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Propylene oxidation over a supported copper catalyst was studied by simultaneous measure-
ments of the catalytic activity and the solid-state properties by means of a microthermogravimetric
analyzer combined with a flow device. Initially adsorbed acrolein strongly retarded the consecutive
oxidation of successively formed acrolein and allowed consistent stabilization of a copper-rich
cuprous oxide state. The most active and stable solid phase for highly selective acrolein formation
in the working state was the copper-rich cuprous oxide state such as Cu, ;0. The state was found
to be determined by the balance between the proceeding of copper oxidation and the keeping in
check of the oxidation by the retardation due to adsorbate.

INTRODUCTION

Cuprous oxide is well known as an active
catalytic species for the selective oxidation
of propylene to acrolein (/, 2). Although
for the partial oxidation of propylene cu-
prous oxide has been replaced in industry
by composite catalysts of the bismuth-
molybdate type, the study of copper or
copper oxide catalysts for investigating the
principle of selectivity in oxidation remains
a most interesting and intriguing topic (3-
8). Hitherto, it has been qualitatively
known that copper or cuprous oxide cata-
lysts form a mixture of CuQO-Cu,0-Cu ac-
cording to the reaction conditions of pro-
pylene oxidation; the performance is
controlled by this composition, and the
state containing a large amount of Cu,O
gives the best result for acrolein formation
(3, 9, 13). However, the optimum Cu,O
content has not been agreed upon in these
reports. Furthermore, it is also known that
metallic copper forms with increasing pro-
pylene concentration and decreasing selec-
tivity to acrolein (/0, /2). When oxygen
concentration or the O,/C,Hg ratio is in-
creased, deactivation of the catalyst occurs
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(72). In spite of these observations, many
ambiguities still remain concerning the pre-
cise relationship between the, oxidation
state of copper and the catalyst perform-
ance.

The purpose of this work was to define
the factors controlling the oxidation state of
copper and to obtain a more accurate rela-
tionship between the oxidation state and
the catalytic performance over a wide range
of reaction conditions.

EXPERIMENTAL
Catalyst

A porous SiQ,-Al,O; calcined at 1500°C,
28% porosity, 20-30 mesh, was impreg-
nated with a solution of the ammonium
complex of cupric nitrate. After drying and
thermal decomposition in air, it was re-
duced completely in flowing hydrogen
while the temperature was raised at a con-
stant rate from 20 to 400°C for 2 hr, and
then treated at 800°C for a period of 30 min
in the same gas flow. The content of re-
duced copper was 9.7%. The BET surface
area of the support was measured as 1.6
m?/g by the one-point method (/4) using
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the continuous-flow technique (/5). The
surface area of the supported metal was
determined to be 17.4 m?/g Cu by measur-
ing the rapid CO chemiscrption at room
temperature (27°C) with CO partial pres-
sure of 0.05 atm according to Scholten and
van Montfoort (/6). The mean diameter of
supported copper crystallites was 40 nm,
assuming them to be spherical. This cata-
lyst gave quite high selectivity, ca. 80%, for
acrolein formation with suitable conditions
using water vapor (/7).

Apparatus and Reaction Method

A Shimadzu microthermogravimetric an-
alyzer (TG) with a gas flow control and gas-
purification system was used. Its tolerance
was 1 ug regardless of gas flow below 200
cm®/min. A 0.019-cm?® portion of the cata-
lyst sample was situated in the sample pan
suspended in the center of a transparent
quartz tube of 13 mm diameter. The pan
had a diameter of 5.8 mm and a depth of 1.6
mm. The sample was reduced completely in
situ before use at 350°C with 6% H,-94%
N.. A new catalyst of the same lot was
provided for each test to eliminate any
effect of hysteresis upon the catalyst per-
formance, owing to contact with different
reaction conditions. The reaction-gas mix-
tures were introduced under conditions
within 200 to 500°C and 21 to 141 cm?/min.
A small portion of propylene combustion,
due to catalysis of the platinum sash-wire
and the sample pan in the heating zone of
the reactor tube, was corrected by a blank
test corresponding to each reaction condi-
tion.

The effluent gas was analyzed by a sensi-
tive FID-TCD type gas chromatograph
(Yanagimoto GC-80) every few minutes.
Propylene and CO,, O,, and possible or-
ganic products such as acrolein, acetalde-
hyde, propionaldehyde, and acetone were
analyzed using three types of columns,
Porapak Q, MS-SA, and 30% polyethylene
glycol 6000/Celite 545, respectively.

The overall oxidation state of the bulk
copper, y in CuQ,, was obtained from the
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weight gain measured by the micro-TG.
The calculated weight gain from adsorbates
other than oxygen, such as organic com-
pounds and CO,, was less than 0.9%, and
was negligible for the estimation of the y
value. This was calculated following oxida-
tion and successive hydrogenation at
400°C, of 30-min- duration, using a 50-fold
amount of catalyst at flow conditions simi-
lar to those of the micro-TG but using a
tubular reactor.

Morphological observation of the cata-
lyst surface before and after use for the
propylene oxidation was studied by scan-
ning electron microscopy, using Hitachi
HFS and JEOL JSM-T20 instruments.

RESULTS AND DISCUSSION
Transient and Steady-State Reaction

A typical example of the transient and
steady states in propylene oxidation start-
ing from the reduced state of copper is
shown in Fig. 1 together with reaction
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FiG. 1. Changes of weight and of catalyst perform-
ance with time for propylene oxidation starting from
the reduced state of the catalyst. 1. Propylene oxida-
tion; 2. oxygen treatment with 5% 0,-95% N,: gas
composition, 25% C;Hg, 5% O,, 2% H,0, and 68% N,;
flow rate, 33 cm®/min; temp., 300°C. S,., and Sc,, are
selectivities of acrolein and CO,, and 7,cro, Fcos» Tach are
formation rates of acrolein, CO,, and acetaldehyde,
respectively.
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conditions. In the early stage near y = 0,
almost complete oxidation of propylene
was observed as shown by the curves of
selectivity for CO, formation (S;,) and rate
of CO, formation (r¢y,). However, S¢q, de-
creased with increase of y. On the contrary,
acrolein formation (S,.,, and 7., In-
creased. Both the rates (rqg, and r,.,) and
oxidation state attained steady states within
20 min.

In the reaction-gas stream, the weight
increase of the catalyst (Aw) occurred lin-
early during the first few minutes, then
decreased gradually and almost stopped
after 20 min. On the other hand, the oxygen
uptake of the catalyst in 5% 0,-95% N, gas
stream proceeded rapidly for the first 10
min, and at that time Aw was ca. twice that
found with propylene oxidation. Further, in
this case, the slow oxygen uptake contin-
ued for more than 2 hr. It was considered
whether or not this difference was due to
the oxygen consumed on the catalyst sur-
face with propylene oxidation. Assuming
that Aw within the first 2 min was propor-
tional to time (), the increasing rate of Aw,
{d(Aw)/dt} expressed in milligarams per
minute, was 0.029 for propylene oxidation,
and was 0.103 for the oxygen treatment.
The oxygen consumption rate for propyl-
ene oxidation was 0.031 in the same units,
which was calculated from formation rates
of the products at ¢ = 2 in Fig. 1. So, the
overall amount of oxygen converted for the
propylene oxidation in first 2 min becomes
0.060, which is only about 60% of that in
the oxygen treatment. Consequently, it is
indicated that the increasing rate of catalyst
weight in the propylene oxidation was
strongly retarded from its initial rate by the
action of adsorbate such as acrolein, as
observed by Aso et al. (8).

The amount of adsorbate, which was
determined by the redox analysis men-
tioned under experimental, was 0.49 cm? as
C3;Hg per gram copper. This value corre-
sponds to a surface coverage of 0.2, assum-
ing the area occupied by one adsorbed
propylene molecule (s) to be 25.6 A2, as
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calculated with the usual equation s =
203)Y2{M/(4(2)'?N, - d)}*? using the data
of molecular weight (M), Avogadro’s num-
ber (N,), and density (d).

Effect of the Initial State of Catalyst on
the Steady State

The facts described above showed that
the oxidation of the copper was markedly
retarded, even in the early stage of the
propylene oxidation, due to small amount
of adsorbate. This suggested that the state
of the catalyst at the start of the reaction
had an effect on the catalyst performance at
the steady state. To make this point clear,
several catalysts having initially different
states of oxidation were provided for the
propylene oxidation. The results are sum-
marized in Table 1.

The time required to attain the steady-
state reaction from start-up in each of the
initial oxidation states (y,) of the catalyst
was nearly equal to that shown in Fig. 1.
The y at the steady state, when the reaction
started from the completely reduced state
of the catalyst (case 1, y, = 0), was 0.41.
This value was the smallest in Table 1, and
the greatest formation rate of acrolein and
its selectivity were shown in this case. On
the other hand, when the reaction started
from the complete oxidized state of the
catalyst (case 5), y was scarcely reduced
and the catalyst gave the maximum com-
bustion rate and minimum acrolein forma-
tion. Partially oxidized (case 2) or reduced
(cases 3 and 4) catalysts always gave
greater values for y and y,, even when the
reaction started from a y, which was equal
to the y of case 1.

The reason for these facts was consid-
ered to be that the concentration of the
products was small at the early stage, and
oxidation of copper metal proceeded until
the adsorption of the adsorbates attained
equilibrium.

In conclusion, the y at the steady state
strongly depended on the initial oxidation
or reduction state of the catalyst metal, and
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the optimum result for acrolein formation
was obtained with y = 0.4,

Retardative Behavior of Adsorbates

4.69
4.68
5.90
6.22
6.93

The strong retardative action of small
amounts of adsorbate was further investi-
gated by varying the reaction-gas composi-
tion and temperature over a wide range

acetaldehyde.
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an extremely oxidative form, with propyl-
ene concentration decreasing to a very low
level, as shown in g. It was considered that
at this time the adsorbates were burned off,
and their retardative effect for the oxidation
of catalyst metal ceased. After that (period
h), the gas composition was restored to that
used in e. y attained a new level, 0.55,
which was constant. However, ry,, was
quite different from that previously in e,
and had a very small value. The tempera-
ture was then raised at a constant rate to
400°C for 100 min; nevertheless, y did not
change within the accuracy of the appa-
ratus. Thus, once y had been fixed, it
remained constant over a wide range of
reaction conditions. On the basis of these
facts the action of the adsorbates was de-
duced to be as follows:

(1) The adsorbates not only strongly re-
tarded the oxidation and reduction of the
catalyst metal, but also played an important
role in controlling the selectivity to the
partial oxidation product (acrolein) by re-
tarding the rate of successive oxidation.

(2) Active sites, which are regenerated
repeatedly by redox cycles (/7-/9), occupy
only an extremely small portion of the
catalyst surface because rates changed rap-
idly with changes of gas composition over a
surface with quite constant y. This further
suggests that the adsorbed oxygen and not
the lattice oxygen is of significance.

(3) In particular, the complete-combus-
tion activity is determined directly by the
equilibrium bulk composition of copper and
copper oxide mixtures.

Temperature Dependence of Catalyst
Performance

Propylene oxidations were carried out in
the same manner as was illustrated in Fig.
1, at several different reaction temperatures
ranging from 200 to 500°C. The reaction
parameters for each steady state are plotted
in Fig. 3.

The temperature dependence of y was
minor below 400°C, when compared with
the oxygen-treatment case. y abruptly de-
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FiG. 3. Changes in the values of y and r at the steady
state over a wide range of reaction temperatures. Each
point was determined after an interval of 70 min after
starting from the completely reduced state of the
catalyst. 1. Propylene oxidation; 2. oxygen treatment
with 5% 0,-95% N,.

creased above 400°C, and maintained a
perfectly reduced state to 500°C. The rates,
Facro and r¢q,, showed quite different depen-
dences. r,., was very small in the lower-
temperature range, and after an exponential
increase with rising temperature, decreased
gradually after the maximum value. In con-
trast to this, rco, increased monotonically
with an S-shaped dependence. Conse-
quently, ..., varied in the same manner as
Tacro- Similar results were obtained when an
oxygen-rich gas, such as one with 15% or
25% 0O, was used. The y values below
400°C in these cases were 0.47 and 0.57,
respectively.

From these results it was recognized that
y depended on the concentration of acrolein
formed (C,.,) according to the adsorbed
concentration of acrolein. When C,.,, was
large, the retardation of oxidation or reduc-
tion of the catalyst was strong, and the
composition of the copper-oxide system
remained stable. Also, the combustion of
propylene was relatively small.

It was considered that above 400°C, with
increasing combustion, C,,, decreased due
to successive oxidation, and was unable to
check reduction of the metal oxide. Reduc-
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tion predominates in the high-temperature
range in spite of the large oxidation rate of
copper. As in the combustion of propylene,
1 mole of adsorbed oxygen was consumed
at once by 4.5 moles of propylene; it may
mean that the gas composition in contact
with the catalyst surface becomes ex-
tremely reductive at high temperature.

Gas-Composition Dependence of Catalyst
Performance

At the optimum temperature for S,
obtained above, both the concentrations of
oxygen and propylene were varied widely.

As shown in Fig. 4,y increased monoton-
ically with oxygen concentration. How-
ever, it decreased with an inverse-sigmoid-
shaped dependence with propylene
concentration. The latter type of retarda-
tion has often been observed in catalytic
oxidation reaction with an inhibitor
(20, 21). The retardative action of adsor-
bates mentioned above may also be rele-
vant in this case.

To summarize the correspondence be-
tween gas composition and catalytic per-
formance, gas compositions tested were
plotted in O,-C;H; coordinates, and con-

Teo,

Tacro (mol/liter-hr)

y &

412
0 20 40 60 80

Concentration of Cite (%)

FiG. 4. Effect of propyiene concentration ony and r
at the steady state. Temp., 300°C; flow rate, 33
cm®/min. Concentration of O, in percent: a, 2.4; b.
5.0;¢, 11;d, 15; ¢, 19; f, 25.
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FiG. S. Contour curves of r,., and 8, as functions
of the concentration of propylene and oxygen. Data in
Fig. 4 were used. E, explosive composition; P, outer
region of 1 atm; solid line, r,..,; broken line, S,..,; dot-
dashed line, ratio of C;Hg/O, is 3.5; numerals stand for
Facro (mol/liter - hr) or S,.,, (%) of contour line.

tour curves for r,., and S,., were drawn
(Fig. 5). Both the contour curves showed
symmetrical patterns with the centerline of
C3Hg/O, = 3.5. Better catalytic perform-
ances were observed with higher concen-
trations of both propylene and oxygen. The
optimum results were obtained at more
than 50% propylene and more than 17%
oxygen, where y was held at 0.46 con-
stantly. Another expression fory = 0.46 is
Cu, ;0 or slightly copper-rich cuprous ox-
ide.

When the catalyst was put into contact
with a gas flow having a C;H;/O, ratio > 2
and with 25 = 5% O,, the steady state was
gained rapidly, and was stably maintained
with high values of r,.,, and S,.,. In these
conditions, y did not exceed 0.5, and the
same r,e, and S,., were obtained repeat-
edly with the hydrogen-reduction treat-
ment. As can be seen in Fig. 6b, which
depicts the surface shape after these condi-
tions applied, interparticle voids were
largely filled up due to expansion following
oxidation of the initially reduced copper
particles shown in Fig. 6a. Nevertheless,
copper particles on the support still re-
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FiG. 6. Scanning electron micrographs of the cata-
lyst surface before and after use for propylene oxida-
tion. (a) Before use (y = 0); (b) after use with the gas of
26% C3Hg, 5% O, at 300°C for 70 min (y = 0.41); (c)
after use with the gas of 25% C;Hs~25% O, at 300°C
for 70 min (y = 0.57).

(c)

mained independent of each other, and no
rearrangement or sintering was observed.
On the other hand, when the catalyst was
contacted with a gas flow having a C;Hg/O,
ratio < 1 with 25% O,, or less than 3%
C;Hg, both r,., and S, were very small, y
increased gradually beyond 0.55, and activ-
ity decreased. Under such conditions, per-
manent deterioration of the catalyst activity
took place. The flat parts on the catalyst
surface after use (Fig. 6¢), were sintered
copper particles in an oxide state which had
the appearance of a river. Magnifying these
one hundred times, whiskers, like those
shown in Fig. 7b, were found in all parts.
These whiskers were confirmed by elec-
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tron-diffraction analysis and were similar to
the whiskers of CuO (Fig. 7a) which grew
when the catalyst was placed in a gas
stream of low oxygen concentration (0.3
vol%) diluted with He at 450°C for 2 hr.
The river-like rearrangement seemed to
indicate that propylene combustion oc-
curred locally, and a high-temperature front
due to the accumulation of combustion heat
propagated successively and was accompa-
nied by sintering, just like the spread of a
fire. In effect, due to the local heat accumu-
lation, these microscopic parts acquired
conditions suitable for whisker growth, i.e.,
400-450°C (22) and the diffusion of metallic

(a)

(b) T

FiG. 7. Scanning electron micrographs of oxide
whiskers grown on the surface of a supported copper
catalyst. (a) After oxidation with a He stream contain-
ing 0.3% O, at 450°C for 2 hr; (b) after use for
ptopylene oxidation. A part of the river-like feature in
Fig. 6c was observed by further magnification by 100
times (120,000 x).
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ions toward the surface of particles was
promoted (22). Consequently, it is consid-
ered that the rearrangement is also acceler-
ated along with the whisker growth.

In conclusion, it has been shown that the
concentration of adsorbed acrolein is deter-
mined by the initial oxidation or reduction
state of the catalyst metal, and by the
reaction conditions at the outset. Retarda-
tion due to the adsorbate strongly controls
the oxidation state of the catalyst metal and
catalytic performance, especially in selec-
tivity for acrolein formation.
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