JOURNAL OF CATALYSIS 145, 132-140 (1994)

Structure Characterization of Platinum/Alumina, Rhenium/Alumina,
and Platinum—Rhenium/Alumina Catalysts

Chen Laiyuan, Ni Yueqin, Zang Jingling, Lin Liwu, Luo Xihui,* and Cheng Sen*

Dalian Institute of Chemical Physics. Chinese Academy of Sciences, P.O. Box 110, Dalian 116023, China; and *Funshun Institute of
Petroleum Chemical Engineering, SINOPEC, Funshun 113001, Liadoning, China

Received March 4, 1993: revised June 18, 1993

The structures of Pt, Re, and Pt—Re catalysts supported on
alumina containing 0. 14 wt% titania were studied in the stages of
impregnation, calcination, and reduction by UV diffuse reflectance
spectroscopy (DRS), temperature-programmed reduction (TPR),
selected area electron diffraction (SAED), and carbon monoxide
and hydrogen adsorption measurements. Both platinum and rhe-
nium species interacted strongly with the support after calcination.
It is suggested that the platinum species interacts more strongly
with titania than with alumina, while the converse is true with
the rhenium species. A Pt;Ti alloy was found in both the reduced
Pt/Al,O; and reduced Pt—Re/Al,O; catalysts. An Al(ReO,); com-
plex was found in the Re/Al,O; catalyst which was reduced at
480°C. Pt(0), Re(0), and Pt;Ti coexist in the reduced Pt—-Re/Al,0;
catalyst and the surface concentration of Re(0) increases with the
Re/Pt ratio. Hydrogen adsorption at a high temperature increases
with increasing Re/Pt ratio. It is possible that this kind of hydrogen
is responsible for the higher stability of the catalyst with a high
Re/Pt ratio.
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INTRODUCTION

Bimetallic Pt-Re reforming catalysts have been widely
used in the reforming industry since their introduction by
Kluksdahi (1). There are many benefits from the addition
of a second metal, rhenium, to Pt/Al,O,. It has been
reported that there are platinum atoms, rhenium atoms,
PtRe alloys (or clusters), and Re** ions in the reduced
Pt—Re catalyst (2-6). Conversely, afair number of investi-
gators have argued that there is no PtRe alloy formation
in the Pt—Re catalysts (7-10). The composition phases in
the catalyst have not been clarified so far. Furthermore,
there may be more complex species in this catalyst system
because the metals are highly dispersed on alumina and
there may exist strong metal-support interaction (SMSI),
especially when titania is present in the support (11).
Knowledge of the composition phases in the catalyst and
the roles they play is very important in reforming practice
because the interaction of these phases may have a pro-
found effect on selectivity in reforming reactions. This is
a study of the structures of these catalysts.
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In the present work, we studied the structures of
Pt/Al,O5, Re/AlL,O;, and coimpregnated Pt—Re/Al O, cat-
alysts. In order to understand the genesis of the structures
of these catalysts, experiments were carried out in the
stages of impregnation, calcination and reduction. The
influence of the Re/Pt ratio on the structures of the Pt—Re
catalysts is discussed. An understanding of Re/AlLO, cata-
lysts is also helpful to the operation of olefin metathesis.

EXPERIMENTAL

Catalyst Preparation

Gamma-Al,O, containing 0.14 wt% titanium was used
as the support. Its BET surface area is 204 m?/g and its
pore volume is 0.60 cm?/g. All the catalysts were prepared
by impregnating the gamma-Al,O; with H,PtCl,, HReO,,
or their mixed solutions. After impregnation, the catalysts
were dried at 120°C and calcined at 500°C in air for 4 hr.
The catalysts were prepared as three groups. The first
group was Pt/AL,O; catalysts with different platinum con-
tents, Al1:0.15 wt%, A2:0.3 wt%, A3:0.5 wt%. The sec-
ond group was a Re/Al O, catalyst (B) with 0.25 wt%
rhenium. The third group was Pt-Re/Al,O, catalysts.
C1:0.15 wt% Pt-0.35 wt% Re, C2:0.15 wt% P1-0.25
wt% Re, C3:0.3 wt% Pt-0.3 wt% Re, C4:0.5 wt%
Pt-0.35 wt% Re, C5:0.5 wt%-0.25 wt%. The chloride
content was 0.9 wt% on all of the catalysts.

UV Diffuse Reflectance Spectroscopy and TPR

Diffuse reflectance spectra of the catalysts were re-
corded with a Shimadzu UV-365 spectrometer in the
wavelength range of 190-660 nm. The scan speed was
100 nm/min. Catalysts were pressed into tablets and dried
at 120°C for 2 hr to remove water. The alumina support
was used as reference. Temperature-programmed reduc-
tion was monitored in a reducing gas of 5% H,/Ar with
a heating rate of 12°C/min. The catalyst was crushed into
40 to 80 mesh powder before the TPR run. The amount
of hydrogen consumption is calculated from the area un-
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der the TPR curves. The TPR curves were calibrated by
reducing a known amount of pure CuO under the same
TPR conditions.

Selected Area Electron Diffraction

The TEM used in this study was a Hitachi H-600 model
transmission electron microscope. The catalysts were
pretreated with HF aqueous solution after 480°C reduc-
tion in order to remove most of the alumina. Areas where
particles were abundant were selected for diffraction. The
interplanar spacings (d) of samples can be calculated ac-
cording to the fundamental equation of electron diffrac-
tion, that is, AL = Rd. A gold membrane was used as
the standard sample for calculating the TEM camera con-
stant. The total error of the calculated interplanar spacings
(d) was about 0.02 A, but the errors of some results may
be higher because of poor definitions of the diffraction
rings at some orientations.

Carbon Monoxide Adsorption Measurement

The CO adsorption isotherms of the catalysts were mea-
sured at 25°C using a static volumetric technique. Prior
to the adsorption of CO, each sample was reduced in a
flow of hydrogen at 480°C for 1 hr and in static hydrogen
at 450°C for another hour. The sample was degassed for
4 hr to a final pressure of approximately 1.33 x 1074 Pa.
The CO adsorption pressure was increased from 6.6 x
10° to 5.05 x 10* Pa for the measurement. After the total
adsorption amount was determined, the system was evac-
uated to remove weakly adsorbed CO. Another adsorp-
tion measurement then measured the physical adsorption
of CO. Uptakes were determined by extrapolation to
the Y-axis.

Hydrogen Adsorption Isobar Measurement

Hydrogen adsorption isobars were also measured in a
static apparatus. The pretreatment of each sample was the
same as described for the CO adsorption measurement.
In the hydrogen adsorption measurement, the hydrogen
pressure was maintained at about 6.6 x 10° Pa and the
adsorption temperature varied from 0 to 450°C.

RESULTS

UV Diffuse Reflectance Spectra

The UV absorption results for the impregnated solu-
tions are given in Table 1. The characteristic absorption
bands of H,PtCl, solution occur at 200, 260, and 355 nm,
and those of the HReO, solution are at 203 and 226 nm.
The diffuse reflectance spectra of calcined Pt/ALO; and
Re/Al, O, catalysts are given in Fig. 1.

When gamma-AlLO; was impregnated with H,PtCl, the
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TABLE 1

The UV Characteristic Absorption Bands of
H,PtClg and HReO, Solutions and Dried
Pt/AlLO; Catalyst

Sample Absorption bands (nm)
H,PtCl, solution 200, 260, 355
HReO, solution 203, 226

Dried P/ALO; 275, 355, 450

[PtCl,]*~ anion adsorbed on the positive site of alumina.
An adsorbed [PtClg]*~ is slightly different from a free
[PtCl,)*>~ with absorption bands at 275,355, and 450 nm
(Table 1). The first band is attributed to a charge transfer
(CT) band (from C1- to Pt) and the latter two bands are
d—d transition bands of platinum (12). After calcination,
there are only two principal absorption bands at 230 and
350 nm (Fig. 1). The 350 nm band is almost unchanged
because it is a d—d transition band of platinum. However,
the charge transfer band at 275 nm shifts to 230 nm. This
change must be due to a change in the environment of
platinum. It thus allows us to assume that the platinum
species interacts strongly with the support. Itis also possi-
ble that the surface complex [PtO,Cl,] was formed (12).
Moreover, because the absorption band of PtO, appears
at 350 nm, although the presence of PtO, species in the
Pt/AL,O, catalyst is very possible, its presence cannot be
deconvoluted.

The absorption bands of calcined Re/ALO; are quite
different from those of a HReQ, solution. The calcined
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FIG. 1. Diffuse reflectance spectra of (a) calcined Pt/Al,04 and (b)
calcined Re/AlLO; catalysts.
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Diffuse reflectance spectra of (a) uncalcined and (b) calcined
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FIG. 2.
C1 catalyst.

Re/AlLO; has absorption bands at 240 and 305 nm (see
Fig. 1), but the HReO, solution shows absorption bands
at 203 and 226 nm. This result suggests that the chemical
environment of rhenium in the Re/A},O, catalyst is greatly
changed. The formation of a surface complex is possible.
At the very least the symmetry of ReQ, is drastically al-
tered.
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FIG. 3. Diffuse reflectance spectra of Pt—Re catalysts with different
Re/Pt ratios: (a) Re/Pt = 2.33, (b) Re/Pt = 1.67, (¢c) Re/Pt = 1.

CHEN ET AL.

Hydrogen consumption rate (a.u.)

-‘-‘l | l | I 1 J
100 200 300 400 500 0600 700 800
Temperature(“C)

FIG. 4. TPR spectra of Pt/Al,O, catalysts with different platinum
contents: (a) 0.15 wt%, (b) 0.3 w19, (¢) 0.5 wt%.

The diffuse reflectance spectrum of a freshly impreg-
nated Pt—Re catalyst with the composition shown for the
C1 catalyst, which was dried but not calcined, is given
in Fig. 2. Its absorption bands appear at 270, 350, and
450 nm. However, if the above catalyst was calcined at
500°C, it exhibits only two principal absorption bands at
245 and 330 nm (Fig. 2).

In order to study the influence of the Re/Pt ratio on
the catalyst structure, a series of Pt—Re/Al,O, catalysts
with a Re/Pt ratio range of 1 to 2.33 were investigated.
The results are shown in Fig. 3. It can be seen that if
Re/Pt = 1, the diffuse reflectance features of the catalyst
are like those of Pt/AlL,O;. However, if Re/Pt > 1, the
diffuse reflectance spectra resemble those of Re/Al,O,.

It should be noted that in the above analyses the pres-
ence of titanium was not taken into account. This is be-
cause a comparison of the DRS spectrum of pure alumina
with that of the titania-containing alumina did not show
any change in the DRS results under our experimental
conditions.

Temperature-Programmed Reduction Studies

The TPR profiles of Pt/Al,O; catalysts with different
platinum contents are given in Fig. 4. The first peak is at
about 300°C. The other peak changes from 435 to 475°C
when the platinum content decreases from 0.5 to 0.15
wt%. From the hydrogen consumption in the TPR, the
H,/Pt ratio was always slightly greater than 1.

The TPR spectra of Re/Al,O, and the support are shown
in Fig. 5. The TPR profile of Re/Al, O, illustrates that
reduction of rhenium oxide species starts at about 430°C.
Two maximum peaks occurred at 615°C and 740°C. The
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FIG. 5. TPR spectra of (a) Re/Al,O; and (b) support.

TPR profile of the support in Fig. 5 shows that the support
was not reduced until near 600°C.

Figure 6 gives the TPR spectra of Pt—Re/Al,O, catalysts
with different Re/Pt ratios. When Re/Pt i1s 0.5 (C5 cata-
lyst), three reduction peaks at 300, 500, and 710°C were
seen. A peak with a ramp tail at 300°C and a peak at 700°C
were observed for the C3 catalyst. For the CI catalyst,

Hydrogen consumption rate (a.u.)
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FIG. 6. TPR spectra of Pt—Re catalysts with different Re/Pt ratios:
(a) Re/Pt = 0.5, (b) Re/Pt = 1, (c) Re/Pt = 2.33.
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peaks at 300, 350, and 720°C were observed. The hydrogen
consumption in the TPR for temperatures below 500°C
ratioed to the metals, H,/(Pt + Re), was very near to 1,
and this ratio decreased with the increasing of the
Re/Pt ratio.

Selected Area Electron Diffraction Studies

The catalyst phases in the reduced catalysts were exam-
ined by means of selected area electron diffraction
(SAED). The diffraction patterns are given in Fig. 7 and
the calculated interplanar spacings are listed in Table 2.
The specific interpianar spacings of certain Miller indices
of standard compounds from ASTM data files are also
listed in Table 2 to assist identification of the catalyst
phases. By comparison of the experimental results to the
standard interplanar spacings chosen from ASTM files,
we found that a Pt;Ti alloy was formed in both reduced
Pt/ALLO, and reduced Pt—-Re/Al,O, catalysts. Interest-
ingly, Al(ReO,), complex was formed in the Re/Al,O,
catalyst. Metallic platinum and rhenium and a Pt;Ti alloy
were found in a Pt—Re catalyst (C4). We did not examine
low platinum content bimetallic catalysts because of dif-
ficulty in seeing any diffraction.

CO Adsorption Studies

The data for CO isothermal adsorption at 25°C are given
in Table 3. The amount of strongly adsorbed CO was
obtained from the difference between the total adsorption
and the weak adsorption. Corrections were made by the
measurement of CO adsorption on the blank alumina. The
amount of CO chemisorbed on Re/Al, O, is very little. The
CO adsorbed on the C1 catalyst was mainly the strongly
adsorbed type while weakly adsorbed CO was predomi-
nant on the C4 catalyst. The ratio of strongly adsorbed CO
molecules to platinum or rhenium atoms was calculated:
CO/Pt was 0.54 for Pt/AlL, O, catalyst and CO/Re was 0.15
for Re/AlLO; catalyst.

Hydrogen Adsorption Isobars

Figure 8 shows the isobars for hydrogen adsorption
on the Pt/Al,O; and Re/Al,O, catalysts. The maximum
uptake of hydrogen for Pt/Al,O; is obtained at tempera-
tures lower than 100°C. When the temperature increases
from 0 to 450°C, the hydrogen uptake decreases from 39
to 23 ml/g Pt. Hydrogen adsorption hardly occurred on
Re/ALO; when the temperature was lower than 100°C.
However, it increased drastically at temperatures higher
than 100°C.

Figure 9 gives the results of hydrogen isobars on two
Pt-Re catalysts. The hydrogen uptake increased signifi-
cantly with an increase in temperature for the catalyst
with Re/Pt = 2.3. However, it changed only a little for
the catalyst with Re/Pt = 0.5. Clearly, the hydrogen ad-
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a 0.80627448

c 0.80627450
FIG. 7.

sorption features of the catalyst with Re/Pt = 2.3 are

much like those of the Re/Al,O; catalyst.

DISCUSSION

Pt/ALO, Catalyst

The UV absorption spectrum of H,PtCl, solution shows
three absorption bands at 200, 260, and 355 nm. The first
two are attributed to charge transfer (CT) bands (13).
Table 1 shows that the dried Pt/AL O, catalyst also has
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b 0.80627445

d 0.80627442

Selected area electron diffraction patterns: (a) support, (b) Pt/Al,O;, (¢) Re/ALO;, (d) Pt—Re/AlLO; (C4).

three absorption bands at 275, 355, and 450 nm. When
the [PtCIl]*~ ion adsorbs on alumina, the 355 nm band
(d—d band of platinum) did not change, the 200 nm band
was not detected and a new d—d band at 450 nm appeared.
The CT band at 260 nm shifted to 275 nm; this shift is
regarded as the result of a chemical interaction of the
platinum species with alumina. After calcination at 500°C,
the d—d band at 355 nm was almost unchanged (with a
minor shift to 350 nm). However, the 275 nm CT band
disappeared and a new band at 230 nm was observed. If



STRUCTURE OF Pt/, Re/, AND Pt-Re/ALUMINA CATALYSTS 137

TABLE 2

Electron Diffraction Pattern Analysis of the Sup-

port and of the Pt/Al,0; (A3), Re/ALO; (B), and Pt—

Re/AlLO; (C4) Catalysts

Support
Calculated Interplanar spacings (A)
d-spacings
(A) y-ALO, TiO, (rutile)
2.241 2394,
1.821 1.977 4001
1.435 14240y,
1.312 1304,
1.079 1.027 3., 1.083,330,
0.928 0.907 402,
0.809 0.806,344)
A3
Calculated Interplanar spacings (A)
d-spacings
(A) Pt Pt;Ti
3.237 328,03
2.241 2,655, 2254604,
1.942 1 '9621200)
1.619 637304
1.457 1.434,00)
1.334 1.3760,
1.261 1.2700,
1.165 11833y 1.15312)
0.988 0.981,4
0.910 0.900,53),
B
Calculated Interplanar spacings (A)
d-spacings
(A) Al(ReO,);
3.15 3.17
2.842 2.76
2.590 2.545
1.975 1.967
1.689 1.695
C4
Calculated Interplanar spacings (A)
d-spacings
(A) Pt Re P4, Ti
2.601 2,545y
2.276 226511 2.2544y,,
2.1 21050y 2109203,
1.810 1.8144s,
1.387 1.387 209, 1.380; 10,
1.289 1.27034, 1.262,103
1.095 1,133,021, 1. 114,004,
1.033 L0 4
0.883 0.877, 420, 0.8854,
0.790 0.8008,,2,

TABLE 3

Results of Carbon Monoxide Isothermal Adsorption
(pumol/g cat)

Sample Total Weakly adsorbed Strongly adsorbed
Al 7.6 3.5 4.1
B 2.7 0.78 2
Cl 13.1 2.5 10.6
C4 24.1 14.2 9.9

we take this band as a CT band of platinum, we can
speculate that the platinum species on alumina was no
longer a [PtCI;]*~ ion. The platinum must be in a more
complex form; for example, a [PtO,Cl.] complex (4), or
may be in another form which interacts with alumina or
titania strongly. Since the characteristic absorption band
of Pt0O, is at 350 nm and the d—d band of platinum also
occurs at this wavelength, the existence of PtO, is pos-
sible.

Two reduction peaks of the Pt/AlL,O; catalysts were
observed (Fig. 4). It is possible to assume that the 300°C
peak is due to the reduction of PtO, species. The latter
peak is attributed to the reduction of platinum species
which interact strongly with the support or to the reduc-
tion of a surface complex (14). It is interesting to note
that the temperature of the latter reduction peak shifts
from 435 to 475°C when the platinum content decreases
from 0.5 to 0.15 wt%. This result suggests that with less
platinum content, the interaction of platinum with the
support is stronger.
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C4 catalysts.

SAED results show that metallic platinum and a Pt-Ti
alloy are formed in the reduced Pt/Al,O, catalyst. Ac-
cording to the DRS and TPR results, we can speculate
that the metallic platinum results from the reduction of
PtO, and the Pt-Ti alloy results from the reduction of a
platinum species which strongly interact with titania in the
support. The excess hydrogen consumption, compared to
the reduction stoichiometry of H,/Pt = 1, may correspond
to the reduction of part of the titania. Furthermore, the
formation of a Pt—Ti alloy may imply that the interaction
between platinum species and the titania is stronger than
that between platinum and alumina. The hydrogen adsorp-
tion isobar for the Pt/Al,O, catalyst shows that the hydro-
gen uptake decreases when the temperature is raised. This
probably results from the desorption of hydrogen at high
temperatures.

Rel/AlLLO; Catalyst

The UV absorption bands of HReO, solution are ob-
served at 203 and 226 nm which agree well with literature
data (15-17). The principal bands of the calcined Re/Al,O,
catalyst appear at 245 and 305 nm. These deviate greatly
from those of HReO, solution. This may imply that the
rhenium in the calcined Re/Al,O, catalyst is no longer in
the T, symmetry of the ReO, ion. This may indicate a
strong interaction between the rhenium oxide and the
support. Also, the possibility of the formation of some
surface rhenium compounds cannot be excluded (18-20).
No rhenium oxides were observed by SAED and this may
be because any rhenium oxide formed after calcination
of the catalyst was dissolved by the HF aqueous solution
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treatment. In addition, the formation of an Al(ReQ,),
complex and the absence of any rhenium titanium com-
pound or Re-Ti alloy probably means that rhenium
species interacted more strongly with alumina than
with titania.

The Re/Al,O; catalyst is more difficult to reduce com-
pared to Pt/Al,O;. Two peaks with maximum reduction
temperatures at 615 and 740°C are seen in the TPR spec-
trum. This indicates that the Re/Al,O, catalyst cannot be
properly reduced at the temperature used in industrial
practice (about 500°C). This could be one of the reasons
why the hydrogen adsorption and CO adsorption on the
Re/AlO; catalyst are very low at low temperatures.

Almost no hydrogen adsorption takes place on
Re/Al,O; when the temperature is lower than 100°C. But
it increases significantly when the temperature is above
100°C. This suggests that Re(0) can adsorb hydrogen at
high temperatures. It is possible that the reduction
of the remaining rhenium oxide takes place at high
temperatures because Re/Al,0; was not well reduced
at low temperatures. The consumption of hydrogen due
to this reduction may account for a part of the increase
in hydrogen uptake at high temperatures on the
Re/Al, O, catalyst.

Pt—-Re/Al,Oy Catalyst

The major absorption bands of the freshly prepared and
dried catalyst (C1) are at 270, 350, and 450 nm (Fig. 2).
These three bands are almost the same as the absorption
bands of the dried Pt/Al,O; catalyst, which is an indication
of the existence of adsorbed [PtCl¢]>~ ion. The rhenium
in this dried catalyst did not exhibit its characteristic ab-
sorption bands; probably an interaction between [PtCl¢]* -
and ReQ; is the reason. However, the possibility of the
absorption bands overlapping with those of [PtCl¢)*~ can-
not be ruled out. The UV diffuse reflectance absorption
data showed significant changes after the calcination of
the Pt—Re catalyst. This result indicated that the catalyst
phases changed after calcination. The 245 nm band can
be attributed to Re(VII) (18). The presence of Re(VI)
cannot be confirmed from our experiments (21). The dif-
fuse reflectance spectra of Pt—Re/Al,O; catalysts with
Re/Pt > [ are similar to that of Re/Al,O; while the spectra
of catalysts with Re/Pt < I resemble that of Pt/Al,O, (Fig.
3). The first TPR peak was constant at about 300°C in
spite of differences in the Re/Pt ratio because this peak
represents the co-reduction of platinum and rhenium (22,
23). The TPR peak at 740°C became more prominent with
the decrease of platinum content in the catalyst (Fig. 6).
It is evident that the reduction of rhenium species was
catalyzed by platinum. The hydrogen consumption results
indicate that rhenium cannot be totally reduced from Re *’
to Re’. Indeed, TPR results of Wagstaff and Prins (24)
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showed that if the Re/Pt ratio was over 0.6, part of the
rhenium could not be reduced under 500°C. Hence, the
TPR peak at 740°C may result from the co-reduction of
rhenium and the support. Metallic platinum and rhenium
and Pt;Tialloy were formed in the reduced Pt—Re catalyst.
The formation of a Pt—Re alloy cannot be ascertained by
electron diffraction measurement. However, the forma-
tion of a Pt—Re alloy phase is very possible from the
SAED results which are in accord with Vegard's law. It
is interesting that no Al-Re complex or alloy is found in
the Pt-Re catalyst. This phenomenon may be caused by
the catalyzed reduction of rhenium by platinum. An alter-
native interpretation is that platinum prohibits the interac-
tion of rhenium with alumina (14).

Re(0) is known to chemisorb CO strongly while Re*~
surface sites do not chemisorb CO (2). The amount of
chemisorbed CO on the Pt—Re catalyst (both C1 and C4)
is greater than the sum of those on the Pt/Al,O, and
Re/Al,O, catalysts. One explanation is that more Re(0)
was formed in the bimetallic catalyst as compared with the
monometallic catalyst. The amount of CO chemisorbed on
the high Re/Pt ratio catalyst (C1: CO/Pt + Re = 0.4) is
greater than that on the low Re/Pt ratio catalyst (C4:
CO/Pt + Re = 0.22). This indicates that the surface
concentration of Re(0) on the C1 catalyst is higher than
that on the C4 catalyst (25).

The hydrogen uptake is greatly enhanced by the addi-
tion of rhenium to Pt/Al,O, and it increases with tempera-
ture. However, the increase with temperature is more
significant for the high Re/Pt ratio catalyst than with the
low Re/Pt catalyst. A higher Re(0) concentration partly
accounts for this phenomenon, although electronic and
geometric effects of rhenium on platinum and hydrogen
spillover cannot be neglected. It is known that hydrogen
adsorbed at high temperatures is capable of hydrogenating
carbonaceous surface overlayers (26). This result may be
helpful to the understanding of the higher stability of the
skewed catalyst with a high Re/Pt ratio as compared with
that of the balanced one (27, 28).

CONCLUSIONS

The structures of supported Pt, Re, and Pt—Re catalysts
were characterized in the stages of impregnation, calcina-
tion, and reduction.

Pt/Al,O; catalyst can be well reduced in hydrogen under
500°C. However, the reduction becomes difficult with a
decrease in platinum content from 0.5 to 0.15 wt%. The
hydrogen uptake on the reduced Pt/Al,O; decreases with
increasing temperature. A Pt-Ti alloy phase was found
in the reduced Pt/Al,O; catalyst from interaction with
titania in the Al O, support.

Re/Al,O, catalyst cannot be properly reduced under
500°C. ReO, ions interact strongly with alumina after
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calcination of the catalyst. SAED results show that an
Al(ReO,); complex was formed in the Re/Al,O, catalyst.

For coimpregnated Pt-Re catalysts, the reduction of
rhenium species was catalyzed by platinum but the cata-
lyst could not be totally reduced if the Re/Pt ratio was
too high. With a higher rhenium to platinum ratio, more
rhenium remained unreduced. The DRS spectra resemble
that of a Re/AlLO; catalyst if the Re/Pt ratio is greater
than | and they resemble that of Pt/ALO, if Re/Pt ratio
is smaller than 1. Pt, Re, and Pt,Ti alloy phases were
observed on reduced Pt-Re catalysts. The hydrogen up-
take at high temperatures increases with the increase of
rhenium to platinum ratio.
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