The coverage found for pure Pd
(8.1 X 10** molecules em™) was in good
agreement with that found by Scholten and
Van Montfort (22) for palladium sponge
(8.6 X 10" ¢m) and by Stephens (23)*
for evaporated films (8.9 X 101 ¢m2).

The chemisorption of O, on the alloys
(Fig. 12) followed a pattern considerably
different from that found for carbon
monoxide. The coverage was a maximum
for 20% Pd-Au, a minimum for the 50%
alloy and was high for pure Pd. Stephens
(230) studied the chemisorption of O, on
evaporated Pd and Pd-Au alloy films and
found that chemisorption took place in two
stages: a fast initial uptake, accounting for
T or more of the total, followed by a

*The surface coverage was taken from Ref.
t23a) and the surface area from (23b).
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slower adsorption process which eventually
resulted in a total of about 1 oxygen atom/
surface atom. It was suggested that the two
processes corresponded to chemisorption on
surface Pd atoms followed by slow diffu-
sion to less active sites (Au) which were
unable to adsorb oxygen directly. With
regard to the fast and slow oxygen uptakes,
our results agree qualitatively with those
of Stephens, but quantitatively, the O,
coverages were much smaller than a mono-
layer in the present work. In fact, by as-
suming oxygen was adsorbed as atoms and
that CO measured the Pd monolayer ca-
pacity, fractional surface coverages near
unity were found only for pure Pd and the
80% Au alloy (Fig. 12).

There was a striking similarity between
the normalized fast oxygen chemisorption
curve (Fig. 12) and the selectivity-com-
position relationship (Fig. 9). The funda-
mental reasons for this are obscure, but
the observation seems consistent with the
increase in selectivity with O, pressure.
The excess enthalpy of formation goes
through a similar minimum near 40% Pd
(6) and the maximum deviation from
Vegard’s law occurs at about 30%. It is
possible that a kind of short-range order
exists in this region leading to special prop-
erties. On the other hand, in this composi-
tion range, a large fraction of the surface
Pd atoms may not have adjacent Pd atoms.
Isolated Pd atoms might be able to attack
the C.H, molecule at only one end, leading
to higher selectivity. The ability of the
20% Pd-Au alloy to oxidize acetaldehyde
to acetic acid was apparently low, because
substantial amounts of the former were
formed. It is possible that alloys of this
composition have unusually high selectivi-
ties for other oxidation reactions, because
such a catalyst has been used for oxidative
dehydrogenation of butenes to butadiene
(24).

The Pd-Au alloys showed a variation in
catalytic activity (Fig. 8) similar to that
found for CO oxidation over Pd-Au (25)
and for ethylene oxidation in the presence
of Pd-Ag (18). The rapid fall in activity
from pure palladium to a constant plateau
in the composition range 20-80% Pd is ap-
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parently characteristic of oxidation reac-
tions over these alloy systems. Both Dag-
lish and Eley (25) and Moss and Thomas
(18) attributed the lower activity of the
alloys to a filling of the d-levels of the
palladium with a consequent reduction in
their ability to chemisorb oxygen. It is dif-
ficult to see, however, how this picture
could predict a plateau of constant activ-
ity. Nevertheless, in a later paper (10), we
show that the relative activities of Group
VIII noble metals are consistent with the
importance of vacant d-orbitals in chemi-
sorbing oxygen and are inconsistent with
the operation of geometric effects in these
systems.

Before concluding, it is of interest to
point out the effect of sodium and boron
impurities in Pd and Pd-Au alloys pre-
pared by reduction with sodium borohy-
dride. In the oxidation of ethylene over
these materials, the rates were 10 to 10-2
times as fast as observed with samples pre-
pared by reduction with hydrazine. In
addition, the initial selectivities were
markedly decreased, e.g., to less than 20%
for pure Pd and to only 4% for an alloy
containing 24% Pd. Apparently, the ability
to chemisorb oxygen had been greatly di-
minished by impurities. One measurement
was made to illustrate this point; the sur-
face coverage by oxygen on the 24% alloy
(Method 1I) after 95 min at 100° was
0.14 X 10** molecules em=2 or only one
quarter that found for the 20 or 30% alloys
prepared by Method I. In contrast, the
carbon monoxide chemisorption gave al-
most identical coverages with both samples.

ACKNOWLEDGMENT

This work was supported by the Gulf Research
& Development Company as part of the program
of the Multiple Fellowship on Petroleum.

REFERENCES

1. Lrrort, T. E., U. 8. Pat. 1,998,878 (1935).

2. KemeaLn, C., anp ParrersoN, W. R., Proc.
Roy. Soc. (London), Ser. A270, 219 (1962).

3. GereericH, H. R. anp Hawl, W. K., Nature
213, 1120 (1967).

4. Fuang, W. H., axp BrACHELL,
J. Catalysis 8, 316 (1967).

H C,



Qe

10.

11.

13.
14

15.

CATALYTIC OXIDATION. I.

. MaELanp, A, anp Franacan, T. B, Can. J.

Pliys. 42, 2364 (1964).

. Darsy, J. B, Acta Met. 14, 265 (1966); Ind.

Eng. Chem. 60(5) 29 (1968).

. Sacuruer, W. M. H, anp Doreero, G. J. H,,

J. Cutalysis 4, 654 (1965).

. Sacutier, W. M. H, anp JoNGEPIER, R,

J. Catalusis 4, 665 (1965).

. Hansen, M., “Constitution of Binary Alloys,”

p. 224f. McGraw-Hill, New York, 1958,
Cant, N. W, anp Hau, W. K,, J. Catalysis
16, 220 (1970).
Hicatower, J. W. GereericH, H, R., axp
Hawu, W. K, J. Cutalysis 7, 57 (1967).

. Kuutray, S. M., J. Am. Chem. Soc. 82, 4916

(1961).
McKzg, D. W, J. Phys. Chem. 70, 525 (1966).
Meianper, L. C., “Isotope Effects on Reaction
Rates,” Ronald Press, New York, 1960.
Babpour, R. F.,, MooeLL, M. anp HEusskg,
U. K., J. Phys. Chem. 72, 3621 (1968).

16,

17.
18.

19,

2,

28.

2.
25.

219

Brenwnan, D., Haywarp, D. O., ANp TRAPNELL,
B. M. W,, Proc. Roy. Soc. (London), Ser. A
256, 81 (1960).

Beeck, 0. Discussions Faraday Soc. 8, 118
(1950) .

Moss, R. L., axp Tuomas, D. H., J. Catalysis
8, 162 (1967).

SterN, E. W, Catalysts Rev. 1, 73 (1967).

TrapNELL, B. M. W., Proc. Roy. Soc. (Lon-
don), A 218, 566 (1953).

21. Eiscuens, R. P,, Francis, S. A, AND PLISKIN,

W. A. J. Phys. Chem. 60, 194 (1956).

}?. ScuoLteN, J. J. F.,, AND VAN MoONTFOORT, A.,

J. Catulysis 1, 85 (1962),

StepHENS, S. J., (a) J. Phys. Chem. 63, 188
(1959) ; (b) Natl. Symp. Vacuum Technol.
T'rans. 4, 34 (1957).

Armstrong, W. E,, U. 8. Pat. 3,156,735 (1964).

DacuisH, A. G, anp ELey, D. D, Actes Congr.
Intern. Catalyse, 2°, Paris, 1960 2, 1615
(1961).



