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The modification of the catalytic properties of a polycrystalline
platinum foil by the addition of tin was studied by the reactions of
n-hexane and cyclohexane in excess Hy. The reactions were studied
at 13.3 kPa of n-hexane, 450 kPa of H, and 740 K, and 6.7 kPa
of cyclohexane, 450 kPa of H, and 573 K. The Pt-Sn catalyst was
characterized by Auger electron spectroscopy and by temperature-
programmed desorption of CO before and after the reactions. The
sites that bind CO most strongly on the Pt foil also have the highest
initial turnover rate and are the first ones to be poisoned by carbon
deposits from hydrocarbon reactions or by sulfur when a sulfur-
containing compound (thiophene) is present in the feed. The addi-
tion of tin can block these sites preferentially, thus decreasing the
undesirable high initial hydrogenolysis rate of platinum catalysts in
reforming reactions and eliminating the need for presulfiding the
catalyst. Also, tin suppressed the hydrogenolysis reaction preferen-
tially to the isomerization and cyclization reactions thus increasing
the selectivities to isomerization and cyclization. The amount of
carbon deposited was smaller on tin containing platinum catalysts
during the dehydrogenation of cyclohexane and n-hexane. @ 1998
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1. INTRODUCTION

Platinum based bimetallic catalysts are extensively used
in naphtha reforming processes. The three major bimetallic
systems in current use are Pt-Re (1), Pt-Ir (2), and Pt—
Sn (3-5). Industrially, Pt-Re and Pt-Ir systems are used
for semiregenerative reforming processes (6) or cyclic re-
forming processes (7). Because the Pt-Sn catalyst can be
regenerated easily, it is preferred for low-pressure continu-
ous catalyst regeneration (CCR) reforming processes (8).

The advantages of the addition of Sn to Pt is that it im-
proves the stability of the catalyst by decreasing the rate of
carbon deposition, it enhances the yields of C; reformate
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and hydrogen by suppressing the hydrogenolysis reaction,
and it depresses the high initial rate of the Pt catalyst. The
modification of the catalytic properties of Pt has been in-
vestigated by many researchers (9-23). The modified cata-
lytic behavior of Pt-Sn catalysts exhibiting improved re-
forming selectivity and reduced deactivation by coking has
been explained by many as an ensemble or a ligand effect.
Dautzenberg et al. (15) and Biloen et al. (24) suggested that
the effect of tin is to divide the surface into a smaller num-
ber of contiguous platinum atoms and that this arrange-
ment brings about the beneficial effects on the selectivity
and stability of the catalysts (ensemble effect). However,
Burch and Garla (10) proposed that the role of tin is to
modify the electronic properties of the small platinum par-
ticles (ligand effect). Another question under discussion is
whether the state of the tin atoms in platinum-tin catalystsis
in a zero valence or in an oxidized state. Although some re-
searchers reported that tin was present in an oxidized state
in platinum-tin catalysts and that the interaction between
Pt and Sn*2 or Sn™* may be the cause of an increased selec-
tivity and better activity maintenance (9-12, 25-28), other
researchers reported that part of the tin was present in a
metallic state and alloyed with platinum and that the alloy
is responsible for a higher selectivity and increased stability
(15, 18-23, 29-31). Much progress has been made in under-
standing this system, but some issues on the effect of Sn on
supported Pt-Sn catalysts are still a matter of debate. The
reactions of hydrocarbons on supported catalysts in gen-
eral are quite complex because of the nature of the interac-
tion of the various components in this system. For example,
the performance of the catalyst will depend on the catalyst
preparation variables including metal precursors, support,
treatments, the reaction conditions under which the test is
performed (total and relative pressure and temperature),
the nature of the hydrocarbons, and bifunctional reactions
to name a few of the parameters. Our approach in studying
these complex systems has been to build a model catalyst
where a particular part of this system can be studied. For
example, in this present study, we directly investigate the
metal-metal interaction between platinum and tin in the
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absence of the alumina support. We performed surface sci-
ence and reaction studies on model Pt-Sn catalysts with a
small surface area (~1 cm?) sample in the same way as in
our previous studies of Pt-Re (32, 33) and Pt-Ir (34) cata-
lysts. We have used a foil in this study to be able to introduce
step sites as opposed to the smooth single crystal ordered
alloys that can be formed in this system (see, for example,
Refs. 35-37). We will report catalytic studies on this ordered
alloy in a forthcoming publication (38). The reaction of
n-hexane conversion and cyclohexane dehydrogenation
were performed at a total pressure of 450 kPa, which is
close to the commercial reaction pressure of CCR pro-
cesses. The temperature-programmed desorption (TPD) of
CO was used to titrate the number of bare platinum sites,
and Auger electron spectroscopy (AES) was used to obtain
the composition of the catalyst surface before and after re-
action. Our conclusion is that Sn is functionally equivalent
to sulfur (site-blocker) but because Sn remains on the Pt
catalyst after the regeneration process, a Pt-Sn catalyst in
acommercial CCR unit can be put back on stream without
a presulfidation step.

2. EXPERIMENTAL METHODS

2.1. Apparatus

All the experiments were performed in a stainless steel
ultrahigh-vacuum (UHV) chamber (base pressure 8 x
10~ Torr) equipped with an AES retarding field analyzer,
aUTI 100C quadrupole mass spectrometer, a metal deposi-
tion source, and a retractable internal isolation cell for high
pressure (450 kPa) catalytic reactions. This UHV surface
analysis/high-pressure catalytic reaction system has been
described in detail in a previous publication (39).

2.2. Preparation of Catalysts

The platinum sample wasa 0.71 x 0.71 x 0.0076 cm poly-
crystalline platinum foil with a purity of 99.95%. It was spot-
welded to platinum wires (0.51 mm diameter) which were
spot-welded to gold wires (0.71 mm diameter) and then
screwed into a copper block in a rotatable manipulator.

The temperature was maintained constant by a tempera-
ture controller, and it was measured with a chromel-alumel
thermocouple spot welded to the edge of the foil. The sam-
ple was cleaned using cycles of oxygen treatment at 900 K
and 1 x 107 Torr, Ar ion sputtering at room temperature,
5 x 107° Torr, and 2-keV ions, and final annealing at 1000 K
until the surface impurities such as Ca, Si, S, O, and C could
not be detected by AES.

Bimetallic surfaces were prepared by depositing tin on
platinum foil in UHV with a pulsed Metal Vapor Vacuum
Arc plasma gun (MEVVA). The MEVVA source has been
described in detail elsewhere (40, 41). In this study, we used
a straight or a curved MEEVA source. The curved design

could filter out any nonionic species but had a much lower
deposition rate. The straight type was used on the n-hexane
studies, and the curved type was used on cyclohexane dehy-
drogenation. After tin deposition, the foil was annealed at
1000 K for 15 s allowing tin to vaporize or diffuse into the
bulk. The sample composition was stable after this treat-
ment as confirmed by comparison of the Auger spectra be-
fore and after reaction. The 1000 K heating for 15 s was
similar to the procedure used to obtain a stable ordered
structure of Sn on Pt(111) [see, for example, Paffett and
Windham (35)]. In this ordered structure, Sn is incorpo-
rated into the Pt surface forming a true alloy. The decrease
of the fraction of tin on the platinum surface by the anneal-
ing treatment was followed by AES and CO TPD.

2.3. Characterization of Catalysts

AES and TPD of CO were measured before and after
each catalytic reaction. The TPD of CO was measured to
investigate the platinum distribution on the sample surface
as in previous work (42, 43). For the titration of the bare
platinum surface by CO adsorption, the sample was flashed
up to 673 Kin order to desorb adsorbed molecules, and then
itwas exposedto50 L (1L =1 x 10~® Torrs) of CO at 300 K.
Thermal desorption spectra (TDS) were measured with the
mass spectrometer tuned at mass 28, upon heating the foil
to 673 K at a rate of 23 K s~1. The amount of adsorbed CO
was calculated from the desorption peak area.

The TPD of CO and surface composition after reaction
were measured as follows. After reaction, the reaction loop
was evacuated by a diffusion pump at room temperature
and the high-pressure cell was opened to the UHV cham-
ber. With a pressure of about 1 x 1078 Torr, the sample was
flashed to 673 K, 50 L of CO exposed at room tempera-
ture, followed by CO TPD. AES was measured after the
CO TPD.

2.4. Turnover Rate Measurements

The turnover rates for n-hexane and cyclohexane reac-
tions were measured in a batch reactor (reactor volume of
460 cm®). After tin deposition and annealing, measurement
of surface composition by AES and TPD of CO, the sam-
ple was enclosed in the high-pressure cell. Reaction studies
of n-hexane were carried out under 13.3 kPa of n-hexane
(Fluka puriss grade), 450 kPa of H; at 740 K and cyclohex-
ane at 6.7 kPa of cyclohexane (Fluka puriss grade), 450 kPa
of Hyat 573 K. To investigate the effect of sulfur on the reac-
tion studies of n-hexane, 10 ppm of thiophene was added to
the feed. The product analysis was performed by on-line gas
chromatography (Hewlett-Packard 5890-11) equipped with
a flame ionization detector and a capillary column (Pona,
50 m, 0.2 mm diameter). The first analysis was performed
after 3 min of reaction and subsequent analyses were car-
ried out at intervals of 15 min, for a total time of about
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100 min. In this paper, the rates were described as nominal
turnover rates and turnover rates. The nominal turnover
rates were calculated assuming that all surface atoms were
active (1 x 10'® atoms cm™2) (44). The turnover rates were
calculated based on the number of surface platinum atoms
as measured by CO TPD.

3. RESULTS AND DISCUSSION

3.1. Temperature-Programmed Desorption of CO

Temperature-programmed desorption of CO was used to
measure the number and type of Pt surface atoms. The CO
TPD from the clean platinum foil is shown in Fig. 1. The two
peaks with maximum at about 430 K and 540 K were decon-
voluted assuming first-order desorption, and the simplified
equation developed by Redhead (45). The peak areas are in
the ratio of 1 to 2. The TPD spectra of CO from a platinum
foil measured by Collins et al. (46, 47) is in agreement with
our work. They found two distinct desorption states with
peaks at about 440 K and 550 K from a Pt foil annealed at
1112 Kiin Oz and the same area ratio for the two desorption
peaks. The origin of the two peaks can be rationalized by
comparing our data with the CO desorption data on Pt(111)
(47), Pt(335) (48, 49), Pt(112) (49), and Pt(113) (50) single
crystals. These single-crystal surfaces consist of (111) ter-
races with awidth of four, three, and two atoms respectively
for Pt(335), Pt(112) and Pt(113). The terraces are separated
by steps of (100) orientation. The CO TPD on Pt(111) shows
only one peak at about 430 K with a saturation coverage of
0.5 ML (47). For the Pt(335), Pt(112), and Pt(113), where
step atoms are present with different densities, there are
two peaks at about the same desorption temperature as for
the Pt foil in our work. The area in the low temperature peak
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FIG.1. CO TPD on a Pt foil with exposure from 0.05 to 50 L. Ad-
-1

sorption temperature 300 K, and heating rate 15 K s™*.

is proportional to the amount of atoms on the (111) terrace
and the area in the higher temperature peak is proportional
to the amount of atoms on the steps (48, 49). The satura-
tion CO coverage for Pt(111), Pt(335), Pt(112) and Pt(113)
is 0.5, 0.60, 0.63 and 0.75 respectively which corresponds to
a stoichiometry of two Pt atoms for each CO on the (111)
terrace and one Pt atom for each CO on the step. We can
then conclude from the relative areas in the TPD that the
Pt foil used in this study had half of the atoms as Pt(111)
and the other half as steps. This results is reasonable in view
of the low annealing temperature (1000 K) that the foil was
subjected to after argon sputtering. Higher annealing tem-
peratures (1700 K) of the foil will produce mostly (111)
planes (47).

The TPD spectra of CO from a platinum foil as a func-
tion of the amount of Sn before and after cyclohexane de-
hydrogenation is shown in Fig. 2. The higher temperature
peak disappears by adding Sn (Fig. 2A), which indicates
that Sn binds preferentially to the step sites. For the Pt foil
with no Sn added, the higher temperature peak also disap-
pears after reaction (Fig. 2B). Thus, carbon also selectively
deposits on the step platinum sites. Davis et al. (42) also
investigated the CO desorption spectra (exposure =36 L)
for the flat (111) platinum surface and the stepped (13,1,1)
platinum surface before and after reaction of n-hexane. The
CO desorption spectra for the (111) platinum surface has a
peak in the low-temperature range, which is at about 430 K.
However, CO thermal desorption spectra for the (13,1,1)
platinum surface has two or more overlapping desorption
peaks, the most prominent of which displayed a desorption
peak maximum at 560 K. Their data also indicated that the
higher peak disappears after reaction. It was concluded that
the (111) sites on the terraces are tolerant to deactivation
by carbonaceous deposits.

It is concluded from Fig. 2 that Sn covers preferentially
the platinum sites that will also be covered preferentially by
carbonaceous deposits. Thus, the effects of tin and carbon
for the desorption of CO seem to be the same. Palazov et al.
(51) previously proposed that deposited coke and tin block
the same active sites on the platinum surfaces based on the
IR data of chemisorbed CO. Biloen et al. (24) suggested
that sulfur, carbon, tin, gold, and many other catalytically
inert modifiers act in the same way as rhenium-sulfur, which
divides the platinum surface into small ensembles. In this
study, the CO TPD with preadsorbed sulfur (not shown)
did not show the same effect as Sn and carbon but the Pt
surface still showed the high binding temperature peak on
the CO TPD with adsorbed sulfur. This result surprised
us because we expected that S and Sn would adsorb on
the same high-energy sites. For example, Kiskinova et al.
(52) found that sulfur affects first the high-energy adsorp-
tion sites of Pt(111). In addition, as we will show later, the
sulfur-covered surface was catalytically similar to the sur-
face with Sn.
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573 K.

3.2 Surface Composition of the Pt—Sn Bimetallic System

The fraction of tin on the surface of the foil after anneal-
ing was determined by CO TPD and by AES (Fig. 3). In
general, the variation of the amount of tin on the surface
as a function of Sn deposited show the same trend by CO
TPD and AES. Also, the two different types of deposition
gun produce a similar curve shape and maximum uptake
(Figs. 3A, B).

The data in Fig. 3 suggest that the amount of Sn reaches
a saturation level, as is well documented in the litera-
ture for single crystals (35). On the very well-characterized
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(B) Plasma gun with ion filter.

Sn/Pt(111) system, it has been shown (35, 53) that Sn will
form a true alloy with Pt and will be incorporated into the
Pt surface. We expect the same behavior for a Pt foil be-
cause it is composed manly of Pt(111) planes with defects.
The Pt-Sn bond is stronger than the Pt-Pt and Sn-Sn bond
and Sn will tend to form an alloy with Pt, sometimes diffus-
ing into the bulk. For example, on a Pt(111) surface, there
is a maximum coverage of surface Sn that can be obtained
(about 0.33 monolayer). Any additional amount of Sn that
is added to the surface either evaporates or diffuses into
the bulk upon annealing, leaving the surface at a maximum
0.33 ML coverage on the Pt(111) surface. This high affinity
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Fraction of Sn on the surface as a function of the plasma gun pulses as determined by AES and CO TPD. (A) Plasma gun without ion filter.
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of Sn to Pt and the low Sn vapor pressure contribute to the
depletion of Sn on the surface when it is annealed, and thus
the final amount of tin will be different from the amount
initially deposited on the surface. Note, however, that the
saturation of Sn depends on the single crystal surface. For
example, the Pt coverage will be 0.5 ML for Pt3Sn(100) but
0.7 ML for Pt3Sn(111) (54). In the case of a foil, the satura-
tion value should vary depending on the density of defects,
where Sn may have a higher affinity to bind, and on the
density of the different faces exposed.

To calculate the coverage by AES, after the surface is
annealed, the signal was corrected with the published rel-
ative signals of Pt 237 eV and Sn 430 eV peaks (55). Note,
however, that the amount of Sn may be overestimated from
the contribution of subsurface Sn as a consequence of the
diffusion of Sn into the bulk.

The amount of CO desorbed on the TPD experiment
was also used to calculate the amount of Pt. This method of
calculation has a few shortcomings to be discussed in turn.
The amount of CO adsorbed may not be proportional to
the amount of Pt on the surface if Sn affects the binding
properties of Pt atoms adjacent to it. The current literature
does not agree on this point: Paffett et al. (56) working on
ordered Snalloyson Pt(111) found that Snacts as lessthana
1:1site blocker (Sn blocks less than 1 CO site per Sn atom),
whereas Haner et al. (54) reported that on a Pt3Sn single
crystal Sn acted as a 1:1 site blocker. Another possible
problem is that as Sn is adsorbed on the defects of the foil,
the overall stoichiometry for CO adsorption may change
[LCOto1Ptonstepsand 1 CO to 2 Pton (111) faces].

From these discussions, there are pitfalls in the determi-
nation of the actual amount of surface Pt from AES or TPD
methods. We will use CO TPD to count the number of sites
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because this technique was the more sensitive. Note, how-
ever, that this approximate estimate of coverage is accurate
enough for the conclusions in this work.

3.3. Conversion of n-Hexane over Pt-Sn

Reaction studies of the conversion of n-hexane were per-
formed on the tin-covered platinum foil. The reaction prod-
ucts analyzed by the gas chromatograph were C;.5 hydro-
carbons, 1-hexene, 2-methylpentane, 3-methylpentane, and
methylcyclopentane. The dehydrocyclization of n-hexane
to form benzene was not observed. The nominal number
of turnovers (number of molecules formed per total num-
ber of surface atoms) versus time plot for the reaction of
n-hexane is shown for the Pt foil (Fig. 4A) and for the foil
after 30 pulses of Sn (Fig. 4B) (about 0.6 ML of tin by CO
TPD). Note that there is a larger decrease of the number of
turnovers as a function of time for the model catalysts than
it is normally observed on supported catalysts. The reason
for the larger decrease in our system may be that the sam-
ples are pristine before reaction, exposing high activity sites
(step sites) that are quickly poisoned under reaction con-
ditions. For the supported catalysts, most of these sites are
probably poisoned before the reaction even starts (from
impurities adsorbed during the preparation of the catalyst)
and thus the initial drop in activity, although still severe for
amonometallic Pt catalysts, is not as steep as observed here.
There is less deactivation for the sample with Sn (less curva-
ture on the lines), but the major difference is the decrease
in the initial rate of hydrogenolysis when tin is added. This
fact can also be illustrated in Fig. 5 for the conversion of
n-hexane as a function of the amount of tin on the surface.
Tin decreases the hydrogenolysis rate most strongly with a
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FIG. 4. Number of n-hexane molecules converted to products per total surface atom (number of turnovers) as a function of time: (A) no Sn,
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smaller decrease for the isomerization and cyclization rates
as compared to the platinum mono-metallic catalyst. Thus,
selectivity to isomerization and cyclization are increased
by the addition of tin. It is interesting to note that most of
the drop in hydrogenolysis rates occurs after the addition
of 0.5 ML (5 pulses of Sn), which is sufficient to cover the
step sites while the isomerization and cyclyzation reactions
hardly change at this Sn surface concentration. Although
we do not have intermediate measurements between the
pure Pt foil and 0.5 ML of Sn, this result suggests that tin
inhibits the sites (step sites) responsible for hydrogenolysis
before it affects the sites responsible for isomerization and
cyclization [Pt(111)]. Note also in Fig. 5A that there is a
gradual decrease in all the rates as a function of Sn content
which parallels the changes in Fig. 3 for CO TPD and AES.

To study the effect of sulfur, an ever-present contaminant
in real feedstocks, 10 ppm of thiophene was added to the
n-hexane feed (Fig. 5B). Now, all the catalysts are in the
same trend line including the monometallic Pt foil. Sulfur
thus decreases the rate on the Pt foil in a similar way to
Sn. The effect of sulfur (Fig. 5B) can be studied by compar-
ing the results with the runs without sulfur (Fig. 5A). The
same products are observed, but all the rates are lower.
In particular, the hydrogenolysis rate decrease on the Pt
foil (with no Sn) more rapidly than the isomerization rates,
thus changing the initial product distribution. Note, how-
ever, that on the Pt-Sn samples, the hydrogenolysis rate
had already been depressed by the Sn, and the addition of
sulfur just decreases all the rates equally. Another obser-
vation was that although sulfur was detected on the clean
Pt foil after reaction, when tin was added to the foil, no
sulfur could be detected after reaction. Sulfur and Sn prob-
ably adsorb preferentially on the step sites, which are also

the sites with high rates of hydrogenolysis. When Sn is al-
ready present on the step sites, sulfur is adsorbed only at
the (111) sites and cannot stay on the surface in high con-
centration under reaction conditions. These results suggest
that tin competes with sulfur for adsorption on platinum.

Tin decreases the initial high rates for the hydrogenolysis
reaction. Because the hydrogenolysis reaction is exother-
mic, the initial industrial operation of reforming can exhibit
a steep rising temperature and damage the catalyst and re-
actor. Thus, in the case of commercial semi-regenerative
and cyclic reforming processes, the catalyst is pre-sulfided
after the coke burning regeneration to avoid this high initial
hydrogenolysis activity (57) as sulfur selectively reduces the
hydrogenolysis reaction on reforming catalysts. However,
in the case of CCR processes, the sulfur pretreatment af-
ter coke burning is not necessary because tin plays a role
similar to sulfur in poisoning the sites responsible for hy-
drogenolysis.

3.4. Dehydrogenation of Cyclohexane over Pt-Sn

The dehydrogenation of cyclohexane was also studied
as a model for the reforming reactions. The only product
observed was benzene. The product accumulation plots are
shown in Fig. 6. Again, there is a rapid initial deactivation as
in the case of n-hexane. The evident effect of Sn is to tone
down the high initial activity of pure platinum catalysts. It
is not evident from these experiments, however, that, after
the initial deactivation, Pt-Sn is more stable than Pt.

The initial turnover rates, based on the number of Pt
surface atoms counted by CO TPD, is shown in Fig. 7. It is
well established that tin acts as a poison and thus the rate
per gram of a Pt catalyst will be decreased by the addition
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of Sn for cyclohexane dehydrogenation (11, 58). However,
because this is a structure-insensitive reaction (59, 60), the
turnover rate should be constant regardless of the amount
of tin. In agreement with this work, Cortright and Dumesic
(61) also found that the turnover rate decreased for the
dehydrogenation of isobutane by the addition of Sn.

The final turnover rates, based on the number of Pt sur-
face atoms counted by CO TPD after reaction were also
measured. Again, the turnover rates were not constant as
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FIG. 7. Initial turnover rate for cyclohexane dehydrogenation on a
Pt foil as a function of the fraction of Sn. The number of Pt atoms on
the surface were counted by CO TPD. Reaction conditions: 6.7 kPa of
cyclohexane, 450 kPa of H,, and 573 K.
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expected for a structure-insensitive reaction, and, in this
case, they showed a maximum. The final turnover rates were
also not the same as the initial rates. The values for the final
turnover rates are a factor of 2 lower than the initial rates,
except for Pt where the turnover rates decreased by a factor
of 10. This difference may be the result of the interference
of adsorbed carbon with the adsorption of CO at the low
exposures used in this work.

3.5. Amount of Carbon after Reaction

The amount of carbon after the reaction of cyclohexane
dehydrogenation was investigated by AES and CO TPD
(Fig. 8). The curve shapes are similar with both techniques.
Itis clear that tin decreases the carbon deposition rate. The
amount of carbon deposited was also investigated after the
n-hexane reaction, with a similar decrease in the amount of
carbon as Sn was added to Pt.

4. CONCLUSIONS

The main conclusion of this work is that Sn (0.5 mono-
layers) tones down the high initial rate of hydrogenolysis
present on Pt catalysts without affecting significantly the
rates of isomerization and cyclization. Tin does that by bind-
ing preferentially to the step sites which are the ones with
the highest activity for hydrogenolysis. In this way, Sn be-
haves like sulfur in depressing the high initial hydrogenol-
ysis activity in Pt catalysts. The monometallic Pt catalysts
deactivate very quickly at the beginning of the reaction be-
cause of carbon deposition but then the rate of deactivation
is similar to the one on Pt-Sn catalysts for the cyclohex-
ane reaction. Thus, deposited carbon also blocks the high
hydrogenolysis activity step sites on Pt, which is similar to
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the effect of Sn. The amount of carbon after reaction was
smaller on Pt-Sn catalysts, however, which indicates that
most of the carbon in our experiments is deposited on Pt
step sites during the initial high activity period. In an in-
dustrial setting, the advantage of Pt-Sn catalyst over, for
example, Pt—-Re-S seems to be that Pt-Sn can be placed on
stream without a careful sulfidation step after regeneration
because Sn will be equivalent to sulfur in depressing the
undesirable high initial hydrogenolysis activity.
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