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The formation of mixed PtRe clusters and of separate clusters of Re and Pt has been studied by 
temperature-programmed reduction (TPR) for PtRe/AlzOz catalysts of low metal loading. Mixed 
PtRe clusters are reliably detected by their specific catalytic selectivity for deep hydrogenolysis. 
Deuterium exchange of cyclopentane is not ensemble-specific and, therefore, useful to normalize 
the hydrogenolysis rates for extent of reduction and percentage metal exposed. It is concluded that 
formation of mixed clusters is highest if the Re precursor migrates over the support surface and 
becomes reduced in contact with a prereduced Pt particle. Hydrogen spillover appears to be limited 
to this direct contact of the reducible Re species with a Pt cluster. No catalytic effect of PI on the 
reduction of Re is observed if the rhenium oxide is immobilized by the formation of a surface 
compound with y-AIZOz. Upon hydrolysis of this surface compound, Re oxide regains its surface 
mobility and can, again, be reduced at significantly lower temperatures. 0 1989 Academic Prey, Inc. 

INTKODUCTION 

The superior performance of PtRely- 
A1203 catalysts in naphtha reforming has 
stimulated considerable research effort. 
Numerous results indicate that these cata- 
lysts contain mixed clusters of Pt and Re 
atoms (1-14) and that the surface of these 
“alloy” particles is partially covered with 
sulfur atoms under industrial reforming 
conditions (6, 11-14). In 1975 Bolivar et al. 
(I) had shown with physical mixtures of Pt/ 
a-A1203 and Re/a-A1203 that after reduction 
Re was detectable also on those support 
particles which initially contained only Pt. 
This result suggested a considerable mobil- 
ity of Re or its precursors over the surface 
of these supports. In conformity with this, 
Bertolacini and Pellet (15) reported in 1980 
that catalysts which were initially prepared 
as physical mixtures of separately sup- 
ported platinum or rhenium displayed virtu- 
ally the same steady-state performance as 
did samples which had been prepared by 
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coimpregnation of both metals on the same 
support. Even more extensive migration 
over the support surface was indicated for 
zeolite-supported samples (16): a catalytic 
hydrogenolysis probe revealed that a physi- 
cal mixture of Pt/NaHY and Re/NaHY af- 
ter treatment under relatively mild condi- 
tions displays an activity which is similar to 
that of well-defined PtRe alloys or a PtRe/ 
NaHY catalyst prepared by coimpregna- 
tion, but vastly different from that of either 
of the two separated metals. In this case, 
the chances for the migrating species to en- 
counter their future alloy partner could be 
drastically lowered by simply diluting the 
physical mixture with an excess of inert sil- 
ica. This dilution reduced the hydrogenoly- 
sis activity to a negligible level. 

Conceivably related to the mobility of the 
oxidic rhenium precursor over the surface 
of its support is the phenomenon of Pt-cata- 
lyzed reduction of rhenium. Several reports 
show that under certain conditions, Re is 
reduced at a lower temperature and more 
extensively in the presence of platinum 
than in its absence (1, 5, 7, 16-19). It is 
also well documented that hydroxyl groups 
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on alumina aid in this catalyzed reduction 
(4, 7, 8), although, thermodynamically, wa- 
ter should inhibit it. 

Two mechanisms have been proposed to 
rationalize these observations. The first as- 
sumes that Pt activates H which spills over 
to the alumina support, diffuses to a Re,O, 
center, and reduces it (17, 18, 20). Indeed, 
it appears that hydrogen spillover is en- 
hanced by a high concentration of surface 
hydroxyls on A1203 (21, 22). The effect of 
H spillover has also been claimed to be 
quite long range (23). On the other hand, it 
has also been proposed that an oxidic Re 
species first migrates to a PtO nucleation 
center, where it is preferentially reduced 
(5, 7). It has been shown with Mossbauer 
spectroscopy that when Pd catalyzes the 
reduction of cosupported Fe, the small 
fraction of Fe which is reduced to the zero 
valent state is located only in bimetallic 
particles. This suggests that Fe is fully re- 
duced only when its oxide is in direct con- 
tact with Pd” nucleation centers (24). In ad- 
dition to this, many authors have shown the 
surface migration of oxidic species, such as 
Mo03, W03, or RezO, over A1203 to be 
rapid, resulting in spontaneous monolayer 
dispersion at temperatures well below their 
respective melting points (25, 26). 

In order to decide which of these mecha- 
nisms predominates during Pt-catalyzed re- 
duction of Re/A1203 it is relevant to under- 
stand whether, in the reduced state, the 
metals are intimately associated. For if hy- 
drogen spillover is significant, and the Pt 
and Re precursors are well separated, a ma- 
jority of the Re species would be reduced in 
a position well removed from the Pt activa- 
tor. This would result in a low concentra- 
tion of bimetallic particles. On the other 
hand, if migration of an oxidic Re species to 
a Pt nucleation center is necessary for the 
enhanced reduction of Re, then the concen- 
tration of bimetallic particles would be very 
high; in fact, this concentration should 
equal the concentration of catalytically re- 
duced Re. Experimental verification of ei- 
ther of these predictions is difficult; for 

PtRe/A1203, catalysts of industrial rele- 
vance contain less than 1 wt% total metal 
with an average metal particle of less than 2 
nm. Consequently, typical physical meth- 
ods of catalyst characterization are of lim- 
ited applicability. Recently, however, we 
have developed a unique and very sensitive 
technique which can be used to detect the 
presence of PtRe bimetallic particles in 
these catalysts by making use of highly site- 
specific catalytic reactions (19, 27). 

The effectiveness of this probe can be ra- 
tionalized by considering that the activity 
of a heterogeneous catalyst can be best cor- 
related with its ability to form chemisorp- 
tion bonds. For catalytic reactions that re- 
quire many contiguous active metal atoms, 
a mixed PtRe ensemble is particularly fa- 
vorable, because it displays an intermediate 
heat of adsorption between Pt and Re. Hy- 
drogenolysis of cyclopentane (CP), an en- 
semble-specific reaction, proves to be an 
excellent probe for the formation of bime- 
tallic particles. The turnover frequency of 
this reaction is considerably greater for bi- 
metallic catalysts prepared by coimpregna- 
tion onto the same support relative to phys- 
ical mixtures of separately prepared 
monometallic catalysts. To ascertain 
whether the enhanced hydrogenolysis ac- 
tivity is related to the interaction of Pt and 
Re or a result of some other effect, such as 
changes in the percentage of metal reduced 
or exposed, a second reaction, which is cat- 
alyzed by a very small ensemble of active 
metal atoms and thus insensitive to the for- 
mation of bimetallic particles, is studied. 
The deuterium exchange of CP was shown 
to be such a reaction. The TOF is equal for 
the bimetallic catalyst relative to a physical 
mixture (27). 

The primary objective of this work is to 
decide whether the formation of bimetallic 
PtRe clusters, as determined by the hy- 
drogenolysis activity, correlates with the 
extent of Pt-catalyzed reduction of Re. 
We therefore combine temperature-pro- 
grammed reduction (TPR) studies with cat- 
alytic tests for samples which have been 
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treated under systematically varied prere- 
duction conditions. 

EXPERIMENTAL 

All supported catalysts are prepared by 
the incipient wetness impregnation method. 
Cyanamid PHF y-A1203 (surface area 180 
m*/g, pore volume 0.5 cm3/g; mesh size 60- 
80) is the catalyst support. Solutions of 
Pt(NH&(NO& (Alfa No. 88960) and 
NH4Re04 (Aldrich No. 20416-l) in doubly 
distilled water are used for impregnation. In 
the case of the alumina-supported bimetal- 
lic catalyst, coimpregnation makes use of 
a solution containing both the Pt and the 
Re compound. After impregnation, the alu- 
mina-supported catalysts are dried at 120°C 
in an oven overnight, calcined at 500°C in 
flowing dry air for 2 h, and stored in bottles 
before use. The final loadings of the cata- 
lysts are 0.35 wt% Pt/A1203, 0.20 wt% Re/ 
A1203, and 0.33 wt% Pt-0.22 wt% Re/ 
A1203. These catalysts will be grouped 
together, for future reference, according to 
the technique used to prepare the bimetallic 
catalyst, which we have termed “coim- 
pregnation . ” 

The second preparation method started 
with impregnation of Pt onto y-A&OX fol- 
lowed by calcination and reduction as 
above. The sample was then saturated with 
NHdRe04 and dried overnight at 120°C and 
allowed to pick up moisture from the atmo- 
sphere for 1 week. The purpose of this is 
to avoid any high-temperature calcination 
step with supported Re prior to catalyst in 
situ treatments. The catalysts prepared in 
this way are 0.32 wt% PtlAlr03, 0.18 wt% 
Pt/Al,O,, 0.14 wt% Re/Alz03, 0.41 wt% Re/ 
Alz03, 0.32 wt% Pt-0.14 wt% Re/A1203, 
and 0.18 wt% Pt-0.41 wt% Re/A1203. We 
will refer to this group of catalysts by the 
term “successive deposition” or, for brev- 
ity, “novel catalysts.” Two samples, which 
were prepared in a similar manner but on 
Davidson Grade 62 SiOz, had loadings of 
0.86 wt% Re/Si02 and 0.43 wt% Pt-0.86 
wt% Re/SiOz. 

Temperature - programmed reductions 

were done with a 5% HJ95% Ar gas mix- 
ture. The temperature range was -80 to 550 
or 700°C with a ramp of 8”C/min. The H2 
uptake was monitored by a Gow-Mac ther- 
moconductivity detector (TCD) which was 
interfaced to a Zenith 158 personal com- 
puter for data collection and analysis. A 
molecular sieve trap, kept at-80”C, was 
placed after the catalyst and before the 
sample side of the TCD in order to trap out 
water before detection. 

The hydrogenolysis of cyclopentane was 
done with a flow-type microreactor at at- 
mospheric pressure, and products were an- 
alyzed with a Hewlett-Packard gas chro- 
matograph. The reaction was carried out at 
240°C with a hydrogen-to-cyclopentane ra- 
tio of 9. The values reported in the tables 
were taken at 10 min time on stream. The 
deuterium exchange reaction was done in a 
batch-type microreactor at a pressure of 26 
Torr and was constantly monitored with a 
Dycor mass spectrometer. The catalyst was 
kept at a temperature of lOo”C, and the deu- 
terium to cyclopentane ratio was 25. Metal 
surface areas were measured via hydrogen- 
deuterium titrations in the batch-type reac- 
tor. Details of the procedures, reagents, 
and equipment used have been outlined 
previously (27). 

RESULTS 

Catalysts Prepared by Coimpregnation 

Previously we had shown (16) that the 
reduction profile of a coimpregnated cata- 
lyst preoxidized at 500°C resembles a su- 
perposition of the TPR profiles for the two 
monometallic samples. The reduction peak 
of Pt was at approximately 29O”C, while the 
Re peak was located at 56O”C, whereas, af- 
ter a 100°C oxidation, Re was clearly re- 
duced at lower temperatures, and the re- 
duction profile was of two convoluted 
peaks at 205 and 275°C with a shoulder 
above 390°C. If it was assumed that all the 
Pt was reduced below 39O”C, then a lower 
limit of 25-30% of the Re was reduced from 
the 7+ state to zero in these coreduction 



peaks. The total area of each profile E" 1 
showed that about 80% of the metals were 
reduced to zero from their highest oxida- 
tion state. 

Catalysts Prepared by Successive 
Deposition 

The TPRs of these samples were re- 
corded either after drying in Ar at 500°C for 
1 h or with no drying step at all. The Pt -I”, I 
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sample, in this case, had been prereduced TEMPERATURE (“‘2) EO 

and allowed to oxidize under ambient con- 
ditions. Its reduction profile is presented in FIG. 2. TPR profile of 0.42 wt% Re/A1202. Directly 

Fig. 1, the upper trace is of the 0.18 wt% Pt 
reduced (upper trace) or after treatment in flowing Ar 
for I h at 500°C (lower trace). 

and the lower is the 0.32 wt% sample. Two 
sets of peaks are obtained, a group is found 
at - 120°C and a single peak is at 380°C. The nium cation participates in the reduction 
Pt is in the 4+ state and totally reduced. process. This does not occur in the 500°C 
After an in situ oxidation step at 2 10°C for I Ar drying step, after which the TPR profile 
h the reduction peaks shift to lower temper- (lower trace) resembles that obtained after 
atures and the areas correspond to a reduc- oxidation at 500°C (16). The hydrogen con- 
tion of Pt from the 2+ state. sumption, in this case, is adequate to re- 

Figure 2 shows the reduction profiles of duce 82% of Re from 7+ to zero. 
NH4Re04/A1203. For samples that had not Figure 3 represents profiles of the core- 
been dried (upper trace), two reduction duction of Pt and Re in both the 0.18 wt% 
peaks, at 520 and 575”C, are visible. The Pt-0.416 wt% Re (upper trace) and the 0.32 
integrated peak area corresponds to reduc- wt% Pt-0.14 wt% Re (lower trace) for the 
tion from Re4+ to ReO. This consumption samples which were not dried. For both 
agrees with the results of Coeffier et al. (28) traces there are groups of low-temperature 
who showed that, in a closed system, peaks located below 120°C resembling the 
NH4Re04 decomposes upon heating to low-temperature peaks of the respective Pt 
yield ReOZ; i.e., the hydrogen of the ammo- spectra (Fig. I), except the areas of the 

peaks are increased. The maximum of the 
second peak is located in the 260-280°C 

EO 

,288 A 

range, and there is a shoulder above 390°C. 
The occurrence of two peaks and their posi- 
tions are similar to what was observed by 
Wagstaff and Prins (5) after a gentle reox- 
idation of PtRe. If three hydrogen atoms 
from each equivalent of NH: are counted 
in the total hydrogen uptake, the consump- 
tion corresponds to a complete reduction of 
Pt from the 4+ state and Re from the 7+ 

. . . . . I 
200. 400. 600. 800. state. The amounts of hydrogen consumed 

EO in the two coreduction peaks below 390°C 

FIG. 1. TPR profile of prereduced Pt/Al>Oj which 
correspond to 100% of the Pt reduction and 

had been reoxidized under ambient conditions for at about 90% of the Re reduction. The other 
least 1 week. Upper trace is of 0.2 wt% sample; lower 10% of Re reduction occurs in the high-tem- 
trace is of 0.4 wt% sample. perature shoulder. 
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EO 1 

4 ., .., ., . 
,000 200. 400. 800. 800. 

TEMPERATURE (“C) EO 

FIG. 3. TPR profile of PtRe catalysts prepared by 
successive impregnation and not dried prior to reduc- 
tion. Upper trace is of 0.18 wt% Pt-0.41 wt% Re, and 
lower trace is of 0.32 wt% Pt-0.14 wt% Re (lower 
trace). 

The profile of Pt(NH4Re04)/A1203, pre- 
dried at 500°C is also very similar to the 
reduction spectra of severely calcined Re/ 
A1203 (Fig. 4, upper trace). Little Pt reduc- 
tion is seen. This has tentatively been as- 
cribed to Pt reduction, prior to the TPR, by 
the decomposition of ammonium ion. This 
was checked by studying the decomposi- 
tion of NH4Re04/A1203 in Ar with a mass 
spectrometer as a function of temperature. 
The results are presented in Fig. 5. HZ and 
N2, resulting from NH: decomposition, 
were both detected in the gas phase. De- 
composition reached its maximum rate at 
180°C and was completed at 250°C. When 
Pt was present on the sample, Hz evolution 
was completely suppressed. Yet the pres- 
ence of this reduced Pt in these catalysts 
prepared by successive impregnation does 
not affect the reduction of Re. However, if 
this catalyst is allowed to be oxidized and 
rehydrated under ambient conditions for 1 
week, the Re peak position shifts to 275°C 
due to an apparent Pt-catalyzed reduction 
of the Re (Fig. 4, lower trace). 

We had also done a study with a similar 
catalyst, but using SiO:! as a support. In this 
case both the bimetallic and the monome- 
tallic Re samples were dried for 1 h in Ar at 
5OO”C, and yet, for this sample, Pt clearly 
catalyzed the reduction of Re (16). 

Reoxidation Studies 

Some reoxidation studies were done in 
order to determine the role of water in the 
reduction of Re. The results of these stud- 
ies are presented in Fig. 6. After a reduc- 
tion similar to that represented in Fig. 3 the 
catalyst was allowed to cool in HZ. It was 
then reoxidized at 210°C for I h and the 
TPR shown in Trace A was taken. In this 
profile the catalyzed reduction of Re is, 
again, apparent with most of the reduction 
occurring below 5OO”C, including a peak ap- 
pearing at 390°C. The cooling step in Hz 
after the first reduction results in atomic H 
adsorbed on the metal crystallites. This will 
lead to the formation of water during oxida- 
tion. In order to determine whether this wa- 
ter could play a role in the oxidation and 
subsequent reduction of the Re, a drying 
step in Ar at 500°C for 1 h was introduced 
between the first reduction and the reoxida- 
tion. The subsequent profile is shown in 
Trace B. It looks very similar to the pre- 
vious TPR with the exception that the low- 
temperature peak (<120”(Z) grows at the ex- 
pense of the species reducing at 390°C. The 
H2 consumptions of each of these reduc- 
tions correlate to full reduction of Pt from 
2+ and Re from 4-t to zero. If the order of 
the drying and oxidation steps is reversed 

EO 1 

Ar. 5oooc 
Stored Under Ambient 
Condittons tar 1 Week 

-I, . . . . . . . 
,000 zoo. 400. 800. 800. 

TEMPERATURE (‘33 EO 

FIG. 4. TPR profile of 0.18 wt% Pt-0.41 wt% Re 
catalysts prepared by successive impregnation. The 
upper trace is after drying in Ar at 500°C for 1 h. The 
lower trace is after a l-h drying at 500”, reduction, and 
storage under ambient conditions for at least 1 week. 
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FIG. 5. Temperature-programmed decomposition of 
NH4ReOJA1201. The upper scan is of mass number 14 
(N). and the lower scan is of mass number 2 (Hz). 

then the profile in Trace C results. In this 
profile the uncatalyzed Re reduction is 
again apparent. 

Trace D in this figure is of a sample which 
had been treated in a fashion similar to that 
of Trace C, the difference being that before 
reduction an Ar stream which had been sat- 
urated with water at 0°C was passed over 
the catalyst for 3.5 min at a flow rate of 30 
ml/min. In total, 25.9 pmol of water (three 
times the number of moles of Re on the 
surface) contacted the catalysts. It can be 
clearly seen that a large portion of the re- 
duction peak of Re again shifts to lower 
temperatures. 

Catalytic Studies 

The catalysts were reduced prior to these 
studies according to information gained in 
the TPRs and thus the conditions were var- 
ied with different calcination pretreat- 
ments. All samples were reduced for 2 h. 
For the coimpregnated catalysts the first 
hour involved a temperature ramp from 
room temperature to 550°C where the tem- 
perature was held for the next hour. In the 
case of the catalysts prepared by succes- 
sive impregnation with no pretreatment, 
the temperature was ramped to 500°C in 1 h 
and held constant for the next hour; when 
they were dried at 500°C in Ar the reduction 
step consisted of 2 h at 500°C in flowing HZ. 
Metal surface area measurements via hy- 

drogen-deuterium titrations (Table 1) indi- 
cate that after each treatment a comparable 
amount of active metal surface is produced, 
although after the 500°C calcination the 
measured metal dispersion is typically 
larger. The rates of the deuterium exchange 
of CP are presented in Table 1 along with 
the dispersion measurements. Previously 
we had shown that these reactions were en- 
semble nonspecific (19, 27). Again, in this 
study we see that the observed rates per 
gram catalyst change in a manner similar to 
that of the dispersion data, such that the 
turnover frequencies for the deuterium ex- 
change of CP change very little with differ- 
ent pretreatment temperatures. The TOF 
will change, however, from sample to sam- 
ple, because the relative amounts of re- 
duced Pt and Re are different and these 
metals display a different intrinsic rate of 
exchange (27). 

The TOFs for the hydrogenolysis reac- 
tions are very sensitive to the temperature 
of the oxidation/drying step. As shown be- 
fore (16), for the coimpregnated catalysts 
the TOFs of overall hydrogenolysis and 
methane production were a factor of about 
2 higher when the catalyst was preoxidized 
at 100°C than when the temperature of the 

,000 200. 400. 600. 800. ,000 200. 400. 600. 800. 

FIG. 6. Reoxidation studies of 0.18 wt% Pt-0.41 
wt% Re prepared by successive oxidation. Trace A is 
after reoxidation at 210°C for 1 h; Trace B is after I h in 
flowing Ar at 500°C and 1 h in flowing 02 at 210°C; 
Trace C is after 1 h in flowing Oz at 210°C and then I h 
in Rowing Ar at 500°C; Trace D is after 1 h in flowing 
O2 at 21O”C, 1 h in flowing Ar at 5OO”C, and rehydra- 
tion with moist Ar for 3.5 min. 
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TABLE 1 

Deuterium Exchange of Cyclopentane 

Pretreatment HIM Disappearance Exchange 
of light TOF 

cyclopentane (molecule/M,-s) 
H(p-mole/g-cat.+) 

0.32 wt% Pt, 0.14 wt% Re on y-AlzOi, novel preparation 
(Ar, 500°C) 1.17 1.19 4.25 x IO-’ 
No pretreatment 0.92 0.88 3.99 x IO-2 

0.18 wt% Pt, 0.41 wt% Re on y-A120i, novel preparation 
(Ar, 500°C) 0.93 1.76 6.06 x lo-’ 
No pretreatment 0.69 1.45 6.73 x lO-2 

Note. PD> = 25 Torr; PC? = 1 Torr; temperature = 100°C. 

oxidation was 500°C. With the sample pre- 
pared by successive impregnation (Table 
2), this increase is much greater, viz. a fac- 
tor of at least 10 for overall hydrogenolysis 
and over 20 for methane production. 

DISCUSSION 

Temperature-Programmed Reduction 

According to previous studies (5, 7, 17, 
18) and from the present TPR results, it 
appears that Pt does not catalyze the re- 
duction of Re in cases where the 
y-A120j-supported bimetallic catalyst is 
pretreated at 500°C. This remains true not- 
withstanding whether the catalyst is treated 
in 02 or Ar, and it is insensitive to the rela- 
tive loadings of the metals and preparation 
conditions. The only decisive factor is the 
temperature of pretreatment. 

Our results and those of other authors 
consistently show that coreduction does 
occur if the catalyst has not been pre- 
treated, or was dried at a low temperature, 
before reduction. All these studies agree 
that coreduction takes place in the 250- 
300°C range (5, 7, 17, 18). Reduction of the 
catalysts prepared by successive impregna- 
tion is unique in that there is an additional 
coreduction peak at -120°C (Fig. 3). The 
presence of this additional peak coincides 
well with the low-temperature reduction of 
Pt, which is observed in comparable mono- 
metallic Pt catalysts (Fig. 1). 

All Pt samples treated at temperatures 
below 500°C before reduction exhibit two 

well-separated TPR peaks (Fig. 1). The 
low-temperature peak is located below 
3OO”C, while the high-temperature peak is 
always located very close to 380°C. Two 
reduction peaks for Pt have been reported 
before for Pt supported on Y-A1203 (29). 
These have been attributed to two different 
phases of Pt, viz. a three-dimensional PtO, 
phase (low-temperature peak) and a two- 
dimensional oxide phase which interacts 
strongly with the support surface (high- 
temperature peak). The Pt in this surface 
oxide may be in the 4+, 2+, or zero valent 
state (29, 30). For mildly calcined bimetal- 
lic catalysts, the peak position of the Pt re- 
duction of this two-dimensional oxide is 
shifted from 380 to <28O”C. It appears that 
the strong interaction of platinum oxide 
with the support is decreased when rhe- 
nium oxide is present. 

Catalytic Activity 

As was stated above, the effectiveness of 
the probe reactions is based on the observa- 
tion that the catalytic activity of a metal 
surface is closely related to the ability of 
that surface to form and break chemisorp- 
tion bonds. Pt forms relatively weak chemi- 
sorption bonds with hydrocarbons, and 

TABLE 2 

Hydrogenolysis of Cyclopentane TOFs 
(lo-) molecule/M,-s) 

Pretreatment Cyclopentane Methane Enhancement in 
consumption production methane rate” 

0.32 wt% Pt. 0.14 wt% Re on y-A120,. successive impregnation 
(Ar, 500°C) 3.44 0.46 1.70 
NOW 52.7 10.3 38. I 
Physical mixture 6.14 0.27 1.00 

0. I8 wt% Pt. 0.41 wt% Re on y-AlzO,, successive impregnation 
(Ar, 500°C) 15.7 1.97 5.97 

NON 155. 44.4 135. 
Physical mixture 3.43 0.33 1.00 

0.18 wt% Pt. 0.41 wt% Re on y-AIzO,. reoxidized and reduced 
(02, 210°C: Ar, 500°C) 2. IS 0.34 I.03 
(Ar, 500°C; 02, 210°C) 32.7 10.8 32.7 

2.9 wt% PI, 4.7 wt% Re on SiO2 
Alloy 1780 1650 42.6 
Physical mixture 69.7 38.7 1.00 

Note. PT = I awn; H*/CP = 9: temperature = 240°C. 
o Relative to physical mixture. 
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thus, the overall rate of conversion is lim- 
ited by a low concentration of surface inter- 
mediates. With Re, on the other hand, the 
chemisorption bonds are rather strong, so 
that desorption limits the rate. When both 
metals combine to form a multiatomic site 
each atom will contribute to its overall na- 
ture, resulting in a composite heat of chemi- 
sorption intermediate between that of Pt 
and Re. The rate of a reaction which is cata- 
lyzed by a large ensemble of surface atoms, 
such as hydrogenolysis, should be sensitive 
to this effect and be faster on such a site 
exposing both Pt and Re atoms. Con- 
versely, a reaction requiring small sites, 
consisting of only a few surface metal at- 
oms, should be insensitive to bimetallic 
cluster formation. Deuterium exchange of 
hydrocarbons is a reaction of this type, so 
its rate should depend only on the number 
of exposed metal atoms. 

With this in mind, the final state of each 
of these catalysts can be evaluated in terms 
of the normalized rates compiled in Ref. 
( 16) and Table 2. When catalysts which have 
been prepared using different pretreatment 
conditions are compared, the rates of the 
hydrogenolysis reaction are markedly dif- 
ferent. Catalysts which have undergone a 
less severe drying or oxidizing procedure 
display a higher hydrogenolysis rate than 
those catalysts which were pretreated at 
500°C. We conclude that a larger amount of 
Re is intimately associated with Pt in the 
former case. The enhancements in rates are 
also greater with the catalysts prepared by 
successive impregnation than for those pre- 
pared by coimpregnation. This corresponds 
well with the observation that coreduction 
of Re with Pt is more pronounced for the 
novel catalysts (90%) than for the coim- 
pregnated ones (25-30%). Enhancement 
factors for methane production relative to 
the physical mixture catalysts are also in- 
cluded in Table 2. For a high loading and 
extensively alloyed PtRe/SiOz catalyst (as 
determined by XRD), the enhancement fac- 
tor for methane production, when com- 
pared to a sample where the Pt and Re were 

supported on different SiOz supports and 
physically mixed, was 42.6 for methane 
production when the TOFs were normal- 
ized with the HZ/D2 titrations. With the 
novel preparations, which have not been 
dried, the enhancement factors are similar 
to or even larger than this. Therefore, we 
conclude that the Pt-catalyzed reduction of 
Re is a result of rhenium oxide migration 
prior to reduction. 

It is also apparent from Table 2 that an 
increase in hydrogenolysis TOFs relative to 
corresponding physical mixtures is de- 
tected for both bimetallic catalysts that 
were calcined at 500°C. In these cases it 
seems likely that bimetallic cluster forma- 
tion occurred after initial reduction by mi- 
gration and agglomeration of unlike metal 
atoms, or particles, as has been previously 
postulated (16). 

Factors Affecting Re Reduction 

The nature of the oxidic Re species on 
the surface of AlzOj has been studied exten- 
sively by several groups using a variety of 
spectroscopic techniques (26, 31-37). 
There seems to be general agreement that 
on a hydrated alumina surface the immedi- 
ate symmetry of Re7+ resembles that of 
aqueous ReO:, regardless of whether the 
rhenium precursor is Re207 or NH4Re04 
(26, 34-36). When the temperature of the 
catalyst is raised to 500°C the ReOi tetra- 
hedra are distorted, due to an increased in- 
teraction with the surface (26, 34-37). This 
behavior is reversible, such that when the 
surface is rehydrated ReO, tetrahedra are 
again detected (26, 34-37). These results 
indicate that the free energy of the Re7+ 
species on a dehydroxylated surface is low- 
ered by the formation of Re-O-AI bonds 
(26, 33-35). These bonds form an energy 
barrier for migration and cause Re to be 
more resistant toward coreduction with Pt 
than in either RezO, or NH4Re04. When 
water is present, these bonds are hydro- 
lyzed, and the Re species becomes more 
mobile. 

The existence of these Re-O-Al bonds 
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implies that a rhenium/aluminum mixed ox- 
ide is formed at higher temperatures, al- 
though the precise nature of this species is 
still unclear. Edreva-Kardjieva and An- 
dreev showed that the diffuse reflectance 
spectrum of this “surface compound” was 
similar to that of Ba3(ReO&, but attempts 
to synthesize the corresponding aluminum 
mesoperrhenate proved unsuccessful (34). 
Baud and Capestan (38) synthesized Al 
(ReO& from Re20, and a-A1203 at 450°C in 
Nl. This compound was thermally unstable 
in both H2 and O2 and decomposed well be- 
low 500°C. 

The conditions necessary for the forma- 
tion of the Re species resistant to migra- 
tion, and, consequently, resistant to Pt-cat- 
alyzed reduction in our samples, were 
studied. This species does not form for a 
Si02-supported sample after a 500°C drying 
step (16). Figure 4 shows the reversibility 
of forming the migrating species from a 
strongly bound Re by simply allowing the 
catalyst to rehydrate and reoxidize under 
ambient conditions for 1 week. This is in 
full accordance with previous results (26, 
31-37). We also see that there is a consid- 
erable energy barrier to forming this 
strongly bound Re. It has not been ob- 
served after a predrying temperature of 
100°C (16) or a reoxidation temperature of 
210°C (Fig. 6, Trace A). But Re needs to be 
in an oxidized state during the high-temper- 
ature treatment. The strongly bound Re 
ties is not formed when the reduced 
catalyst is subjected to flowing Ar at 
500°C for 1 h (Fig. 6, Trace B). In ad- 
dition, even though water appears to 
play a role, the large amounts of water 
produced during reduction of a metal 
oxide appear to not affect the reduc- 
ibility of Re when in the presence of Pt 
(26). These data indicate that, for our sam- 
ples, the Re-O-support bond is estab- 
lished: 

(i) on y-A1203, 
(ii) prior to reduction, and 
(iii) resulting from severe predrying, in 

which Re was in an oxidic state. 

Three functions which water can serve in 
facilitating the mobility of Re on Y-A1203 
have been investigated. First, extensive 
work by Peri shows that if alumina is 
treated at temperatures of 100°C or below, 
there will exist at least a monolayer of OH 
groups on the surface. When the tempera- 
ture of dehydroxylation is 500°C more than 
70% of this water is desorbed from the sur- 
face, via condensation of the hydroxyl 
groups, leaving exposed A13+ behind (39). 
Consequently, it may be thought that sur- 
face water renders the A1203 surface less 
reactive by passivating the A13+ Lewis acid 
centers, so they cannot form Re-O-Al 
bonds. Second, it has been postulated (7) 
that, since RezO, is very hygroscopic, a 
solvated complex may be formed on a hy- 
drated surface which would facilitate mi- 
gration by limiting the interaction of the 
rhenium species with the support surface. 
Or, third, as has been indicated by spectro- 
scopic data (26, 31-37), the presence of 
water may prevent a Re-O-Al bond from 
forming or hydrolyze it once it has been 
formed. 

If a reduced 0.18 wt% Pt-0.41 wt% Re 
catalyst is reoxidized in flowing O2 at 
2lo”C, the reduction pattern (Fig. 6, Trace 
A) is very similar to the initial TPR of this 
catalyst (Fig. 3, upper trace). The differ- 
ences are that the low-temperature peaks 
are more pronounced, and a new feature at 
390°C appears. The similarities between 
this profile and that of Fig. 3 indicate that 
during this oxidation significant segregation 
of the two metal oxides takes place, but the 
species responsible for the TPR peak at 
25O”C, that has been attributed to a Pt-cata- 
lyzed reduction of Re, is again visible in the 
profile. There are no peaks at temperatures 
>45o”C that are typical for Re reduction in 
a monometallic sample. 

In the reduction represented in Fig. 6, 
Trace A, a small amount of water, in excess 
of the water produced from reduction, 
should be present early in oxidation, since 
the catalyst was allowed to cool in HZ prior 
to oxidation, and the alumina surface 
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should be fairly well hydroxylated. In order 
to drive off the small amount of chemi- 
sorbed Hz and put the support in a partially 
dehydroxylated state similar to that in the 
severely calcined samples, the catalyst was 
held at 500°C for 1 h in flowing Ar prior to 
reoxidation. Trace B of Fig. 6 results. 
There is little difference in the reduction 
profile respective of Trace A. There are 
also considerable enhancements in hydro- 
genolysis activity for a catalyst prepared in 
this way relative to a physical mixture (Ta- 
ble 2). This indicates that neither hydroxyl 
passivation of A13+ centers nor significant 
hydration of the oxidic Re species is impor- 
tant for Re migration to occur. Yet, if only 
the order of the drying and oxidation steps 
is reversed, the strongly bound Re-O-AI 
species, characterized by reduction peaks 
above 45O”C, is formed (Fig. 6, Trace C). 
The evidence from the reaction studies also 
supports this conclusion, for the hydrogen- 
olysis activity of this catalyst, reported in 
Table 2, is rather low. If this catalyst is hy- 
drated prior to reduction with a very small 
amount of water, a majority of the Re-O- 
Al bonds appear to be hydrolyzed, the ox- 
idic Re species is again mobile, so that the 
reduction of Re can, again, be catalyzed by 
Pt (Fig. 6, Trace D). 

CONCLUSIONS 

From TPR results and reaction studies 
we conclude that the Pt-catalyzed reduc- 
tion of Re results in the formation of a sig- 
nificant number of zero-valent PtRe clus- 
ters, and, as more Re is coreduced with Pt, 
there are more bimetallic clusters formed. 
This follows from the comparison of the 
sample prepared by successive impregna- 
tions with a coimpregnated catalyst. We 
propose that the mechanism of PtRe core- 
duction involves migration of an oxidic Re 
species over the support surface to a zero- 
valent Pt center, where it can be reduced by 
activated hydrogen. This view is substanti- 
ated not only by the results in Table 2 but 
also by the rates of deuterium exchange of 
CP. Enhanced surface migration of Re im- 

plies that fewer and larger metal particles 
are formed. Indeed, measured rates of deu- 
terium exchange per gram of catalyst indi- 
cate that the metal particles are larger in the 
catalysts where Re reduction takes place at 
a lower temperature due to the presence of 
Pt (Table I). 

These conclusions agree with those of 
Wagstaff and Prins (5) and Isaacs and Pe- 
tersen (7) as well as with the results of 
Ziemecki et ul. who have studied the cata- 
lyzed reduction of Re in PdRe/A1203 cata- 
lysts and concluded that mixed metal crys- 
tallites are formed due to the migration of 
Re to Pd nucleation centers during reduc- 
tion (40). 

Spectroscopic studies and the present 
TPR results are in full accordance, suggest- 

ing that a treatment at 500°C causes a 

strong interaction between rhenium oxide 
and the A1203 (26, 31-37). The formation 
of the surface complex inhibits the migra- 
tion of Re. Water will hydrolyze the sur- 
face-to-Re bond (26, 31, 34, 36) so that the 
Re species becomes mobile and can migrate 
to Pt nucleation centers where it can be re- 
duced at a lower temperature. Water is not 
needed for this purpose if formation of the 
strongly bound Re species is prevented by 
avoiding high-temperature treatments with 
oxidic Re supported on -y-A&OX. 
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