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Platinum-~tin catalysts prepared by different methods, and supported on y-Al,O; have been
studied with X-ray Photoelectron Spectroscopy (XPS), temperature-programmed reduction, and
reaction measurements. Two major conclusions are drawn from the results. First, tin is present
primarily in the oxidized form (Sn(II)) after high-temperature reduction (500°C) of Pt—-Sn/y-ALO;
catalysts, whereas alloy formation can occur on silica under the same conditions. No evidence for
substantial amounts of Sn(0) is found on reduced y-Al,0s-based catalysts. The spectroscopic reduc-
tion results are in agreement with TPR measurements in the present (and previous) work which
show an average Sn reduction of 50%. Even Pt-Sn complexes, which are readily reducible to
Sn(0), are not reduced below Sn(Il) on y-Al,O; . Second, quantitative XPS measurements of surface
tin concentration versus bulk loading reveal an inhomogeneous distribution of tin in the impreg-
nated y-Al,O; samples, with a large excess of tin on the external surface of Al,O; at loadings below
1 wt% Sn. The results show that impregnation of tin followed by platinum can result in separation
of the two components due to the strong adsorption of tin ions in the outer surface of the y-AL O,
particles. The best distribution of tin is found in the coprecipitated Sn-y-Al,0; (Patent) prepara-
tions where the tin is uniformly distributed throughout the matrix. The reaction measurements of
catalysts prepared via the different methods are compared and it was concluded that the activities
and selectivities in methylcyclopentane and cyclohexane conversion are sensitive to the method of
tin introduction. A catalyst prepared via the coprecipitation of Sn with y-AlLO; followed by impreg-
nation of platinum gave the highest sensitivities to activity and selectivity changes in the latter
reactions. Whereas it is important to have platinum and Sn(II) in the vicinity of each other on the

support, the mechanism of interaction is not well understood at this stage.

INTRODUCTION

Recent studies of platinum—tin/y-Al,0;
catalysts have debated the chemical state of
tin species present after high-temperature
reduction. Burch (/) claimed from tempera-
ture-programmed reduction measurements
that the average oxidation state of Sn was
Sn(II) and was independent of the Sn con-
centration over the range 0.3 to 5§ wt% Sn.
Burch’'s work implied that no significant
amounts of Pt—Sn alloys were formed on y-
AlLOs-based catalysts and that the Sn(II)
species were adsorbed primarily on the alu-
mina. These results are in conflict with ear-
lier work by Dautzenberg et al. (DHBS) (2)
who concluded that the first 0.6% of tin
present on the catalyst was in the oxidized
form (‘‘chemically complexed by the alu-
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mina’’) but higher loadings in excess of this
value were reduced to metallic tin. DHBS
were only able to detect Pt—-Sn alloy forma-
tion after reduction for 100 h at 650°C, how-
ever. They noted that Pt-Sn alloys were
easily observed on silica-supported cata-
lysts after reduction at 350°C. Muller ez al.
(3) concluded from earlier hydrogen—-oxy-
gen titration experiments that the lowest
oxidation state of tin was Sn(II) on y-ALLO3
catalysts up to 1.4% Sn. Bacaud et al. (4)
claim to have detected Pt—Sn alloy forma-
tion on low-loading Pt—Sn/Al,O; catalysts
with Moéssbauer spectroscopy, as well as
Sn(IV) and Sn(I) ionic species after reduc-
tion for 1 h at 500°C.

There have been very few X-ray photo-
electron spectroscopic measurements of
supported Pt—-Sn/y-Al,O; or silica cata-
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lysts. Bouwman ef al. (5) have measured
Auger surface compositions of Pt/Sn al-
loys, and XPS and reaction data on 7-
ALOs-based catalysts has been discussed
by Yermakov et al. (6, 7, 10) in several pa-
pers on catalysis by supported Pt—-Sn com-
plexes. Yermakov et al. have found that
(Sn + Pt) complexes impregnated on y-
Al,O3 do not form alloys after reduction as
determined by XPS, although alloys (or me-
tallic Sn) were seen on SiO,-supported cat-
alysts. On y-ALO; only Sn(Il) or Sn(IV)
species were found to be present after re-
duction.

In the present work we have attempted to
resolve the dispute over the nature of tin
present on y-Al,O; catalysts after reduction
in the presence of Pt by using XPS, sup-
ported by both TPR and reaction measure-
ments. Our results support the conclusion
of Burch, Muller, and Yermakov, since we
find that tin is not reduced below Sn(II) on
v-AlOs-based catalysts for a wide range of
preparations. We demonstrate that Pt—Sn
alloys are formed on SiO; supports (TPR
and XPS) in agreement with previous work.

Two aspects of the present work are sig-
nificant. We use an in-situ high-pressure re-
duction cell to eliminate air exposure in the
XPS experiments to demonstrate that Sn is
not reduced below Sn(II) on y-Al,Os sup-
ports. This result is independent of the
mode of tin introduction. Second, we quan-
titatively analyze the Sn/O surface ratios
for all our catalysts and demonstrate that
tin is present in surface excess with respect
to the internal pores on the alumina matrix
if normal acetone or aqueous impregnations
are used. The reaction data complements
the XPS data by measuring the overall de-
gree of interaction between platinum and
tin throughout the catalyst.

The XPS or reaction results do not rule
out the formation of a dilute Pt—Sn alloy or
Sn ions adsorbed on Pt particles. However,
it is clear that y-Al,0;3-based Pt—Sn(II) cata-
lysts should not be considered as a simple
bimetallic system. We agree with Burch (/)
that tin strongly adsorbs on the alumina and
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may act more as a surface modifier of alu-
mina or as an electronic promoter (metal—
support interaction) than as an alloying
component.

EXPERIMENTAL

Five different catalyst preparations were
used in the present work. In all prepara-
tions involving impregnation of y-Al,Os
with tin salts, the tin was impregnated first,
followed by impregnation of 0.5 wt% Pt (as
H,PtClg) after calcination at 500°C in air
overnight. Experimental procedures were
as follows: y-Al,O; (Akzo Chemie Grade
ES, 125 m?/g) was impregnated with tin by
three different methods. Tin metal was dis-
solved in aqua regia to form an acidic solu-
tion, SnCl, - SH,0 was dissolved in acetone
and SnCl, - SH,O was dissolved in water
(1% solutions) and then impregnated fol-
lowed by evaporation to dryness and calci-
nation to 500°C in air overnight. A range of
catalysts was prepared with the tin content
ranging from 0.2 to 6.3 wt%. Platinum was
then impregnated (as H,PtCly) on all the
catalysts to a loading of 0.5 wt%. In the
fourth preparation [Pt(SnCl;),CL][Et;N],
was dissolved in acetone and impregnated
onto y-Al,0Os to a loading of 2.4 wt% Sn.
Finally, a patented Pt—Sn catalyst was pre-
pared by a coprecipitation method (U.S.
Patent 4,032,434) in which tin ions are
highly dispersed throughout the alumina
matrix. Platinum (0.5 wt%) was impreg-
nated into this catalyst by the normal
method (aqueous H,PtClg). All catalysts
were subject to XPS measurements, tem-
perature-programmed reduction, and reac-
tion measurements, with some additional
X-ray diffraction applied to selected sam-
ples.

For the XPS experiment, catalysts were
pressed into 1,0-cm disks (~0.5 mm thick)
and mounted on nickel-plated copper sam-
ple holders in a VG ESCALAB system.
The catalysts were either unreduced or pre-
reduced in a separate reactor at 500°C for
2-3 h. Prior to analysis, reduction of the
samples was usually carried out in static
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hydrogen (0.5 atm) in a high-pressure cell
inside the ESCALAB preparation cham-
ber. No difference in the XPS results was
noted for samples which had undergone
long prereduction at 500°C and samples
which were initially reduced for only 10-30
min in H, prior to examination. XPS data
was taken with AlK« radiation (100 W), at
approximately 1.5 eV resolution (peak half-
width) and signal averaging times of 4-80
min depending on the loading. Reference
binding energies were Al 2p 74.3 eV and Si
2p 103.4 eV which gave values for Sn° and
Sn(Il, 1V) of 484.8 and 486.6 eV, respec-
tively. As pointed out by Lau and
Wertheim (8) one cannot distinguish be-
tween Sn(II) and Sn(IV) in XPS because
their binding energy difference is too small.
The surface Sn/O ratios were calculated
from the relationship

Sn ISn3d
[ﬁ]surface = 0.117 [I 8] IS:,

where [ is the integrated areas of the Sn 3d
and O 1s lines. The multiplying factor is the
inverse ratio of the cross sections, and the
mean free path and transmission function
factors are unity due to the close proximity
of Sn 3d and O 1s in kinetic energy. In all of
the quantitative studies, a calculated line of
the expected Sn/O surface ratio versus
wt% Sn based on 100% distribution of the
Sn is included (11). We expect that the
maximum error in any Sn/O results is
<=*10%. Analysis of the Pt 4f levels was
not possible with any certainty because of
overlap problems with the Al 2p line, and
no Pt XPS data is included in the present
discussion.

Temperature-programmed reduction
(TPR) of the Pt-Sn/y-Al,O; catalysts was
carried out in a once-through 5% H,/N,
stream at 0.33 ml - sec™'. The sample size
was 100 mg and the programming range
300825 K. After subtracting the hydrogen
consumed by reduction of platinum (which
is assumed to be completely reduced to the
metal), estimates were made of the average
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percentage reduction of tin to the metallic
state. In addition, X-Ray Diffraction (XRD)
and electron microscopy analyses were
also taken on selected samples.

The conversions of MCP (methylcyclo-
pentane) and CH (cyclohexane) were car-
ried out in a flow reactor in the temperature
range 570-670 K at a total pressure of 101
kPa. The reaction mixture contained hydro-
gen and hydrocarbon in a molar ratio of 8/1.
The products were analyzed by gas chro-
matography using a 6-mm-packed OV-101
column and a FID detector. Prior to reac-
tions the catalysts were treated under a
flow of hydrogen at 670 K for 15 h.

RESULTS AND DISCUSSION

I. Temperature-Programmed Reduction
Results

Temperature-programmed reduction
curves were taken for most of the catalysts.
For the sake of brevity we present the
results for the tin/aqua regia and SnCl, -
5H,0/acetone series in Figs. 1 and 2. Each
diagram has two series of curves, the upper
curves for reduction of impregnated tin
only, and the lower curve for impregnation
of tin followed by 0.5 wt% Pt.

In general, the curves are similar for both
series, with both tin preparations showing
reduction commencing at 400-500 K and
exhibiting a broad maximum near 700-800
K. High loadings (5-6 wt%) produced a
second maximum near 500 K in the acetone
series and a broad low-temperature tail for
the aqua regia. After impregnation with
platinum, both sets of profiles changed dra-
matically with a new sharp peak appearing
near 520-570 K, and smaller maxima in the
range 650-850 K.

Our TPR results are essentially in agree-
ment with data obtained by Burch (7). The
appearance of the sharp peak near 250°C
(520 K) in Figs. 1 and 2 in the Pt-Sn cata-
lyst spectra must be associated with reduc-
tion of platinum. Burch () has shown that
monometallic Pt/alumina catalysts display
a sharp reduction maximum near 520 K
(250°C) for the uncalcined forms. Burch’s
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Fi1G. 1. Temperature-programmed reduction (TPR)
profiles for Sn (upper) and Pt—Sn (lower) catalysts pre-
pared by impregnating an acidic solution of Sn dis-
solved in aqua regia into y-Al;O;. The loading of Pt
was 0.5 wt%.

data indicated greater than 100% reduction
of platinum assuming Pt(IV)-Pt(0) with the
excess reduction being attributed to chlo-
rine removal. We assume in the present
work, as did Burch (1), that Pt(IV) is com-
pletely reduced to Pt(0). We calculated the
percentage reduction of the tin in all of the
series of catalysts prepared, after subtract-
ing the contribution for the (Pt(1V)-Pt(0))
reaction. Our average result indicated that
the degree of reduction of tin based on a
Sn(IV) to Sn(0) reaction was 50 + 10% and
was not increased by the presence of plati-
num. The ‘‘average’’ oxidation state should
therefore be Sn(II)-based on the TPR data.
An ‘‘average’ oxidation state of Sn(ll)
could include a metallic component, how-
ever, and it is important to examine the cat-
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alysts with XPS to differentiate between
metallic and oxidized tin.

2. XPS Analyses

Two aspects of the surface properties of
the Pt-Sn catalysts were examined with
XPS. We measured the Sn 3d binding ener-
gies with respect to the Al 2p reference
peak at 74.3 eV to determine the oxidation
states present, and quantitatively inte-
grated the Sn 3d and O 1s peak areas on a
computer to determine the Sn/O surface
atomic ratio. We have assumed in this work
that the Pt is in the metallic state after re-
duction. Observation of the Pt 4f levels was
not attempted due to the overlap problem
with the Al 2p line of the substrate. We
assume that platinum is completely reduced
at the temperatures used in this study.

Sn/y-ALD, TPR
(acetone)

6.3% Sn

2.0%Sn

1.3% Sn

0.3% Sn

Pt-Sn/y-ALO, TPR

H, CONSUMPTION (arb. units)

6.3% Sn

2.4%8n

0 100 200 300 400 500 600
TEMPERATURE °C

FiG. 2. Temperature-programmed reduction (TPR)
profiles for Sn (upper) and Pt—Sn (lower) catalysts pre-
pared by impregnating an acetone solution of SnCl,
5H,0 into y-ALO;. The loading of Pt was 0.5 wt%.
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Fi1G. 3. Reference Sn 3d spectra showing both
Sn(ILIV) lines and Sn(0). Curves A-C are supported
S$nO, exposed to increasing degrees of reduction, with
(B) an ion beam and (C) atomic hydrogen. Curve (D) is
air-exposed tin foil with a passive overlayer. These
spectra provide line positions for Sn(0) and Sn(II,1V).

(a) Determination of tin oxidation states.
As pointed out by Lau and Wertheim (8),
there is approximately a 1.7-eV chemical
shift between Sn(0) and Sn(II,IV) in the 3d
spectra of oxidized tin, but one is unable to
separate Sn(II) and Sn(IV) in XPS analy-
ses. We examined reference samples which
contained surface Sn(0), Sn(II), and Sn(1V)
and the results are shown in Fig. 3. For the
metallic tin 3d 5/2 line we obtained a bind-
ing energy of 484.8 + 0.1 eV and for
Sn(I1,IV), 486.6 = 0.1 eV. In Fig. 3, curve
D is a piece of metallic tin with an air-
formed passive layer which contains hy-
droxides and other oxides. We therefore
take only the Sn(0) position from this
curve. For curves A-C, Sn(IV) was sup-
ported on y-ALO; to a loading of 3 wt% and
subjected to increasing degrees of reduc-
tion. These samples were the most poorly
dispersed of the Sn/aqua regia samples and
differed from the rest of the preparations in
that they contained some bulk phase of
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SnO; or SnO dispersed on the alumina (as
determined by electron microscopy). Curve
A is after reduction in hydrogen at 500°C,
curve B after sputtering with an Ar* ion
beam and curve C after exposing the sam-
ple to atomic hydrogen from a hot tungsten
filament. These curves merely illustrate the
changing shape of the spectra as the per-
centage of reduction increases.

With metallic tin present the shoulder at
484.8 eV increases in intensity at the ex-
pense of the 486.6-eV line. We estimate
that at least 5% of the total tin would have
to be in the metallic state for a positive
identification of this state to be made.

All five series of catalysts (aqueous im-
pregnated, aqua regia-impregnated, ace-
tone, coprecipitated, and Pt-Sn complex)
were examined with XPS before and after
reduction at 500°C in static hydrogen in
the high-pressure chamber attached to the
ESCALAB. Reduction times were 10-30
min, and some samples were prereduced
for several hours in a separate reactor
under a flow of hydrogen, passivated in oxy-
gen in the reactor then transferred to the
ESCALAB for a short reduction to elimi-
nate the effects of passivation and air expo-
sure. As a general observation, no reduc-
tion of Sn(II,IV) to the metallic state was
observed on any of the y-Al,O; samples for
loadings ranging from 0.3 to 6 wt% Sn. Rep-
resentative data is shown in Fig. 4 for the
acetone-impregnated and coprecipitated
catalyst. For the acetone case identical
spectra are obtained before and after reduc-
tion indicating a lowest possible oxidation
state of Sn(II). No evidence for metallic tin
(>5% total) can be seen. The coprecipi-
tated catalyst had a similar result although
the signal-to-noise ratio was lower due to a
better distribution of tin in these catalysts.
Whereas the results in Fig. 4 are for Pt—Sn
catalysts we observed no reduction below
Sn(II) for catalyst samples which contained
only tin,

As a further demonstration of the inabil-
ity of Sn to reduce below Sn(II) on y-Al,O;
we show data in Fig. 5 for the complex
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Fi1G. 4. Representative Sn 3d XPS spectra of cata-
lysts before and after reduction. The upper catalyst is
an acetone-impregnated Pt—Sn catalyst. The lower
catalyst is a coprecipitated Sn—y-AL,O; catalyst with
0.5 wt% of Pt and Sn. Both spectra show only Sn(Il)
lines with no evidence for Sn(0) after reduction. The
poor signal-to-noise ratio in the coprecipitated catalyst
is caused by the better distribution of Sn in the bulk.

[Pt(SnCl),CLI[Et4N], supported on silica
and supported on ALO; after reduction in
hydrogen at 465°C for 1 h. We found that
both tin and platinum reduced easily to the
metallic state in the unsupported complex
(curve A, Fig. 5). Tin, however, was only
30% reduced to Sn(0) on a silica support,
and did not reduce below Sn(II) when sup-
ported on y-Al,O; (Fig. 5c). The silica case
will be discussed later. Curve C in Fig. 5
gives further support to the idea that Sn(II)
is the major oxidation state present after
reduction of Pt—Sn/y-ALO;, and that there
must be a strong reaction between Sn(II)
and the y-AlLO; surface to prevent reduc-
tion of an otherwise reducible species (Fig.
5, curve A).

(b) Quantitative determination of surface
Sn/O ratios. Quantification of the elemental
ratios of Sn/O is possible by integration of
the XPS Sn 3d (5/2 and 3/2 peaks) and O 1s
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F1G. 5. Reduction of the complex [Pt(SnCl;),Cl;]
[Et4N],. Curve A is the unsupported complex, curve B
is supported on silica (2.4 wt% Sn), and curve C is
supported on y-AlL,O; (2.4 wt% Sn). Both A and B
show significant reduction to Sn(0), whereas the y-
Al,Os-supported complex does not (curve C).
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F1G. 6. The surface Sn/Q ratio versus bulk composi-
tion (Wt% Sn) for aqueous impregnations/y-ALQO;. (O)
Sn dissolved in aqua regia, (A) aqueous SnCl, - 5H,;0.
The dashed line is a theoretical line which assumes
complete distribution of Sn throughout the y-ALOs
matrix.
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XPS surtace composition
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Fi1G. 7. The surface Sn/O ratio versus bulk composi-
tion (wt% Sn) for acetone impregnations/y-AL,O;. The
dashed line is a theoretical line which assumes com-
plete distribution of Sn throughout the y-AlLO; matrix.

peak areas. The surface atomic number ra-
tio Sn/O has been measured for each set of
catalysts after reduction and the results are
shown in Figs. 6, 7, and 8. Figure 6 refers to
aqueous impregnation where SnCl, - 5H,0/
water (triangles) and Sn dissolved in aqua
regia (circles) were studied. Two curves are
shown, for tin alone (upper curve) and after
Pt impregnation (lower). A similar set of
curves is provided in Fig. 7 for SnCl, -
5H,0/acetone impregnation. In Fig. 8 data
for all of the reduced Pt—Sn catalysts are
included in a single plot including the co-
precipitated (Patent) preparations and the
Pt-Sn complex. Each graph is a plot of sur-
face number ratio (Sn/O) versus wt% Sn.
The dashed line in Figs. 6 and 7, and the
lower solid line in Fig. 8 represent the theo-
retical Sn/O surface atomic ratio based on
100% distribution of the Sn throughout the
alumina lattice (solid solution). Any devia-
tion of the measured XPS Sn/O ratio from
this line indicates a surface excess (or defi-
cit) of tin.
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In Fig. 6, large positive deviations of the
Sn/O ratio occur for the aqueous impregna-
tions, with the curve exhibiting a maximum
near 3wt%. The shape of the curve is uncer-
tain in Fig. 6(a) due to data fluctuations.
The main point is that a massive excess of
Sn is observed over that expected for nor-
mal impregnation into the y-ALO; pores
(dashed line). After impregnation with Pt
the distribution improves and the surface
Sn/O ratio is closer to the dashed line. For
the acetone case (Fig. 7) there is little dif-
ference in the Sn/O ratios before and after
impregnation with Pt, although the curve
still deviates strongly from the uniform dis-
tribution line in a similar fashion to the Pt—
Sn results of Fig. 6.

In Fig. 8 is shown all the data for Sn/O
ratios of the Pt-Sn catalysts, including
three extra points; 1 and 2 are coprecipi-
tated (Patent) preparations and point 3 is an
acetone impregnation of the complex [Pt
(SnCL),CLI[Et;N]. It is clear that all of the
impregnated catalysts fall on a curve in Fig.
8, which deviates strongly from the uniform

3.0
Pt-Sn/y-AlO, CATALYSTS

XPS Surtace composition Al
vs. wt% Sn

g
o

SURFACE NUMBER RATIO Sn/0 (x 109
5

10 20 30 40 50 6.0
Wt % Sn

FiG. 8. All data for Pt—Sn/y-Al,O; catalysts plotted
as a surface vs bulk composition graph. Points 1, 2 are
coprecipitated catalysts (0.5% Pt) and point 3 is the
Pt—Sn complex in Fig. 5. Note the significant surface
excess of Sn in all impregnated catalysts compared
with the coprecipitated ones.
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distribution line in the first 0.8 wt% or so
then runs parallel to it up to 6 wt%. By
contrast, the coprecipitated (Patent) prepa-
rations both lie much closer to the uniform
distribution line in Fig. 8. This data may be
explained by a simple model. During the
initial impregnations, Sn ions adsorb
strongly on the alumina outer surface with
poor penetration into the internal surface.
Impregnation with Pt redistributes the tin
somewhat but the tin remains in excess at
the external surface (top 50 A or so) than in
the pores of the alumina. As the loading
increases beyond 0.8 wt% the external sur-
face begins to saturate with Sn and further
penetration into the pores of the Al,O; oc-
curs. In the case of the coprecipitated cata-
lysts, tin is already dispersed throughout
the alumina matrix and one obtains a Sn/O
surface ratio which is close to the expected
value. Even in the case of the Pt—Sn com-
plex in Fig. 8 a surface excess of Sn (by a
factor of 2) is obtained with the standard
impregnation process.

Without discussing the results in detail
here, it should be clear from Fig. 8 that
there is a strong adsorption of Sn(11,IV) on
the alumina external surface causing a
buildup of tin in the early stages of impreg-
nation. Even calcining the catalysts is not
sufficient to redistribute the tin. It appears
that, of the catalysts studied, the coprecipi-
tated tin-alumina preparations give the
best distribution of tin in the alumina parti-
cles and circumvent the strong adsorption
problem encountered with impregnation
methods.

3. XRD Results for Pt—-Sn/yALO;
Catalysts

In the majority of cases, there was no
XRD evidence for the presence of metallic
tin or a Pt—Sn alloy. XRD showed no lines
attributable to a new Pt-Sn, or Sn phase.
The exceptions were several of the water-
based impregnations with a high tin loading
which were not impregnated with platinum
(upper curve, Fig. 6). After reduction at
500°C some metallic tin was detected on
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these tin-only catalysts, and electron mi-
croscopy confirmed that a separate tin ox-
ide phase with some tin globules was
present on the alumina after the reduction
at 500°C. The formation of metallic tin on
these samples was most likely a result of
reduction of the tin oxide phase. On all of
the other catalysts, however, no other
phases could be seen with electron micros-
copy or XRD. In both the XRD and elec-
tron microscopy, however, air exposure
was necessary before examining the re-
duced catalysts.

4. Silica-Supported Pt—Sn Catalysts

We prepared four different Pt,Sn/SiO;
catalysts all with 0.5% Pt and tin loadings
ranging from 0.14 to 1.0% Sn. The TPR
results indicated that the percentage tin re-
duction (Sn(1V) to Sn(0)) varied from 30 to
55% based on complete reduction of Pt(IV)
to Pt(0). Similarly we observed a metallic
tin component in the Sn 3d XPS spectra
after reduction. Estimates of the percent-
age reduction to the metallic state (Sn(0))
based on the XPS areas varied between 25
and 48%. In most cases XRD was unable to
detect the presence of any Pt-Sn alloy
phases with the exception of some catalysts
which were calcined prior to reduction at
500°C. One example was a 1% Sn,0.5% Pt
catalyst calcined for 24 h at 500°C prior to
reduction. XRD revealed the presence of
some Pt—Sn (niggliite) phase. These silica
results confirm that platinum-tin alloys
may form on a silica support in contrast to
’)’-A1203.

5. Reaction Data: The Effect of Tin on
the Reactions of Methylcyclopentane
(MCP) and Cyclohexane (CH)

The reaction data (activities and product
distribution) are summarized in Table 1.
The activity for the dehydrogenation of cy-
clohexane at 600 K versus tin content of the
catalysts is shown in Fig. 9. Very small tin
additions had a negligible effect on the de-
hydrogenation rate, but further additions
significantly reduced the rate, with lesser
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Activity / molug ;:‘ h-1

0.01

0 1.0 2.0 3.0
wt % Sn

F1G. 9. Dehydrogenation of cyclohexane at 600 K as
a function of tin content. The point marked with No. 7
represents the coprecipitated catalyst.

effects at higher loadings (>2% Sn). The
coprecipitated catalyst deviated from this
relationship and exhibited a (CH) conver-
sion significantly lower than expected for a
catalyst containing 0.5% Sn. Benzene is the
sole reaction product from cyclohexane
conversion on most catalysts at 600 K but
small amounts of cyclohexenes were ob-
tained on the highest tin loading (3% Sn)
and also on catalyst 8 prepared from the Pt—
Sn complex [Pt(SnCl;),CL}[EtsN],. This
latter catalyst had a very low conversion
for cyclohexane at 600 K and produced up
to 25 mole% cyclohexenes.

Activities for methylcyclopentane con-
version (initial and steady state activities)
also decrease with increasing tin content.
Figure 10 shows a steady activity loss up to
1.5 wt% Sn followed by a sharp activity
drop in the region 1.5 to 2.5 wt% Sn. In-
creasing the tin content further had little
effect on the MCP conversion. The differ-
ence between the initial and steady state
activities is a measure of the catalyst deac-
tivation with time on stream. The differ-
ence is largest for the pure Pt catalyst and
diminishes rapidly above 1.5 wt% Sn, in
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agreement with previous studies (I, 9)
where tin additions were found to reduce
catalyst deactivation rates.

The presence of tin also dramatically al-
ters the catalyst selectivity in MCP conver-
sion. A plot of the product distribution ver-
sus tin content of the catalysts (Fig. 11)
shows a strong decline in the production of
open-chain hexanes (2-methylpentane, 3-
methylpentane, and n-hexane) with in-
creasing tin content. Benzene production
passes through a maximum at 1.5 to 2.5
wt% Sn and the amount of methylcyclopen-
tenes among the reaction products in-
creases with tin content. On the basis of the
MCP product distributions, catalyst 7 (co-
precipitated catalyst), containing 0.5% Sn
displayed a reaction behavior characteristic
of an impregnated catalyst with a tin load-
ing >2.0 wt%. For catalyst 8, prepared with
a Pt—-Sn complex, a high selectivity toward
formation of methylcyclopentenes was
found, in agreement with previous work
(10).

The results in Table ! are in essential
agreement with published work on the ef-
fects of tin on hydrocarbon reaction selec-

20

-
<

Conversion / %

-
o

A
o 1.0 2.0 3.0
wt% Sn

Fi1G. 10. Plot of initial (0 ) and steady state (A) activ-
ities for MCP conversion versus tin content. The co-
precipitated catalyst is marked as No. 7.



476

Product Distribution / mol %

wt % Sn

Fi1G. 11. Product distribution (steady state conver-
sion) from the conversion of MCP as a function of tin
content. (A) Hexanes (2MP, 3MP, N-H); (O) ben-
zene; () methylcyclopentenes. The points marked
with a No. 7 represent the coprecipitated catalyst.

tivity and activity on Pt-Sn catalysts. Our
results show, however, that low loadings of
tin (below 1 wt% Sn) have relatively little
effect on the reactions and above 1.5 wt%
Sn very significant changes have occurred.
We believe that the insensitivity to the
presence of tin at low loadings is a direct
consequence of the inhomogeneous distri-
bution of tin with respect to platinum in this
particular set of catalysts. For the coprecip-
itated and Pt—Sn complex catalysts (7 and 8
in Table 1) tin has a profound effect on the
reaction behavior.

Dautzenberg et al. (2) have already es-
tablished that the method of tin introduc-
tion has a marked effect on the catalyst
properties. They tested catalysts where the
tin was added after Pt deposition and prior
to Pt deposition. At low tin contents, im-
pregnation of tin prior to platinum deposi-
tion did not lead to a modified catalyst per-
formance. A comparison of Fig. 9 with data
by Vélter et al. (9) indicates that their cata-
lysts were affected to a much: stronger ex-
tent by low loadings of tin than our impreg-
nated catalyst: 0.3 wt% Sn in Vélter’s (9)
catalyst caused the dehydrogenation rate
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for cyclohexane to drop to 50% of the pure
Pt value. For 0.8 wt% Sn, Volter’s catalysts
had a dehydrogenation rate an order of
magnitude lower. The equivalent effects
were observed with our impregnated cata-
lysts for tin contents of 1 and 3 wt%, re-
spectively. Only the coprecipitated catalyst
agrees closely with Voélter’s study. It is sig-
nificant to note that the latter authors pre-
pared their catalysts via a coimpregnation
of H,PtClg and SnCl,, which is different to
the sequential method used in the present
study.

The discrepancies between our results
and other work can be explained by a model
of the tin and platinum distribution in this
series of catalysts. According to the XPS
results, only the coprecipitated catalyst
contained a uniform distribution of tin
throughout the alumina matrix, based on
the expected surface intensity of Sn/O in
the XPS data. Impregnated catalysts, on
the other hand, whether impregnated from
water or acetone solutions- all displayed a
strong enrichment of tin on the alumina ex-
ternal surface. Significant penetration into
the internal surface (pores) seemed to occur
only at tin contents >1 wt% as the slope of
the curve in Fig. 8 became the same as the
theoretical line. Assuming a homogeneous
platinum distribution throughout the alu-
mina, the tin and platinum must therefore
be physically separated in the catalyst at
low impregnated tin loadings, but begin to
come in contact at higher loadings. For the
coprecipitated case both the XPS and reac-
tion results support a model where the tin
and platinum are both uniformly distrib-
uted throughout the matrix. In the case of
the impregnated Pt—Sn complex, the XPS
results showed an excess of tin on the ex-
ternal surface (Fig. 8) but the reactivity was
characteristic of a close interaction be-
tween Pt and Sn. It is most likely that the
strong adsorption of the complexes on alu-
mina results in both Pt and Sn being in ex-
cess at the external surface.

Apart from the obvious differences in
distribution of Sn and Pt in the different
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catalysts, our XPS results showed that the
lowest oxidation state of tin was Sn(II) and
we therefore found no evidence to support
the ‘‘alloy hypothesis’’ of Dautzenberg et
al. (2).

Preparations of platinum-tin catalysts
are therefore strongly affected by the ap-
parent affinity of tin ions for alumina, and
impregnation methods seem to give vari-
able results with a tendency for Pt to be
uniformly distributed with tin in surface ex-
cess. Coprecipitation methods give a uni-
form tin distribution and Pt can then be eas-
ily distributed to come in intimate contact
with the tin ions. Impregnated Pt—Sn com-
plexes have a probable surface excess of
both components but have substantially
modified reaction behavior. It seems obvi-
ous from the present work that coprecipi-
tated catalysts achieve the maximum con-
tact between Pt and tin ions and have a
uniform distribution of both species. Copre-
cipitation would seem to be the most effi-
cient way of distributing tin in Pt-Sn cata-
lysts.

Regarding the mechanism of modification
of platinum reactivity by Sn(II) on y-ALO;
catalysts, two possibilities are the most
likely. First, Sn(II) may act as an electronic
modifier of the semiconducting properties
of the alumina matrix in the vicinity of the
platinum particles. Second, surface tin ions
may be present on the platinum particles,
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although one might expect these to form a
Pt-Sn alloy under hydrogen-reducing con-
ditions. We believe that the strong affinity
of Sn(1I) for y-Al,O; and the lack of reduc-
tion supports the ideas presented by Burch
(1), that Sn(II) is a surface modifier of y-
ALO; and the reactivity changes are most
likely due to changes in the electronic inter-
action between Pt and Sn(II)—y-AlLO;.
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