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Abstract

The reduction behaviors of the supported platinum—iron catalysts and their comparison with supported iron catalysts were
studied by TPR (temperature-programmed reduction)—in situ >'Fe MBS (Mossbauer spectroscopy). The results indicated that
the TPR processes of al Fe-containing catalysts were different from that of bulk «-Fe,O5. There were interactions between
Pt, Fe and the y-Al ,04 or SiO, support for the Pt—Fe/y-Al ,05 and Pt—Fe/SiO, catalysts. All the iron-containing catalysts
show that Fe** was highly dispersed on the support (y-Al,O5 and SiO,) before reduction. No Fe® was found in the
reduction processes. The Fe** was reduced to Fe** in tetrahedral vacancy first for the reduction of the Pt—Fe/y-Al,O,
catalyst. No Fe?" in octahedral vacancy was found in the reduction of the Pt—Fe/SiO, catalyst. Adding Pt to Fe/support
(y-Al, 05 or SiO,) could promote the reduction of the Fe species. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

For the last three decades, Pt-containing
bimetallic catalysts have been widely used in
the petroleum industry for reforming, dehydro-
genation and hydrogenation reactions [1,2]. In
the early studies, due to the strong influence of
catalytic theory of alloys [3] and the limitations
of characterization techniques, the states of the
two highly dispersed catalytic components in a
bimetallic catalyst were usually considered to
exist as an aloy or bimetalic clusters [4]. Re-
cently, with the development of highly sensitive
and in situ physical techniques for the character-
ization of catalysts, it has been reported that, for
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aumina supported bimetalic catalysts, due to
the strong interaction between the catalytic
components and the support, only one of the
components is in the metalic state, while the
other component still remains in the oxidation
states after reduction. For example, the Re, Ge,
and Sn components in Pt—Re/Al ,O, [5,6], Pt—
Ge/Al O, [7] and Pt—Sn/Al,O, [8-11] cata-
lysts could not be reduced to the zero oxidation
state after reduction at elevated temperatures,
while the Pt component was in the metallic
state. The temperature-programmed reduction
(TPR) [12] technique can provide information of
the dispersion states of the metallic components,
as well as the extent of metal—support and
metal—metal interactions in metalic catalysts.
However, it is not easy to identify each of the
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reduction peaks in a TPR profiles. In this regard
Mossbauer spectroscopy (MBS) is a powerful
technigue which can determine the chemical
states of various species in a catalyst under in
situ conditions. Thus, a combined in situ TPR—
MBS technique [13,14] is an ideal means for the
characterization of the bimetallic catalysts. Our
previous studies [15] indicated that Pt—Fe
bimetallic catalysts, supported either on y-Al ,O,
with a 5:1 Fe/Pt atomic ratio, or on SIO, with
a 2:1 Fe/Pt atomic ratio, are promising cata
lysts for the dehydrogenation of akanes. Al-
though extensive studies have been done for
supported Fe and Pt—Fe system [13,14,16—19],
very few information have been reported on
combined TPR—MBS investigations. In this
work a combined in situ TPR—MBS technique
was employed to investigate the reduction pro-
cess of y-Al,O; and SIO, supported Pt—Fe
catalyst, and compared their results with that of
the corresponding supported Fe catalysts.

2. Experimental
2.1. Preparation of the catalysts

The y-Al,O, or SIO, supported Pt or Fe
mono metalic catalysts were prepared by im-
pregnating the y-Al,O, (surface area: 156
m?/g) or SIO, (surface area: 440 m?/g) sup-
ports with H,PtCl - 6H,0 or F&(NO,), - 9H,0
aqueous solutions, with 2% HCI added as a
competing adsorbate. The Pt—Fe/y-Al,O, and
Pt—Fe/SiO, bimetallic catalysts were prepared
by the sequential impregnation method. For this,
the Fe/support catalyst precursor was first pre-
pared by impregnating with an Fe(NO;), aque-
ous solution, then dried and calcined. Subse-
quently, the Pt—Fe/support catalyst was pre-
pared by impregnating with a H,PtCl 5 agueous
solution, then dried and calcined again. Drying
processes for al catalysts were at 60°C for 4 h
followed by 120°C for another 4 h. After dry-
ing, the catalysts were calcined at 480°C in air
for 4 h, then calcined in steam for another 4 h to
remove the chloride ions. In al platinum-con-

taining samples, the Pt content was 0.375 wt.%.
The Fe content was 0.537 wt.% (Fe/Pt of 5:1
atomic ratio) for the y-Al,O, supported cata
lysts and 0.215 wt.% (Fe/Pt of 2:1 atomic
ratio) for the SiO, supported catalysts. A total
of 0.1 wt.% of the > Fe isotope was added in all
iron-containing samples for MBS determina-
tions.

2.2. TPR measurements

A schematic diagram of the temperature-pro-
grammed apparatus has been described in Ref.
[16]. The measurements were performed in a
quartz tube with a N,—H, (7.63 mol% H,) gas
mixture at a flow rate of 20 ml/min. The
heating rate was 10 K /min. The weight of the
samples used for each measurement was 0.200
+ 0.001 g.

2.3. In situ combined TPR-MBS

The in situ combined TPR—-MBS was carried
out in a quartz Mdssbauer absorber cell [14]. At
first, according to the experimental conditions
required by the MBS, an integrated TPR profile
was measured. Then for each peak on the TPR
profile, the temperature was raised up to the
peak position and then the temperature-pro-
gramming was stopped when the peak was com-
pleted; and the sample was cooled immediately
in a N,—H, stream to ambient temperature for
Mossbauer measurement. A 15 mCi °>'Co(Pd)
source was used. All spectra were computer-
fitted to a Lorentzian line shape using a least-
squares fitting procedure. The velocity of the
MBS was cdlibrated by the distance between
lines 3 and 4 of the a-Fe spectrum [14].

3. Results and discussion
3.1. TPR spectra studies
The TPR profiles of y-Al,O,, Fe/y-Al,O;,

Pt/vy-Al,O; and Pt—Fe/y-Al,O, samples are
given in Fig. 1. Only one reduction peak at
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Fig. 1. TPR profiles of the y-Al,O; supported samples. (a)
y-AlL 05, (b) Fe/y-Al, 05, (¢) Pt/y-Al,0j, (d) Pt—Fe/y-Al 0.

742°C was found in the y-Al,O, sample (Fig.
1a), which is considered to be the reduction of
surface AI** on y-Al,,O, [17]. The TPR profile
of Fe/y-Al,O; (Fig. 1b) showed two peaks.
The first peak at 480°C is assigned to the reduc-
tion of surface Fe** and the second peak at
720°C is attributed to the reduction of the +-
Al,O; support. By comparing the reduction
profiles of Fig. 1a and b, we can see that the
addition of Fe to y-Al, O, caused the reduction
peak of the y-Al, O, to shift to alower tempera-
ture. There are three reduction peaks (240, 471,
738°C) in Fig. 1c, which is the TPR profile of
the Pt/y-Al, O, catalyst. The first and second
peaks are assigned to two different species of
the highly dispersed Pt precursor (probably
PtO,), and the third peak is attributed to the
v-Al ,0O5 support. It isinteresting to find that the
addition of Pt to y-Al,O, decreased the area of
the reduction peak of the latter, and this can be
regarded as an indication of an interaction of Pt
with the y-Al,O5 support. The situation of the

Pt—Fe/y-Al,O, sample (Fig. 1d) is approxi-
mately the same as that of the Pt/ y-Al,O, (first
peak: 266°C, second peak: 502°C, and third
peak: 700°C). While the first peak and the third
peak of the Pt—Fe/y-Al,O; sample can be
unambiguously attributed to the reduction of Pt
oxide and y-Al,O,, respectively (by compari-
son with Fig. 1c and a), the temperature of the
second peak is obviously higher than that of the
second Pt peak in Fig. 1c and of the Fe peak in
Fig. 1b. Since there are no more Pt or Fe peaks
can be found in this temperature range, it is
natural to visualized that this second peak in
Fig. 1d was a species resulting from the interac-
tion of Pt and Fe. Furthermore, on Fig. 1d, the
third reduction peak temperatureis 700°C, which
is lower than that for the reduction of y-Al,O4
in the Fe/y-Al, O3, Pt/y-Al, 05 and y-Al,O4
samples, and this can be explained as the exis-
tence of an interaction between the metallic
components (Pt and Fe) and the y-Al ,O,. An-
other interesting fact is that the reduction peaks
of the iron components in the Fe/y-Al ,O, and
Pt—Fe/y-Al,O; samples are quite different
from the TPR peak of bulk a-Fe,O, [18]. All
these results imply that there exist complicated
interactions among the Pt, Fe and y-Al,O; in
the Pt—Fe/y-Al, O, catalyst. The TPR profile
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Fig. 2. TPR profiles of the SIO, supported samples. (a) SIO,, (b)
Fe/SiO,, (c) Pt/SiO,, (d) Pt—Fe/SiO,.
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Fig. 3. In situ °'Fe MBS of Fe/y-Al,O5 and Pt—Fe/ y-Al ,O4 in different reduction stages of TPR with H,/N,. (a) Fe/y-Al,O5 before
reduction, (b,c) first and second TPR peaks of Fe/y-Al,O, (d) Pt—Fe/y-Al ,0, before reduction, (ef,g) first, second and third TPR peaks
of Pt—Fe/y-Al,0;.
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of Pt—Fe/y-Al,O; are very similar to Pt—
Sn/y-Al,0, [17].

In our previous studies, the Pt—Fe/SIO, has
been found to be a dehydrogenation catalyst
with better activity than the Pt—Fe/y-Al,O4
catalyst [15]. So it will be of interest to study
aso the TPR profiles of SIO,, Fe/SO,,
Pt/SIO, and Pt—Fe/SiO, samples correspond-
ingly to what have been investigated for the
v-Al ,0, supported samples. The results of these
investigations are given in Fig. 2. We can see
that there are no reduction peaks for the SIO,
sample (Fig. 2a). The Fe/SiO, sample (Fig. 2b)
shows a reduction peak at 470°C, which is
similar to that of the Fe/y-Al 05, andisalsoin
good agreement with the results of Berry et a.
[18], but again quite different from the TPR of
bulk a-Fe,0;. The Pt/SiO, sample (Fig. 2¢)
exhibits reduction peaks at 118, 210 and 535°C,
which are consistent with the results of Baris et
al. [20]. The TPR peaks at 118 and 210°C can
be attributed to Pt precursors similar to that of
the first reduction peak in the Pt/ y-Al ,O, sam-
ple, while the peak at 535°C corresponds to the
second pesk of the Pt/y-Al,O; catalyst. It is
quite interesting to observe that the Pt—Fe/SiO,
sample (Fig. 2d) shows only one reduction peak
at 128°C. In comparing Fig. 2d with c and b, we
find that there are no reductions at temperature
of 400-600°C in Fig. 2d. So it is clear that there

is an interaction between Pt and Fe on Pt—
Fe/SiO, catalyst and the interaction is related
to SIO, support.

3.2. TPR—in situ °>’Fe MBS studies

In this section, we employed the TPR—in situ
*>"Fe MBS method to study the catalysts by the
changes of Fe in TPR processes.

3.2.1. TPR-in situ °'Fe MBS studies of Fe/ y-
Al,O; and Pt—Fe/ y-Al,O,

From the above TPR results we can see that
there are two or three different reduction stages
in the Fe/y-Al,O; and Pt—Fe/y-Al,O; sam-
ples. Fig. 3 shows the in situ MBS results of
Fe/y-Al,O,; and Pt—Fe/vy-Al,O; in different
TPR stages. The MBS parameters can be found
in Table 1.

For the Fe/y-Al, O, before reduction, the in
situ MBS shows a pure doublet (Fig. 3a, 1S 0.36
mm/s and QS 1.14 mm/s), which indicate that
the Fe** species was highly dispersed on the
v-Al,O5 support before reduction. From the in
situ MBS of the first TPR peak, it was calcu-
lated that 86% of the Fe** had been reduced to
Fe’* in tetrahedral vacancy and octahedral va-
cancy (Fig. 3b). Vaishnava et a. [21] have
reported the formation of FeAl,O, (Fe** in
tetrahedral vacancy and octahedral vacancy) for

Table 1
Results of ¥ Fe MBS for Fe/y-Al,0, and Pt—Fe//y-Al ,0; in different reduction stages of TPR in H,/N,
Samples TPR stage IS (mm/s) QS (mm/s) Peak area (%) Assignment
Fe/v-Al,0O4 Before reduction 0.36 114 100 Fe3*
First peak at 480°C 0.30 0.61 14 Fe*+
0.71 0.90 43 Fe*™ (T)
0.95 2.48 43 Fe?* (0)
Second peak at 720°C 0.30 0.69 7 Fed*
0.57 0.96 28 Fe?* (T)
1.19 1.96 65 Fe** (0)
Pt—Fe/y-Al ,0, Before reduction 0.27 114 100 Fed*
First peak at 266°C 0.27 1.24 61 Fed*
0.79 141 39 Fe?* (T)
Second peak at 502°C 0.50 0.80 58 Fe*™ (T)
111 1.93 42 Fe?* (0)
Second peak at 700°C 0.50 0.80 49 Fe*™ (T)
115 1.82 51 Fe?* (0)
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a 14% Fe/y-Al ,O, catalyst reduced in hydro-
gen at 673 K, and our Mosshauer parameters
are close to their results. However, in which
vacancy did the reduced Fe** come first is till
unknown. For the second TPR peak of the
Fe/y-Al,O,, a tota of 93% Fe®** had been
found to be reduced to the Fe?*, and the content
of Fe?* in octahedral vacancy also increased
(Fig. 3c). The fact that Fe** cannot be com-
pletely reduced to Fe?* at the end of the TPR
process can be explained by the strong interac-
tion between Fe** and the y-Al ,O, support.
For the Pt—Fe/y-Al,O,, the in situ MBS
before reduction also shows a pure doublet (Fig.
3d, 1S 0.27 mm/s and QS 1.14 mm/s), which
imply that the Fe** was in an oxidized state and
was very similar to that of the Fe/y-Al,O4
sample. In the in situ MBS spectrum of the first
TPR pesk at 266°C, 39% of the Fe** was
reduced to Fe*" in tetrahedral vacancy and no
Fe?* in octahedral vacancy was found (Fig. 3e).
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This implies that by adding Pt to the Fe/y-
Al O, the Fe?* in tetrahedral vacancy can be
formed at lower reduction temperatures. The
second TPR peak at 502°C shows that 100%
Fe** was reduced to Fe?" in tetrahedral va-
cancy and octahedral vacancy (Fig. 3f). Finaly,
as the reduction temperature reached the third
TPR peak, the Fe** in octahedra vacancy in-
creased (Fig. 39).

The results indicated that addition of Pt to
Fe/y-Al,O5 not only changed the TPR profile
of the catalyst, but also enhanced its reducibil-
ity. No Fe® was found in the TPR processes of
these two catalysts. In Section 3.1, it has been
shown that the area of the second reduction
peak in Fig. 1d decreased, which is explained as
due to the interaction between Pt and Fe. Thisis
confirmed by the TPR—in situ °'Fe MBS mea-
surements, which indicated that Fe co-existed
with Pt in the 2+ valence on the y-Al,O4
supported Pt—Fe catalyst.

1.01

—_
(=3
(=]

0.99

Relative Intencity

0.98 -
(®)

-10 -5 0 5 10

Velocity (mm/sec)

1.00 foem

099

0.98

Relative Intencity

(d)
-10 -5 0 5 10
Velocity (mm/sec)

0.97

Fig. 4. In situ > Fe MBS of Fe/SiO, and Pt—Fe/SiO, in different reduction stages of TPR with H,/N,. (a) Fe/SiO, before reduction, (b)
TPR peak of Fe/SiO,, (c) Pt—Fe/SiO, before reduction, (d) TPR peak of Pt—Fe/SiO,.
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3.2.2. TPR-in situ >’Fe MBS studies of Fe / SO,
and Pt-Fe /SO,

The TPR profiles of Fe/SiO, and Pt—
Fe/SiO, samples in Fig. 2 show that there is
only one reduction peak in each of the two
samples. Fig. 4 shows the in situ MBS results of
different reduction stages for the samples of
Fe/SiO, and Pt—Fe/SiO,. The MBS parame-
ters are listed in Table 2.

For the Fe/SIO,, the in situ MBS gave a
pure doublet (Fig. 4a, 1S 0.33 mm/s and QS
0.89 mm/s) before reduction. This means that
Fe** was highly dispersed on the SiO, support
before reduction and was similar to that on the
Fe/y-Al,O,. For the TPR peak of Fe/SiO,,
the in situ MBS indicated that 51% of Fe** was
reduced to Fe*" in tetrahedral vacancy (Fig.
4b), and no Fe*" in octahedral vacancy was
found in the TPR process. This result is very
different from that of the Fe/y-Al,O,.

Before reduction, the in situ MBS of Pt—
Fe/SiO, aso showed a pure doublet (Fig. 4c,
IS 0.29 mm/s and QS 0.88 mm/s). For the in
stu MBS of the TPR peak of Pt—Fe/SiO,,
65% of Fe3* was reduced to Fe** in tetrahedral
vacancy (Fig. 4d), and again no Fe* in octahe-
dral vacancy was found.

From the above discussions, we can note that
the TPR—in situ MBS of the Pt—-Fe/SO, is
different from that of the Pt—Fe/y-Al,O,. The
results indicated that addition of Pt to Fe/SIO,
not only changed the TPR profile, but aso
increased the reducibility of Fe/SiO,. Not any
Fe® or Fe?* in octahedral vacancy was found in
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Fig. 5. Relationship between reducibility and temperature of the
TPR profiles.

the TPR processes in the both catalysts. From
the TPR profiles we can know that there is an
interaction between Pt, Fe and SIO,. The TPR-
in situ °"Fe MBS results indicated that Fe co-ex-
isted with Pt in the 2+ valence on the SO,
support for Pt—Fe/SiO,.

These Mosshauer results are in good agree-
ment with XPS analysis [22].

Fig. 5 shows the change in percentage of
Fe*" at the TPR process on the above samples.
It indicated that Fe** is more easily reduced to
Fe?* on y-Al, O, support than on SiO, support.
Addition of Pt to y-Al,O; support not only

Table 2
Results of > Fe MBS for Fe/SiO, and Pt—Fe/SiO, in different reduction stages of TPR in H,/N,
Samples TPR stage IS(mm/s) QS(mm/s) Peak area (%) Assignment
Fe/SiO, Before reduction 0.33 0.89 100 Fed*
First peak at 470°C 0.25 0.78 49 Fe3*
0.51 1.26 51 Fe** (T)
Pt—Fe/SiO, Before reduction 0.29 0.88 100 Fe3*
First peak at 128°C 0.39 0.89 35 Fe3 ™
0.64 1.18 65 Fe** (T)
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makes al Fe** to be reduced to Fe**, but also
decreased the reduction temperature. Addition
of Pt to the Fe/SiO, caused the reduction
temperature to become lower, but this could not
make all Fe** to be reduced to Fe?".

The Fe** can exist in tetrahedral vacancy
and octahedral vacancy for y-Al,O, supported
samples; The Fe?" can exist in tetrahedral va-
cancy only for SIO, supported iron containing
samples, and some Fe** were also found in this
case. Many authors [23-26] have reported that
on supported NiO, CoO, MoO; catalysts, etc.,
when the metal oxide content are very low, the
cations enter into the tetrahedral vacancy of the
support first. Our results indicated that Fe?* can
co-exist in tetrahedral vacancy and octahedra
vacancy with Pt in the Pt—Fe/y-Al 05, while
Fe’* can co-exist with Pt only in tetrahedral
vacancy for Pt—Fe/SiO,. In our previous stud-
ies, we have found that the interaction of highly
dispersed Pt species with the supporting materi-
as could be further enhanced by incorporating
onto the y-Al,O; a third component of metal
oxides such as tin oxide [27]. In these circum-
stances, the Pt species was found to anchor on
the support via the SnO promoter in the Pt—
Sn/y-Al,O5 bimetallic catalysts, constituting a
‘sandwich’ type structure. It is visualized that
the existence of the ‘sandwich’ structure is an
important factor for stabilizing the highly dis-
persed state of the Pt species, thus yielding
improved activity, selectivity and stability for
the catalysts in commercial hydrocarbon dehy-
drogenation processes. Thus, the interaction be-
tween Pt, Fe and the y-Al,O, or SIO, support
for the Pt—Fe/y-Al ,O, and Pt—Fe/SiO, cata-
lysts can be visualized as that Pt species an-
chored on the support via the Fe?* species in
tetrahedral vacancy, and this seems to be the
reason of high activities for dehydrogenation
reactions over the Pt—Fe/y-Al,O; and Pt—
Fe/SO, catalysts.
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