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The influence of the solvent (water, acetone, and ethanol) used during alumina impregnation
on the properties of Pt/Al2O3 and Pt-Sn/Al2O3 catalysts was studied. Catalysts were characterized
by H2 chemisorption, TEM, temperature-programmed reduction, ammonia temperature-
programmed desorption, UV-vis spectroscopy and cyclohexane dehydrogenation, n-pentane
isomerization, and n-octane reforming reactions. It was found that the catalysts prepared in
ethanol has the highest metallic dispersion. The results are explained considering the Pt-Sn
complex stability in the different solvents used during the preparation. Pt/Al2O3 (acetone) is
the most active catalyst for isomerization while the activity of Pt-Sn/Al2O3 catalysts decreases
in the order ethanol > acetone > water. The selectivity to aromatic hydrocarbons is related to
isomerization activity, but there also exits a competition between hydrocracking and dehydro-
cyclization.

Introduction

Catalysts containing both metal and acid functions
are often used in naphtha reforming. They catalyze
dehydrocyclization, isomerization and dehydrogenation
reactions.1 An adequate balance between both functions
is important to achieve high selectivities to aromatic
hydrocarbons and a low coke deposition rate. The
classical catalyst used is Pt/Al2O3. The metallic function
can be modified by the addition of a second element (Re,
Ir, Sn, W, etc.) thus producing the so-called bimetallic
catalysts, in which the second element is mainly present
as an oxide. Pt-Sn/Al2O3, also used in the dehydro-
genation of n-paraffins, has been widely studied during
the last years because of its increasing importance in
low-pressure reforming processes with continuous re-
generation.2,3 One of the advantages of this type of
catalysts is that they do not need pretreatments before
being introduced to the reactor. Pt-Re/Al2O3, for ex-
ample, needs a presulfuration step to suppress the
excessive hydrogenolytic activity. Borgna et al.4 reported
that Pt-Sn/Al2O3 has the lowest deactivation rate
because of its low activity for the production of unsatu-
rated hydrocarbons which are intermediate species for
coking. Burch and Garla5 reported that there is an
electron transfer from tin to platinum, which makes the
Pt-C bond weaker, thus increasing the resistance
against coke formation. It is possible that Sn modifies
the selectivity and stability by an ensemble effect. Sn
decreases the number of contiguous Pt atoms by divid-
ing the Pt surface into smaller ensembles. In this way,

the adsorption of hydrocarbon molecules is limited and
coke deposition on the metal and hydrogenolysis can be
reduced.6 Moreover, tin decreases alumina acidity7 being
the acid sites where dehydrogenated compounds are
polymerized to coke. Beltramini and Trimm8 pointed out
that Pt-Sn systems have a better selectivity to aromatic
hydrocarbons compared to Pt and Pt-Re due to the
inhibition of hydrocracking, isomerization and coke
deposition on the surface of the catalysts.

There are several controversies regarding the oxida-
tion state of Sn. It is related to many factors: the
preparation method, the concentrations of Pt and Sn,
the metal precursor, the kind and state of the support,
the solvent used, etc., leading to the formation of alloys
or segregated phases.6,9,10 Many authors consider that
most part of Sn is present as Sn(II) species stabilized
by alumina, and that only a small part is in the metallic
state. This metallic species can interact with platinum
forming alloys.6,9,10 Vásquez-Zabala11 studied Pt-Sn
catalysts supported on SiO2, TiO2 and Al2O3 by HREM
and X-ray diffraction and concluded that Pt and Sn
tended to be alloyed and that Pt-Sn alloys were easily
formed in the bimetallic catalyst. They also observed a
decrease in the particle size when Sn was added to Pt.
In accordance with this observation, several authors
have reported similar results using Mössbauer spectros-
copy.12-14 They concluded that a part of tin was alloyed
with platinum and that the remainder was found as
ionic Sn(II) or Sn(IV).

Pt-Sn/Al2O3 catalysts are usually prepared by im-
pregnation of the support with metal precursor solu-
tions. Depending on the experimental conditions, dif-
ferent complexes are found in the impregnating solu-
tion.15,16 Several solvents other than water have been
proposed in the literature, such as ethanol9 and ace-
tone,2,15,17 but a detailed study concerning their effect
on the properties of the catalysts is still lacking. In
addition the experimental conditions vary widely in
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these works, and thus one cannot conclude about the
effect of the solvent itself. Therefore, a systematic study
in which all the variables are kept constant, except the
solvent, is necessary.

The objective of this paper is to compare the effect of
different solvents used for catalyst preparation on the
properties of Pt and Pt-Sn/Al2O3 catalysts, in particular
on the catalytic activity and selectivity for n-octane
reforming. The activity of the metallic and acidic func-
tions are followed by test reactions. Only water, acetone,
and ethanol were studied because they are the most
commonly solvents used in the preparation of Pt and
Pt-Sn based catalysts.

Experimental Section

Catalysts’ Preparation. γ-Al2O3 (Cyanamid Ketjen
CK 300, Sg ) 180 m2 g-1, Vg ) 0.50 cm3 g-1), previously
40-80 mesh sieved, was used as support. Pt/Al2O3
catalysts containing 0.3 wt % Pt were prepared impreg-
nating with excess liquid (2.0 cm3 g-1 alumina). The
impregnating solution was prepared by dissolving 4.0
mg cm-3 of H2PtCl6 and 0.33 cm3 of HCl (12 mol L-1)
in ethanol (e), acetone (a), or deionized water (w). Before
impregnation, alumina was wet with the corresponding
solvent so that its pores got completely filled. The
impregnating solution was then added, and the system
was kept in a rotaevaporator for 6 h. No phase separa-
tion was observed in all cases. The impregnated solid
was separated by vacuum filtration and then dried at
120 °C in an oven for 12 h. The calcination of the solids
was carried out in a fixed bed reactor under flowing air
(50 cm3 min-1). The catalysts were heated at 20 °C
min-1 up to 500 °C and kept at this temperature for 2
h. Sn/Al2O3 catalysts were prepared by the same
procedure using a solution containing SnCl2 (2.65 mg
cm-3) and the same volume of 12 mol L-1 HCl. The
bimetallic catalysts (0.3% Pt-0.3% Sn/Al2O3) were
prepared by the same method using a solution contain-
ing SnCl2 (0.0140 mol L-1), H2PtCl6 (0.0098 mol L-1),
and 12 mol L-1 HCl. The impregnation time was 16 h,
and the catalysts were calcinated for 4 h at 500 °C under
flowing air (50 cm3 min-1). Before catalyst evaluation,
samples were reduced in situ in a H2 stream (50 cm3

min-1) for 2 h at 500 °C, heating at 10 °C min-1.
Catalysts’ Characterization. Platinum and tin

contents were determined by inductively coupled plasma
atomic emission spectroscopy (ICP/AES) in an ARL
model 3410 equipment, using argon. The selected wave-
numbers were 265.917 nm (Pt) and 235.495 nm (Sn).
The samples were previously dissolved using a 1:3
HNO3/HCl molar solution and then heated at 150 °C
for 4 h. The liquid obtained was completed to 50 cm3

with HCl 1%. A modified Volhard-Charpentier method
was used18 for the analysis of the chlorine content.
About 0.2 g of the sample was dissolved in H2SO4, and
the HCl produced was transferred under vacuum to a
NaOH solution. Chlorine was then determined as
chloride by volumetry.

To identify the metal complexes and the ionic species
present, the analyses by UV-vis spectroscopy were
carried out on impregnating solutions. The analyses
were performed using a Varian Cary 1-E equipment,
using HCl solutions (0.4 mol L-1) in ethanol, water, or
acetone as reference.

Temperature-programmed reduction (TPR) was car-
ried out using a Micromeritics TPD/TPR 2900 system.
Samples (0.3 g) were previously heated under nitrogen

(50 cm3 min-1) and then analyzed with a reducing gas
(5% H2/N2, 50 cm3 min-1), in the temperature range 30-
700 °C, heating at 10 °C min-1. Pt dispersion was
measured in the same equipment by H2 chemisorption
at room temperature using a pulse method and a
mixture of 5% H2/N2 (50 cm3 min-1). Before the analysis,
samples (0.3 g) were reduced for 2 h at 500 °C and cooled
with N2 until room temperature.

Transmission electronic micrographs (TEM) were
obtained in a JEOL model JEM-1200 EXII equipment.
The samples were prepared by the extractive replica
procedure.19 The histograms were obtained by measur-
ing the size of about 200-250 particles; the mean
particle size was obtained at the maximum of the
histograms. The highest error is about 20% for the
smallest particles.

The activity of the metallic function was studied by
the cyclohexane dehydrogenation reaction.20 The reac-
tion was carried out at 315 °C for 3 h, using a continuous
flow reactor and 0.1 g of catalyst. The reactor was fed
with a (100 cm3 min-1) H2 flow saturated in cyclohexane
kept at 20 °C (H2:cyclohexane (molar) ) 11). Under such
conditions, the process was controlled by the chemical
reaction. The activity of the acidic function was studied
by n-pentane isomerization, a typical reaction of the
acidic sites.21 The reaction was carried out during 2 h
at 500 °C and atmospheric pressure, using 0.15 g
catalyst, WHSV ) 4.5 h-1, and H2:n-pentane (molar) )
6. Under such conditions there were no external or
internal diffusion control, as confirmed by the Weisz-
Prater criteria for the internal diffusion and by calculat-
ing the gradient of concentrations in the external film.
Analysis of reactant and products were performed using
a Varian 3400 CX gas chromatograph and a DMS on
Chromosorb (1/8 in. × 3 m) column heated at 40 °C.

The acidity of the catalysts was measured by am-
monia thermal-programmed desorption using a Micro-
meritics TPD/TPR 2900 equipment. The sample (0.3 g)
was dried for 2 h in flowing air (50 cm3 min-1). At this
temperature, ammonia was fed by pulses until satura-
tion. Then, the sample was cooled to room temperature,
and it was finally heated at 10 °C min-1 up to 800 °C.
The amount of ammonia desorbed was recorded as a
function of temperature.

The catalytic activity and selectivity during n-octane
reforming was evaluated at 500 °C and atmospheric
pressure during 6 h. The n-octane stream was used as
a model feedstock of a naphtha cut that is extensively
used in industrial processes in which the BTX (benzene,
toluene, and xylene) compounds are desired. The reac-
tor, containing 0.3 g catalyst, was fed with a 12 cm3

min-1 H2 flow passing over a saturator containing the
hydrocarbon kept at 45 °C. Analyses of reactants and
products were performed on line using a Varian 3600
CX gas chromatograph equipped with FID detector and
a Petro 50 capillary column.

Results and Discussion

When the aqueous solution of stannous chloride was
added to the chloroplatinic acid one, a change in color
from yellow (typical of the platinum solution) to yellow-
ish-brown was noted, besides the precipitation of a
brown solid. After the addition of HCl, the brown solid
was completely dissolved and the solution remained
yellowish-brown. This color is characteristic of a tin-
platinum complex, trans-PtCl2(SnCl3)2

2-, which is stable
in acidic medium.22-24 It is known22 that this complex
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is slowly transformed into cis-PtCl2(SnCl3)2
2- as the

acidity of the medium decreases and the color of the
solution changes to yellow. In the preparation carried
out in ethanol, the solution changed from yellow to
orange and no solid was produced. In acetone, the
solution changed from yellow to orange but immediately
came back to yellow. These observations suggest that
in aqueous solution the complex is mainly in the trans
form whereas in ethanol or in acetone solutions it exists
mainly in the cis form. This can be explained by
considering that water is more acidic than ethanol
which in turn is more acidic than acetone.

These results were confirmed by the UV-vis experi-
ments carried out with the impregnating solutions, as
shown in Figure 1. As it can be seen, the aqueous
solution shows a spectrum with absorption bands at 211,
273, 387, and 425 nm. These bands can be assigned to
the [PtCl2(SnCl3)2]2- complex being related the Sn(IV)
species (211 nm), to the charge transfer of the ligants
[SnCl]3- to platinum (273 nm) and to d-d transitions
(367 and 425 nm).23 The spectrum shows bands at 328
and 390 nm, typical of Pt(II) species and another at 220
nm related to Sn(IV) species.23 The spectrum showed
an absorption band at 350 nm which also can be
assigned to the platinum-tin complex. This band was
shifted to a higher wavenumber probably due to the
effect of the solvent, known as solvatochronism.25 These
results are in accordance with previous works which
claim that surface complexes formed during the im-
pregnation of stannic chloride on alumina are the same
independently of the solvent, e.g., ketones, alcohols,
etc.26

Table 1 shows the results of the chemical analysis of
the catalysts after calcination and reduction. It can be
noted that the metal contents are close to the nominal
values. On the other hand the amount of chloride
changes with the solvent used in the preparation, being
acetone the one which led to the highest value. It was

pointed out earlier27 that most of chlorine is lost during
the steps of calcination and reduction of platinum based
catalysts. As acetone has a lower boiling point, as
compared to water and ethanol, most of acetone is
eliminated at temperatures at which only small amounts
of chloride can be eliminated. Ethanol and water are
eliminated at temperatures high enough to leach the
chloride from the solid.

The TPR profiles of the different catalysts are shown
in Figure 2. The three Pt/Al2O3 catalysts showed the
same profile, independently on the solvent used during
preparation: a peak at about 230 °C attributed to the
reduction of oxichloride platinum species [Pt(OH)xCly]s
and [Pt OxCly]s

16,28,29 and another centered at 370 °C
due to the reduction of platinum species in high interac-
tion with the support, generating a surface complex.29

The use of different solvents does not affect significantly
the TPR profiles of the Pt/Al2O3 catalysts, only slight
shifts being observed. The H2 consumption (Table 2) is
the same for the solids prepared in water and ethanol
meaning that platinum oxides were completely reduced
during the TPR experiments. However, in the case of
acetone, the H2 consumption was lower and this can be
assigned to a previous platinum reduction as suggested
by the gray color of the solid after calcination, in
accordance with previous works.30 For the Sn/Al2O3

Figure 1. UV-vis curves of the impregnating solution used in
the preparation of Pt-Sn/Al2O3.

Table 1. Platinum, Tin, and Chlorine Contents of the
Samples

catalyst % Pt % Sn % Cl

Pt/Al2O3 (w) 0.28 0 0.52
Pt/Al2O3 (e) 0.29 0 0.50
Pt/Al2O3 (a) 0.28 0 0.70
Sn/Al2O3 (w) 0 0.30 0.70
Sn/Al2O3 (e) 0 0.29 0.61
Sn/Al2O3 (a) 0 0.29 0.80
Pt-Sn/Al2O3 (w) 0.20 0.29 0.69
Pt-Sn/Al2O3 (e) 0.28 0.28 0.51
Pt-Sn/Al2O3 (a) 0.26 0.27 0.73

Figure 2. TPR profiles of the samples prepared in (‚‚) ethanol;
(- - ) water and (s) acetone. (a) Pt/Al2O3, (b) Sn/Al2O3, (c) Pt-Sn/
Al2O3.

Table 2. H2 Consumption and Percentage of Reduced Pt
and Sn during the TPR Experiments

H2 consumption (µmol/g) % reduced

catalyst calculated experimental Pt Sn Pt + Sn

Pt/Al2O3 (w) 29.0 29.0 100
Pt/Al2O3 (e) 30.2 30.2 100
Pt/Al2O3 (a) 29.0 20.3 70
Sn/Al2O3 (w) 50.0 13.5 27
Sn/Al2O3 (e) 48.0 13.9 29
Sn/Al2O3 (a) 48.8 24.6 50
Pt-Sn/Al2O3 (w) 69.5 35.0 50
Pt-Sn/Al2O3 (e) 76.0 39.8 52
Pt-Sn/Al2O3 (a) 72.0 43.0 60
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catalysts, similar profiles were obtained regardless the
solvent used. The hydrogen consumption is similar for
the catalysts prepared using water and ethanol and
higher for the catalyst prepared using acetone. A similar
trend is found for bimetallic catalysts. The hydrogen
consumption shows no evidence of Pt-Sn interaction
because segregated Sn is also reduced during TPR.
Figure 2 shows some differences in the TPR profiles for
Pt-Sn/Al2O3 samples. When acetone or water are used
during preparation, two peaks can be observed. The first
centered in the 280-300 °C range and the second,
smaller and wider, in the 480-520 °C range. The H2
consumption of the low-temperature peak is higher than
the monometallic counterpart (Table 2), which may be
attributed to the reduction of Pt and Sn located near
Pt species. The second peak includes the partial reduc-
tion of segregated Sn,31 probably stabilized by the
support forming tin aluminates species.5,17,30,32,33 The
presence of Sn shifts the first peak toward higher
temperatures compared with Pt/Al2O3, while the second
reduction peak of Pt is suppressed. For Pt-Sn/Al2O3 (a),
there is a shift of the first peak to lower temperatures
compared with the material prepared using water. This
effect can be attributed to the fact that using acetone,
there is a decrease of the interaction of Sn with the
support and a part of Sn forms a cluster or is alloyed to
Pt. The lower interaction between Sn and Pt in the
catalyst prepared with water, can be due to the hydroly-
sis of stannous chloride which may take place during
the impregnation step2 and which can lead to the
destruction of the bimetallic complex. As pointed out
earlier26 the platinum-tin interaction largely depends
on the stability of the bimetallic complex. When ethanol
is used as solvent, the TPR profiles of Pt-Sn/Al2O3
exhibit a peak at 228 °C with shoulders at 276 and 435
°C, suggesting the existence of a strong Pt-Sn interac-
tion, being likely the formation of an alloy. This fact can
be assigned to the higher acidity of the ethanol solution
as compared to the acetone one, which leads to a more
stable bimetallic complex.22-24 These results show that
different solvents affect only the TPR profiles of the
bimetallic catalysts but not of monometallic. Because
the solvent was the only variable changed during the
catalysts’ preparation, the others kept constant, the
differences observed can be attributed to a solvent effect.

The particle size distributions of the catalysts evalu-
ated by TEM are shown in Figure 3. It can be noted
that the use of ethanol for both Pt/Al2O3 and Pt-Sn/
Al2O3 led to the production of a higher proportion of the
smallest particles whereas acetone produces a higher
proportion of the biggest particles. This can be explained
by considering that alumina in acidic medium adsorbs
ions (e.g., PtCl62-) as well as polar molecules like water,
acetone, and ethanol (1.85, 2.88, and 1.69 D, respec-
tively). The adsorption will be stronger as the dipolar
moment increases and the amount of platinum and tin
ions in solution will be greater as stronger is the
adsorption of the solvent on alumina. Therefore, the
drying step will be more important as the dipolar
moment of the solvent increases. If this step is fast (e.g.,
in the case of acetone, BP ) 56.2 °C), a fast precipitation
of the metal will take place resulting in a low homoge-
neity of the metal particles on the alumina surface. A
fast drying is that in which the rate of evaporation and
elimination of steam is greater than the rate of the
capillary flux; under these conditions the impregnated
species are distributed down to the center of the pellet.34

This explanation is in agreement with Boitiaux et al.26

who pointed out that Sn is only physisorbed on chlorided
alumina in the presence of acetone. According with such
results, Machek et al.35 reported a superior homogeneity
of Pt in catalysts prepared using water compared with
the catalyst prepared in acetone. It can also noted that
the size of the particles produced in ethanol is very close
to that of the particles produced in water, which can be
due to the similar values of the dipolar moment of both
solvents. Moreover, the particle size distribution pre-
sents some differences. Pt-Sn/Al2O3(e), within Pt-Sn/
Al2O3 samples, shows a more uniform particle size
distribution. The better metallic dispersion of the
catalyst prepared in ethanol can be due to the sinter-
ization produced by water during catalyst activation.36,37

Table 3 displays metal particles sizes evaluated from
hydrogen uptake and TEM. It can be seen an agreement
between both methods for the monometallic samples.
Metal particle size obtained by H2 chemisorption was
calculated assuming cubic metal particles in which one
face remains on the support and the other five are
exposed to H2, by the equation d ) 5S/F, S being the
metal surface area and F the metal specific density. A
stoichiometry of adsorption H/Pt ) 1 was used. How-
ever, the pulse chemisorption method is not adequate
for bimetallic catalysts due to the interaction of plati-
num and tin, which decreases the hydrogen adsorption
capacity.38 Thus, H2 adsorption on these catalysts was
not measured. Comparing the results of TEM for the
monometallic catalysts, it can be seen that the size of

Figure 3. Metal particle size distribution obtained from TEM
micrographs: (a) Pt/Al2O3, (b) Pt-Sn/Al2O3 catalysts.

Table 3. Particle Size Evaluated by TEM and H2
Chemisorption and Catalytic Activity during
Cyclohexane Dehydrogenation over Pt and Pt-Sn/Al2O3
Catalysts

catalyst
d (nm)
TEM

d (nm) H2
chemisorption

conversion
(%)

Pt/Al2O3 (w) 1.5 1.8 27.0
Pt/Al2O3 (e) 1.4 1.3 35.0
Pt/Al2O3 (a) 1.9 2.2 20.0
Pt-Sn/Al2O3 (w) 1.7 0.7
Pt-Sn/Al2O3 (e) 1.5 1.8
Pt-Sn/Al2O3 (a) 2.0 2.0
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the particles of the samples prepared using water or
ethanol are the same, while there is a small increase in
the case of the sample prepared using acetone. The same
behavior is noted for the bimetallic catalysts.

Table 3 also shows the catalytic activity for cyclohex-
ane dehydrogenation, which is catalyzed by the metallic
sites and is a structure insensitive reaction:39 it does
not require a special arrangement of platinum atoms.
Therefore, the activity of the catalysts is a function of
the exposed platinum atoms and one can consider the
dehydrogenating capacity as proportional to the metal
function of the catalyst. 100% of selectivity to benzene
and stability during the 170 min on stream were found
in all cases. All Pt/Al2O3 catalysts present a high de-
hydrogenating activity, being the highest for Pt/Al2O3(e),
which is the catalyst that showed the platinum particle
size distribution shifted to smaller sizes. The TOF
(cyclohexane molecules transformed by second and by
Pt superficial atom) for the Pt/Al2O3 catalyst are 2.2,
2.2, and 2.1 for catalysts prepared using water, ethanol,
and acetone, respectively.

The results also show that the activity of the different
Pt-Sn/Al2O3 catalysts is similar, but lower than those
of Pt/Al2O3. This indicates geometric and/or electronic
interactions between Pt and Sn that produce a drastic
decrease in the platinum activity during cyclohexane
dehydrogenation.

Table 4 shows the product distribution during the
n-pentane reaction for all the studied catalysts at two
times on stream as well as the selectivity to i-C5. The
definition of selectivity used in this work considers the
number of moles of the i product formed per number of
moles of n-C5 reacted. There is no aromatic hydrocar-
bons formation using n-C5 as feed and the main prod-
ucts are isomeric paraffins. It is accepted that the
isomerization mechanism for these catalysts is a bi-
functional metal-acid one40 where the reaction begins
with the paraffin dehydrogenation on the metallic sites;
then, the olefin so produced is isomerized on the acid
sites and the iso-olefin is hydrogenated on the metal
sites. The reaction mechanism is controlled by the acid
function21 and the formation of iso-pentane can be taken
as a measure of that function. It has been reported that
isomerization can proceed by a metallic monofunctional
mechanism through hydrogenolysis of five-member
rings.1,41,42 However, its contribution is negligible com-
pared to the bifunctional mechanism under the opera-
tional conditions used in reforming.1 By comparing the
monometallic catalysts, it can be seen that the catalyst
prepared in acetone is the most active and this can be
assigned to its high chloride content. It can also be seen
that in these catalysts the isomerization activity is

closely related to the amount of chloride. However, these
solids showed similar acidity as measured by ammonia
thermal programmed desorption (Table 4), and thus, one
can conclude that n-C5 isomerization is a more sensitive
method to measure the acidity. This conclusion is
confirmed by the high concentration of i-C6, indicating
a high disproportionation activity, typical of the acid
sites.

The addition of Sn increased the isomerization activ-
ity. The catalyst prepared in ethanol was the most
selective to isomerization followed by those prepared in
acetone or water. These results cannot be related to the
amount of chlorine leading to the conclusion that Sn
itself changed the isomerization selectivity of the cata-
lysts, in agreement with Paál et al.6 As pointed out
earlier,7 the presence of tin decreases the acidity of the
support, mainly the stronger acids sites, thus decreasing
hydrocracking and increasing isomerization through
hydrogenolysis of five-member rings.41-43 It is possible
that Sn decreases the metallic activity leading to a
decrease in hydrogenolysis products and to an increase
in the selectivity to isomerization products.

Another product of the n-pentane reaction is methane
(C1), which is a typical product of hydrogenolysis on the
metallic function,44 a demanding reaction.39 The forma-
tion of C1 is higher on the mono than on the bimetallic
catalysts, indicating a higher activity of the metallic
function of the formers. The lower capacity of Pt-Sn/
Al2O3 to produce hydrogenolysis products (Table 4) can
be explained taking into account that Sn reduces Pt
ensembles45,46 and decreases hydrogenolytic capacity.

Both monometallic and bimetallic Pt-Sn catalysts
exhibit deactivation during reaction, as observed in
Table 4 from the values of n-C5 conversion. This can be
due to cracking reactions leading to coke. Both C1 and
i-C5 decrease with time on stream, depending on the
solvent used in the preparation.

Table 5 shows the n-octane conversion, selectivity to
C1, and selectivity to C8 aromatic hydrocarbons, the
most important products in the reforming reaction, at
1 and 6 h time on stream. By comparing the selectivity
to C8 aromatic hydrocarbons on the monometallic
catalysts, one can see some differences due to the
solvent used in the preparation of the samples. The
catalysts prepared in ethanol and acetone showed the
highest values followed by that prepared in water. It is
well-known that aromatic hydrocarbons are produced
by dehydrocyclization of paraffins, which occurs mainly
by a bifunctional mechanism under the operational
conditions of reforming.1 The paraffins are first dehy-
drogenated on the metal to give n-olefins which migrate
to a neighboring acid site, where they are protonated,

Table 4. Products Distribution (wt %), Conversion (X), and Selectivity to i-C5 Isomer (Si-C5) during n-Pentane Reaction
at Two Times on Stream on Pt and Pt-Sn/Al2O3 Catalysts and Acidity of the Catalysts

catalyst
time
(min) C1 C3 i-C5 n-C5 i-C6 X (%) Si-C5 (%)

acidity
(meq NH3 g-1)

Pt/Al2O3(w) 5 0.8 2.9 15.0 61.7 13.3 38.3 39.1 0.059
120 0.4 2.2 7.0 74.6 11.2 25.4 27.4

Pt/Al2O3(e) 5 0.5 3.0 13.4 62.6 14.0 37.4 35.7 0.062
120 0.2 1.5 8.7 71.1 15.1 28.9 23.1

Pt/Al2O3(a) 5 0.9 2.6 17.2 55.4 17.6 44.6 38.4 0.062
120 0.3 1.6 12.0 64.2 17.8 35.8 33.6

Pt-Sn/Al2O3(w) 5 0.2 2.6 30.2 43.4 18.9 56.6 53.4 0.061
120 0.1 1.4 17.6 60.7 17.2 39.3 44.7

Pt-Sn/Al2O3(e) 5 0.2 2.0 34.9 43.0 16.3 57.0 61.2 0.064
120 0.1 1.1 29.0 50.0 16.5 50.0 58.1

Pt-Sn/Al2O3(a) 5 0.2 1.8 33.9 42.0 19.0 58.0 58.4 0.064
120 0.1 1.1 24.6 54.3 18.3 45.7 54.0
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producing a secondary carbenium ion. This ion is
cyclized on the acid function, producing five-carbon-atom
ring olefins which are then isomerized on the acid sites,
enlarging the ring to six carbons. In this way, cyclohex-
ene and cyclohexadiene (with ramifications or not) are
dehydrogenated to aromatic hydrocarbons. The dehy-
drogenation-hydrogenation reactions on the metal
function are rapid enough to be considered in thermo-
dynamic equilibrium, whereas isomerization reactions
on the acid function are slower.1 Therefore, the highest
selectivity to aromatic hydrocarbons is expected to take
place on catalysts prepared using acetone and water
which showed the highest selectivity to i-C5 (Table 4)
during the n-pentane test reaction. As mentioned before
the selectivity to i-C5 is a measure of the acid function.
Nevertheless, the high selectivity to C8 aromatic hydro-
carbons is observed on catalysts prepared using ethanol
and acetone. This apparent discrepancy can be ex-
plained by considering the hydrocracking activity of
these catalysts. The selectivity to hydrocracking (C2-
C6) is 9.7, 7.7, and 6.5 for catalysts obtained using water,
acetone or ethanol, respectively. According to previous
studies,1 hydrocracking is catalyzed by the acid function
which cracks the paraffin molecule in the middle,
resulting in low methane production. It has been found
that, in general, the products of hydrocracking are not
further cracked within certain reaction contact times,
but for high conversions, successive or secondary hy-
drocracking increase the yield of lower paraffins. In our
case, the conversions were high and the distribution of
the C2-C6 products shows that further hydrocracking
took place. Therefore, the acid function of these catalysts
is able to catalyze hydrocracking reactions and thus
decreases the aromatic hydrocarbons production. Fol-
lowing this reasoning, the catalyst obtained in ethanol
was expected to produce more aromatics because it has
the lower selectivity to hydrocracking. It means that its
acidity is not high enough to prejudice the aromatic
production.

The bimetallic catalyst showed a higher selectivity to
C8 aromatic hydrocarbons than the monometallics and
this can be assigned to their higher isomerization
activity (see Table 4). Moreover, the highest selectivity
to C8 aromatic hydrocarbons among the bimetallics,
corresponds to Pt-Sn/Al2O3 (e), which showed the
highest selectivity to i-C5 during the n-pentane test
reaction. For the three bimetallics, the selectivity to
hydrocracking is almost the same, 1.0%. This is a lower
value than those obtained with monometallics, in agree-
ment to the bimetallics weaker acidity. As stated before,
Sn affects the alumina strongest acid sites, the most
actives for hydrocracking reactions.47

The production of C1 is lower on all bimetallic
catalysts because, as mentioned above, Sn destroys the
Pt ensembles necessary for hydrogenolysis.

All catalysts are deactivated with time, as shown in
Table 5. The addition of Sn reduces deactivation, in
agreement with previous works which proposed that
there is an electron transfer from tin to platinum, which
makes the Pt-C bond weaker, thus increasing the
resistance against coke formation.48 Moreover, it is
possible that Sn modifies selectivity and stability by an
ensemble effect. Sn decreases the number of contiguous
Pt atoms, dividing the Pt surface into smaller en-
sembles. In this way, limiting the adsorption of hydro-
carbon molecules coke deposition on the metal and
hydrogenolysis can be reduced.6

Conclusions

The use of ethanol, acetone, or water in the impreg-
nation step during the preparation of Pt and Pt-Sn/
Al2O3 leads to catalysts with different properties and
performances during n-pentane isomerization, cyclo-
hexane dehydrogenation, and n-octane reaction.

The differences can be assigned to the different boiling
point and polarity of the solvents. Moreover, the drying
step is influenced by the dipolar moment of the solvent.

The selectivity to C8 aromatic hydrocarbons is related
to the acid function, but according to the acidity, there
also exits a competition between hydrocracking and
dehydrocyclization.
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Cortés, A. Characterization of Structure and Catalytic Activity of
Pt-Sn Catalysts Supported in Al2O3, SiO2 and TiO2. Appl. Surf.
Sci. 1998, 136, 62.
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