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A study of Pt, Re, and Pt-Re on y-alumina catalysts was made by temperature-programmed
reduction (TPR). As observed by others, an interaction occurs with Pt and Re when Pt-Re cata-
lysts are preoxidized at 300°C or below; Re reduces at lower temperatures compared to Re/AlLO;.
At 500°C preoxidation, TPR profiles of Pt—Re show no interaction and are similar to superimposed
additions of Pt and Re spectra. Return of Re to the uncatalyzed state occurs on reoxidation at 500°C
of Pt-Re catalysts previously exhibiting catalytic reduction. Intimate mixtures of Pt/ALO; and Re/
AlLOjs particles, preoxidized at 300°C, also exhibit reductive interaction; however, loose mixtures
of relatively large particles do not. It is proposed that H, spillover initiates Re oxide reduction by
creating nuclei of Re which then catalyze the reduction of the remaining oxide. The overall mecha-
nism is controlled by the rate of spillover which in turn is determined by the degree of hydration of

the alumina surface.

INTRODUCTION

The activity decline rate of Pt—-Re/Al,O;
reforming catalysts is lower than with Pt/
AlLO; (I). Several suggestions have been
made for the increased resistance to deacti-
vation of Pt in the presence of Re (2—4) and
perhaps the most popular is the ‘‘alloy”
theory (2) which proposes that Pt is modi-
fied by the intimate contact of Re in some
form of mixed metal clusters. Some evi-
dence for this has been provided by several
techniques, including temperature-pro-
grammed reduction (TPR) studies (5-7).
The TPR evidence is based on the observa-
tion that both Pt and Re reduce in a com-
bined low-temperature peak when the Pt-
Re catalyst has been dried below about
200°C, while Re, when present separately
on the same alumina support, will reduce at
a much higher temperature (approx 500°C).
However, McNicol has shown (7) that Pt—
Re, preoxidized at the operating tempera-
ture of reforming, 500°C, will reduce in two
separate peaks similar to superimposed
TPR profiles of Pt/Al,O; and Re/Al,Os.
Reasons for the catalyzed reduction of Re

at lower drying temperatures have been as-
cribed to the high mobility of hydrated
ReOx species which migrate to Pt centers
(6, 8). Presumably at higher predrying tem-
peratures the ReOx dehydrates and ‘‘al-
loy’’ formation is suppressed. However, in-
frared studies by Peri (9) showed no
evidence for alloy formation with Pt—Re
catalysts.

Also, Bertolacini and Pellet have shown
that the enhanced performance of Pt—Re
cosupported catalysts can also occur with
mechanical mixtures of Pt/Al,O; with Re/
AlLO; (10). They suggest that Re acts inde-
pendently by reacting with certain coking
intermediates which would otherwise deac-
tivate Pt.

In light of this, a fresh TPR study has
been made of the Pt—-Re system which also
includes an investigation into various me-
chanical mixtures.

METHODS

The TPR experimental procedure used
was essentially that previously described
by McNicol (7). The most significant modifi-
cation was an in situ adsorbent trap of -
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FiG. 1. Effect of preoxidation temperature on Pt~Re
TPR. 0.35 wt% Pt-0.35 wt% Re/Al,O;. Preoxidized at
(a) 100°C, (b) 300°C, (c) 500°C.

alumina and an oxygen adsorbent (All-
tech’s Oxy-Trap) housed in the reactor
tube upstream of the catalyst and surround-
ing furnace. This addition was found essen-
tially to remove last traces of O, and H,0
from the carrier gas.

Catalysts used in this work were pre-
pared by impregnation of Cyanamid’s Aero
1000 y-alumina (14-20 mesh) with aqueous
solutions of chloroplatinic and perrhenic
acid, dried at 120°C, and then calcined for 2
h at 500°C. After calcination, all catalysts
were aged for at least a week at room tem-
perature to allow equilibration with atmo-
spheric water vapor before use.

Pretreatment, in all cases, unless other-
wise stated, was to heat each catalyst sam-
ple (approx 0.1 g) in dry air for 30 min to the
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specified temperature, cool in air to room
temperature, regenerate the adsorbent trap,
and then to switch to a mixture of 1% H, to
Ar before running the TPR. The trap was
regenerated by heating to 400°C in a reverse
flow of H,. The program heating rate was
20°C/min.

Calibration of H, uptake was made from
the reduction profile of known amounts of
pure RuO,. Generally, TPR profiles ac-
counted for 100% of the metal oxides
present, assuming a +4 oxidation state for
Pt and a +7 oxidation state for Re.

RESULTS
Pi—Re/Al,O4

The effect of the preoxidation tempera-
ture on the TPR profiles of a Pt—-Re (0.35,
0.35 wt%) cosupported on alumina catalyst
is shown in Fig. 1. The Re peak, initially at
560°C, moves to increasingly lower temper-
atures as the preoxidation temperature de-
creases, and eventually at 100°C preoxida-
tion the Re peak merges completely with
the Pt. Measurements of H, uptake indi-
cates that the extent of reduction increases
from approx 70% to approx 100% as the
preoxidation decreases from 500 to 100°C.

Pt/AL Oy and Rel/ALLO;

The effect of 300 and 500°C preoxidation
temperature of the TPR profile of a Pt/
ALO; catalyst is shown in Fig. 2. Both
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Fic. 2. Effect of preoxidation temperature on Pt
TPR. 0.40 wt% Pt/AL,O;. Preoxidized at (a) 300°C, (b)
500°C.
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F1G. 3. Effect of preoxidation temperature on Re
TPR. 0.35 wt% Re/Al,O; . Preoxidized at (a) 300°C, (b)
500°C. :
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Fi1G. 4. TPR of Pt-Re vs superimposed Pt + Re. (a)
0.35 wt% Pt-0.35 wt% Re/AlLOs. (b) 0.4 wt% Pt/Al, O,
and 0.35 wt% Re/AlO;. Preoxidized at 500°C.

peaks occur at about 300°C and there is a
small broadening at the lower pretreatment
temperature. Similar spectra are shown in
Fig. 3 for a Re/Al,O; catalyst, and in this
case, differences are more pronounced with
a shift to higher temperatures (80°C) at the
lower preoxidation temperature; however,
this slight shift to higher temperatures is in
sharp contrast to the major shift to lower
temperatures when Pt is present.
Comparison between Pt—Re/Al,O; and a
superimposed addition of Pt/Al,O, and Re/
ALQO; run after the same preoxidation tem-
perature of 500°C is shown in Fig. 4, and
essentially these spectra are the same.
The observed difference in the Re reduc-
tion when Pt is present and after a 300°C
preoxidation, could be due to the occupa-
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tion of special Al,Os sites by Pt which oth-
erwise Re might interact; therefore, a series
of TPR profiles were obtained with Re/
Al,O; catalysts at three different loadings of
Re (0.35, 0.8, and 1.1 wt%) after a 300°C
preoxidation. Results in Fig. 5 show that a
shift in Re reduction does occur to lower
temperatures from 670 to 520°C as the Re
concentration increases from 0.35 to 1.1
wt%, but that this change does not explain
the gross change when Pt is present (see
Fig. 1). Measurements of the extent of re-
duction show an increase from approx 80%
for 0.35 wt% Re to approx 100% for the 1.1
wt% Re catalyst.

Reoxidation

The reversibility of the catalyzed reduc-
tion of Re (after 300°C preoxidation) by
reoxidizing at 500°C was also investigated.
Reoxidation has previously been shown by
Wagstaff and Prins (6) to decrease the re-
duction temperatures of both Pt and Re;
consequently, a reference pair of runs
(shown in Fig. 6) was made on a Pt-Re cat-
alyst initially oxidized at 500°C and then
reoxidized at the same temperature. On
reoxidation, it is observed that the Pt re-
duction peak has moved from 300 to 150°C
while the Re peak has shifted from 580 to
400°C. Figure 7 shows the corresponding
results on the same catalyst after an initial
oxidation of 300°C and a reoxidation of
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FiG. 5. Effect of Re concentration on Re/AlLOs;
TPR. (a) 0.35 wt% Re/AlLOs, (b) 0.8 wt% Re/AlLO,,
(c) 1.1 wt% Re/Al,O;. Preoxidized at 300°C.
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F1G. 6. TPR effect of reoxidation after initial oxida-
tion at 500°C on Pt-Re. 0.35 wt% Pt—0.35 wt% Re/
AlLO;. (a) Oxidized at 500°C; (b) reoxidized at S00°C.
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F1G. 7. TPR effect of reoxidation after initial oxida-
tion at 300°C on Pt-Re. 0.3 wt% Pt-0.3 wt% Re/
AlO;. (a) Oxidized at 300°C; (b) reoxidized at 500°C.

500°C. Reoxidation again reduces the tem-
perature of the Pt peak by the same
amount; however, the Re peak has segre-
gated from its combined state to a higher
temperature of 470°C.

Pt and Re Mixtures

Figure 8 shows the TPR profiles after 300
and 500°C of a Pt and Re mixed catalyst
system as prepared by Pellet and Bertola-
cini and quoted in their original paper (10).
The catalyst was a 50/50 intimate mixture
of 0.8 wt% Pt/ Al,O; with 0.8 wt% Re/AlL,O4
to give an overall loading 0.4 wt% Pt and
0.4 wt% Re. The results show that after a
300°C preoxidation, the same catalyzed re-
duction of Re occurs as in the cosupported
Pt-Re.
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FiG. 8. Effect of preoxidation temperature on the
TPR of a Pt and Re mixture. 0.8 wt% Pt/Al,O; mixed
50/50 with 0.8 wt% Re/ALQO;. Preoxidized at (a)
300°C, (b) 500°C.
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Other mixtures were also prepared.
First, a loose mechanical mixture of rela-
tively large particles (14-20 mesh) of Pt/
Al,O; and Re/Al,O; showed no reductive
interaction after 300°C oxidation. Attempts
at making smaller particle mixtures resulted
in a messy spectra due to the high pressure
generated in the flow system from the
tightly packed bed sample. However, to
overcome this problem, a technique was
devised consisting of compacting the
smaller particles in a disk and then regranu-
lating the sample to a 14-20 mesh size. Fig-
ure 9 shows the TPR of two such mixtures
after 300°C oxidation which originally were
made from 20-80 mesh and 200-320 mesh
cuts, respectively. Both mixtures gave al-
most identical results, which shows that
catalyzed reduction of Re had occurred in
the same manner as in the cosupported cat-
alyst. This method of preparing mixtures
was tried on two different-colored AlLO;
particles. Microscopic examination of the
final particles revealed that the integrity of
the size, if not the shape, of most of the
original particles was maintained.

DISCUSSION

It is evident from the results obtained and
from previous work that the reduction char-
acteristics of both Pt and Re on Al,O; are
very sensitive to the pretreatment condi-
tions of which the preoxidation tempera-
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Fi1G. 9. TPR of Pt and Re mixtures at two different
particle sizes. 0.3 wt% Pt/Al;0; mixed 50/50 with 0.3
wt% Re/AlO, (0.2 g). Preoxidized at 300°C. (a) 20-80
mesh, (b) 200-325 mesh.
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ture appears critical. It is believed that the
main function of this preoxidation step is to
dry the surface up to a certain level of dehy-
dration while maintaining the metals
present in their oxide form.

The reducibility of Re in the presence of
Pt depends significantly on the preoxidation
temperature as seen in Fig. 1. This is
mainly in agreement with previous work
(5-8) where interpretations of this effect
tend to favor the theory based upon hy-
drated ReOx migration to Pt sites. Evi-
dence to support this is given in the study
by Bolivar et al. (5), who showed that a
transfer of some Re to Pt particles occurred
with mixtures of the two metals supported
on AlL,O;. In contrast, Bertolacini and Pel-
let (/0) found no transport of metals occur-
ring between particles of similar mixtures.
However, the type of alumina support used
can probably account for the discrepancy.
Bolivar had used a low-area a-Al,O; where
possible vapor phase transfer of volatile
Re,0; had occurred, while Bertolacini had
used a more typical high-area y-Al,O4
where the support interaction would be sig-
nificantly stronger.

Other factors to consider in the possible
migration of Re are the TPR profile at the
300°C preoxidation or intermediate condi-
tion in Fig. 1. If Re migration occurs, it
would be expected that between the two
extremes of Pt—Re segregation and aggre-
gation, an inversion in the size of peaks
would occur as Re moves from its difficult
to its easy-to-reduce position. However,
the results show that no size inversion oc-
curs, and that only the reducibility of the
total Re peak changes. Similar conclusions
about the lack of Re mobility may be
reached from the results of reoxidizing at
500°C a previously ‘‘interacting’’ Pt—Re
catalyst which shows peak separation oc-
curring (Fig. 7). While it is possible that Re
moves to Pt sites under hydrated condi-
tions, it is less likely that these clusters,
once formed, will separate again after a
brief oxidation at 500°C.

While several interpretations of this data
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are certainly possible, a reasonable expla-
nation for the catalyzed Re reduction might
be that H, activated by reduced Pt moves to
Re oxides sites via some undefined spill-
over mechanism which is dependent on the
degree of hydration of the alumina surface
(12, 13). A small fraction of the oxide con-
tained in rafts or clusters becomes re-
duced to the metal. The Re metal nuclei
then catalyzes the reduction of the remain-
ing oxide. Catalyzed reduction of Re oxide
by Re metal has been observed in other sys-
tems (5, 14). The whole process is depen-
dent on the slowest step, probably the rate
of H, spillover while the amount of active
H, necessary to nucleate the reduction may
be quite small. However, the results on the
Pt and Re mixtures (Figs. 8 and 9) indicate
that the active H, has to move relatively
large distances to accomplish this reduc-
tion, and since the mixed particles have to
be in close contact, movement of H, has to
occur across the surface.

This proposed mechanism infers that Pt
need be present at only low concentrations
to catalyze the reduction of Re, and in fact
it has been observed in a separate experi-
ment that a catalyst containing 0.35 wt% Re
and 0.01 wt% Pt will lower the reduction
temperature maximum of Re to 410° com-
pared to the reduction temperature maxi-
mum of 370° for a catalyst containing 0.35
wt% Pt after a 300°C preoxidation treat-
ment. Taking the value of 28.5 kcal/mole
for the activation energy for the rate of dif-
fusion for H, spillover over an alumina sur-
face (15), this equates to an approximate
factor of 4 in difference in rates. This com-
pares well with the difference in H, spill-
over rates of 3 observed for catalysts at 0.5
and 0.02 wt% Pt loadings by Ambs and
Mitchell (13).

Isaacs and Petersen (8) have made a
good argument against hydrogen spillover
as a cause for this reduction effect, namely,
that insufficient active H, can be generated
under these conditions as calculated from
kinetic data obtained by Kramer and Andre
(15); however, the mechanism that is pre-
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sented here requires only sufficient active
H, to nucleate a small portion of the Re
oxide.

The proposed nucleation or autocatalytic
theory of Re reduction assumes ReOx to
be present in some aggregated cluster.
Freel has suggested the ReOx is present in
Pt—Re reforming catalysts in a two-dimen-
sional raft (16) and Yao and Shelef have
provided both TPR and ESR evidence that
these two-dimensional forms interact
strongly with the Al,O; surface and are
hard to reduce (17). Programming the TPR
at lower heating rates may lower this auto-
catalytic reduction of Re sufficient for it to
become rate determining. This should be
tried in a future study.

In the absence of Pt and the spillover ef-
fect, such variations of Re reduction that
are observed in Fig. 3 can probably be
ascribed to changes in the interaction
between ReOx and the AlL,O; surface,
although changes in the ReOx two-
dimensional form might also vary the
reducibility. These results indicate that re-
duction is facilitated a small degree when
the surface is more dehydrated. Under the
hydrated conditions, bridging between ad-
jacent hydroxyl groups on Re and Al oxides
may occur on dehydration during the re-
duction process resuiting in stronger inter-
action (I18).

The shift to lower temperatures of Re re-
duction, in the absence of Pt, shown in Fig.
5, on increasing the Re loading from 0.35 to
1.1 wt%, indicates that incremental Re is
occupying ALO; sites of decreasing interac-
tion energies. Measurements of the extent
of reduction also suggest that at the low
loading, a fraction of the Re is unreduced
which could be ascribed to partial incorpo-
ration of Re to the AL O; support at the sites
of highest interaction.

In summary, the presence of Pt causes
catalytic reduction of Re when cosupported
on y-Al,O; and preoxidized below 300°C,
while reversal from catalytic to noncata-
Iytic reduction occurs when Pt—Re is reox-
idized at 500°C. However, the interactive
reduction also occurs with intimate mix-
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tures of Pt/Al,O; and Re/AlL,O;. A mecha-
nism has been proposed containing the fol-
lowing four steps:

1. Activation of H, by reduced Pt.

2. Active H, transfer to ReOx aggregates
across a hydrated Al,O; surface (spillover).

3. Reduction of a small fraction of ReOx
to Re metal.

4. Re metal nuclei catalyzing the reduc-
tion of the remaining oxide.
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