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Abstract Platinum catalysts supported on indium-doped
alumina were prepared by the sol–gel method. The method
allows the incorporation of In3+ in the alumina network.
The indium-doped alumina supports showed narrow pore
size distribution (5.4–4.0 nm) and high specific surface areas
(258–280 m2/g). The 27Al NMR-MAS spectroscopy iden-
tified aluminum in tetrahedral, pentahedral, and octahedral
coordination; however, the intensity of the signal assigned to
aluminum in pentahedral coordination diminishes with the
increase of the content of indium. Total acidity determined
by ammonia thermodesorption diminishes strongly in Pt/In–
Al2O3 catalysts, suggesting a selective deposit of platinum
over the acid sites of the support. The effect of the support
in the platinum catalytic activity was evaluated in the n-
heptane dehydrocyclization reaction. The selectivity patterns
for such reaction were modified substantially in the doped
Pt/In–Al2O3 catalysts, in comparison with the Pt-In/Al2O3–
I coimpregnated reference catalyst. As an important result,
the formation of benzene was suppressed totally over the
indium-doped alumina sol–gel supports with a high content
(3 wt%) of indium.
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e-mail: vrg@xanum.uam.mx
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1 Introduction

The new trends in reformulation of fuel show an impor-
tant reduction in the level of aromatics allowed in the pool
of gasolines. Therefore, an important unresolved problem
is the high content of aromatics in the gasoline produced
by the naphtha reforming units, which use Pt–Ir, Pt–Re, or
Pt–Sn alumina-supported catalysts [1–4]. These aromatics,
especially benzene, which is reported as a carcinogenic ac-
tive molecule, must be diminished from the gasoline pool
at levels lower than 1% vol. New formulations of bimetallic
or trimetallic reforming platinum catalysts containing Ge [5,
6], Ga [7, 8], or In [9–12] have been reported; however, the
yield in aromatic compounds obtained with them continues
to be important.

The formation of aromatic compounds in reforming units
is carried out by means of a reaction that involves the bi-
functional properties of the catalysts: the metallic phase and
the support acidity. Hence, the development of improved
new formulations must also be directed to the modifica-
tions of the support properties. In this way, it has been re-
ported that the doping of alumina gel [13–16] or Boehmite
[17, 18] with tin chloride diminishes the formation of ben-
zene notably in the hydrocarbons dehydrocyclization over
Pt–Sn/Al2O3 bimetallic catalysts. In such preparations, the
effect of tin in the performance of the bimetallic catalysts
was mainly located in the textural and structural modifi-
cations of the support rather than in the bimetallic Pt–Sn
phase.
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In the present paper, we report the preparation of platinum
reforming catalysts using indium-doped alumina as support,
in order to get a low yield in aromatic compounds in the
reforming units. Indium was chosen as the doping precur-
sor, since it has recently been reported as a good performer
for the transformation of hydrocarbons over bimetallic Pt–In
alloys supported in alumina [9–12]. However, in our cata-
lysts synthesis, we modified at the same time the properties
of both: the support and the metallic phase. First, the tex-
tural and structural properties of the alumina support were
modified by adding indium acetylacetonate to the alumina
gel. The alumina structure was perturbed and modification in
the acidity was obtained. Second, the platinum activity was
modified by its interaction with the highly dispersed In2O3

particles.
The characterization of the catalysts was made by

means of nitrogen adsorption isotherms, XRD spectroscopy,
ammonia-TPD, and 27Al NMR-MAS. The catalytic activ-
ity was evaluated in the n-heptane conversion at 490 ◦C.
Moreover, in order to make a comparison of the behavior of
our catalysts in this reaction, the evaluation of Pt–In/Al2O3

bimetallic catalysts, prepared by impregnation of the alumina
bare support is also reported.

2 Experimental

2.1.1 sol–gel catalysts preparation

Al2O3 and In–Al2O3 supports were prepared by the sol–
gel method as follows: to a solution containing 238 mL
of ethanol (J. T. Baker 96%) and 14 mL of distilled water
the pH was adjusted to 5 using glacial CH3COOH acid (J.
T. Baker 99.7%). After that, it was simultaneously added
to the 70 mL solution (3:1 vol. ethanol–water) containing
the appropriate amount of indium acetylacetonate (Chemat
98%) and 48 g of aluminum tri-sec-butoxide (Aldrich to
97%). Then, the solution was maintained under reflux and
stirred for 72 h at 70 ◦C. The concentration of indium in
the supports was calculated in order to obtain 1 and 3 wt%,
respectively. Once the gel was formed, it was dried in a ro-
tavapor at 80 ◦C. Then, the sample was dried in an oven
at 80 ◦C for 12 h and annealed at 600 ◦C for 4 h, with a
heating program rate of 2 ◦C/min. The alumina support was
prepared with the same technique as the one used for indium–
alumina supports, but this time without indium acetylacet-
onate in the ethanol–water solution. The annealed supports
were labeled as InX–Al2O3, where X denotes the indium
content.

Platinum sol–gel catalysts: Pt/Al2O3 and Pt/In–Al2O3

were prepared by incipient wetness impregnation of the sup-
ports with the appropriated quantity of a solution containing
platinum acetylacetonate in acetone, in order to obtain 0.5

Pt wt%. The excess of water was evaporated in a rotavapor
and the solid was dried at 80 ◦C for 12 h and then calcined
in air at 600 ◦C for 4 h. Finally, the catalysts were reduced
in hydrogen flow (1.8 L/h) at 500 ◦C for 2 h.

2.1.2 Coimpregnated catalyst preparation

Pt–In/Al2O3–I catalysts were prepared by impregnation of
the alumina sol–gel support stabilized at 600 ◦C with an ace-
tone solution containing indium acetylacetonate in the ap-
propriate amount to obtain 1 wt% In. After that, the excess
of acetone was evaporated in a rotavapor and then calcined
at 600 ◦C in air. The platinum was incorporated by a sub-
sequent impregnation of the calcined In/Al2O3 support with
an acetone solution containing platinum acetylacetonate in
the appropriate amount to obtain 0.5 wt% of Pt. Finally, the
catalyst was calcined at 600 ◦C and then reduced at 500 ◦C
in hydrogen flow for 2 h.

2.2 Characterization

Specific surface areas of the samples annealed at 600 ◦C were
determined with a Quantachrome Multistation Autosorb-3B
apparatus, using nitrogen as adsorbate. All the catalysts were
degassed under vacuum at 350 ◦C for 12 h before each mea-
surement. The specific surface area was evaluated by the
BET method and the pore size diameter was calculated by
the BJH method. The accuracy of the calculation methods
and apparatus is ± 5%.

XRD spectra patterns were recorded on a Siemens D500
diffractometer using CuKα radiation.

Nuclear magnetic resonance-magic angle spinning
(NMR-MAS) 27Al spectra were recorded with an ASX300
spectrometer (Bruker) at 10 KHz under room conditions.

Ammonia thermodesorption was carried out using a TPR-
TPD Micromeritics equipment Mod. 2900. First, the samples
were treated at 350 ◦C for 1 h in He flow. Then, the He
flow was switched at room temperature by a gas mixture
(80/20 vol%) of He/NH3 for 20 min. Afterward, ammonia
was desorbed in He flow (30 mL/min) with a program rate
of 10 ◦C/min to reach up to 600 ◦C. The determination in
various samples gave an accuracy of ± 5%.

Platinum metal dispersion was determined by CO-pulse
chemisorption with a TPD/TPR 2900 Micromeritics appa-
ratus. Before CO chemisorption, the samples were treated
at 600 ◦C for 1 h in air flow. Then, the temperature was put
down to room temperature and a H2 flow was switched. After
that, the temperature was raised to 500 ◦C and maintained
for 1 h in H2 flow, the hydrogen was purged at 50 ◦C with
He flow, and then pure CO was admitted in the cell by pulses
until saturation. Platinum dispersion was calculated assum-
ing a stoichiometric factor CO/Pt = 1. The reproducibility
of the values was in the range of ± 10%.
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Table 1 Values of BET
specific surface area, mean pore
size, acidity, and Pt dispersion
for supports and catalysts

Catalyst BET area (m2/g) Mean pore size (nm) Acidity (mmol
NH3/g)

Pt dispersion (%D)

Al2O3 303 13.4 0.75 –
In1–Al2O3 258 5.5 0.64 –
In3–Al2O3 280 6.0 0.64 –
Pt/Al2O3 308 11.6 0.43 35
Pt/In1–Al2O3 273 4.0, 5.4 0.55 38
Pt/In3–Al2O3 308 4.5 0.52 33
Pt–In1/Al2O3–I

coimpregnated
311 10 0.13 66

2.3 Catalytic test

The n-heptane conversion was evaluated in a Pyrex U-tube
flow reactor (3 mL) at atmospheric pressure. Catalyst sam-
ples (100 mg) were pretreated with H2 at 500 ◦C for 1 h, using
a flow rate of 3.6 L/h. The n-heptane was passed through the
reactor using a saturator and hydrogen as carrier gas. The
partial pressure for n-heptane was 11 Torr, the H2 feed flow
3.6 L/h, and the reaction temperature was 490 ◦C.

The effluent gas mixture was analyzed with an online
gas chromatograph (Varian GC-3800) equipped with a cap-
illary column PE1-PONA (30 × 0.32 mm and 0.25 µm film
thickness) and flame ionization detector (FID). Each sample
was evaluated three times and an average of the values was
taken. They fluctuate in ± 10% for conversion and ± 5% in
selectivity.

3 Results and discussion

The specific surface area, pore volume, and mean pore size
diameter obtained for the various sol–gel supports and sol–

gel catalysts are reported in Table 1. For the supports, the
addition of indium acetylacetonate to the alumina gel slightly
decreases the specific surface areas from 303 m2/g for the
alumina to 258 m2/g and 280 m2/g for the In–Al2O3 sol–gel
supports at 1 and 3 In wt%, respectively. A similar effect
in the specific surface area has also been reported on Sn-
Al2O3 sol–gel prepared supports [19]. On the other hand,
smaller pore size diameter was obtained in the In–Al2O3

doped supports than on the alumina reference support. For
the alumina, the pore size was 13.4 nm, whereas for In–Al2O3

supports were 5.5–6.0 nm. In Fig. 1, a very narrow pore size
distribution can be seen for In–Al2O3 supports, while for
Al2O3 reference a broad curve was observed, suggesting
important structural rearrangements on the indium-doped
alumina supports. Additional effects in the textural properties
were not observed after impregnation with platinum.

For the Pt–In/Al2O3–I bimetallic catalyst prepared by
coimpregnation, the specific surface area and the mean pore
size diameter are of the same order as that obtained on the
alumina reference sample (Table 1). Additionally, the pore
size distribution was not modified substantially, showing a

Fig. 1 Pore size distribution
for supports and catalysts
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Fig. 2 XRD patterns of
supports annealed at 600 ◦C

broad curve similar to that obtained on the bar alumina sol–
gel support; i.e., the effects in the pore size distribution were
only obtained when In was added as a dopant to the alumina
gel.

Platinum dispersion was determined by CO chemisorp-
tion and the results are reported in Table 1. Values between 33
and 38%D were obtained for sol–gel preparations, whereas
for the coimpregnated catalyst, the platinum, the dispersion
was 66%D. The higher dispersion obtained in the coimpreg-
nated catalyst was also observed in similar preparations Pt
+ (In/Al2O3) reported elsewhere [11], where the highest
H/Pt = 0.63 ratio was obtained in comparison to In
+ (Pt/Al2O3).

The XRD profiles for the In–Al2O3 doped supports an-
nealed at 600 ◦C are presented in Fig. 2. All the supports
showed the γ -alumina phase but their profiles are not well
resolved since we have alumina with high specific surface
area. It is noticeable that indium or indium oxide character-
istic peaks are not observed in these samples. However, in
samples sintered at 1200 ◦C, the XRD spectra showed clearly
the peaks assigned to In2O3 and Pt3O4 (Fig. 3). Obviously,
at such annealing temperature, alpha alumina was formed.
The absence of the characteristic In2O3 peaks in samples
annealed at 600 ◦C can be due to the formation of highly
dispersed indium oxide, whose particles cannot be resolved
by XRD spectroscopy. For the coimpregnated Pt–In/Al2O3–I
catalyst, the XRD diffraction patterns (not shown) are similar
to that observed in sol–gel preparations.

27Al NMR-MAS spectra were obtained for the various
supports (Fig. 4). Three peaks centered at 55–60, 28–34,
and 2–3.5 ppm assigned to aluminum in tetrahedral, penta-
hedral (or deformed tetrahedral), and octahedral coordina-

tion, respectively, can be observed [20, 21]. The aluminum
in pentahedral coordination appears with the major relative
abundance in Al2O3 and In–Al2O3–I supports. However, it
practically disappears in the In–Al2O3 sol–gel doped sam-
ples. We assume that indium (In3+) perturbs the formation of
pentahedral coordinated aluminum. For the Pt/Al2O3 and for
the coimpregnated Pt–In/Al2O3–I catalysts, the pentacoordi-
nated aluminum was always present. It does not disappear
by indium effect as for such catalysts indium was added by
impregnation of the alumina sol–gel support; i.e., indium
was not inserted into the alumina network and no modifica-
tions on the relative abundance of aluminum in tetrahedral,
pentahedral, or octahedral coordination were provoked.

The acidity of the doped sol–gel catalysts was determined
by NH3-TPD and the results are reported in Table 1. Com-
paring with Al2O3 bar support, a diminution in the total
acidity was observed in the In–Al2O3 doped supports (0.75
to 0.64 mmol NH3/g.). The diminution of Al3+ in pentahedral
coordination observed by NMR-MAS spectroscopy could be
the cause of the diminution in the total acidity in the In–Al2O3

doped supports. On the other hand, in Pt/In–Al2O3 doped cat-
alysts, the acidity was smaller and values ranging between
0.55 and 0.43 mmol NH3/g were reported. This additional
diminution in the total acidity in catalysts impregnated with
platinum can be explained by a selective deposit of platinum
particles over the acidic sites of the support. A charge trans-
fer from the metal particles to the support is then produced
and platinum acquires electron deficiency (metal support in-
teraction) [22]. For coimpregnated Pt–In/Al2O3–I catalyst,
the diminution in acidity was dramatic (0.13 mmol NH3/g).
This result can be expected since both platinum and indium
were added over the alumina surface by the impregnation
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Fig. 3 XRD patterns of
In3–Al2O3 support and
Pt/In1–Al2O3 catalysts sintered
at 1200 ◦C

Fig. 4 27Al NMR-MAS spectra of Al2O3 and In–Al2O3 supports

method and the deposit of both metals over the acidic sites
must be more important. Certainly, the preparation method
sol–gel or impregnation will define the catalytic properties
of the solids. A different behavior for the n-heptane conver-
sion over the Pt–In/Al2O3–I catalyst can be expected, as it
was established that such a reaction is a bifunctional reaction
requiring metallic and acid sites.

The catalytic activity for the n-heptane conversion was
determined for all the platinum catalysts and the results
are reported in Table 2. The Pt/Al2O3 catalyst showed the
lowest activity in the steady state (after 14 h in stream).
Meanwhile, for the Pt/In–Al2O3 doped catalysts and for the
Pt–In/Al2O3–I coimpregnated catalyst, a higher activity and
lower deactivation rate were observed after 40 h in stream
(Fig. 5).

The conversion of n-heptane is accepted as a bifunctional
reaction, as has been reported by Passos et al., using Pt–
In/Al2O3 coimpregnated catalysts [10]. The selectivity to
aromatic compounds (toluene and benzene) or to the C5–C7

fraction and hydrocracking products (C1–C4) will depend on
the equilibrium between the acidity of the support and of the
platinum properties. In the Pt/In–Al2O3 doped catalysts, the
acidity was spread over a small range (from 55 to 43 mmol
NH3/g) and it is practically constant. On the other hand, any
dilution effect of the platinum conglomerates by the presence
of indium can be mentioned in doped catalysts, since all of
them showed a comparable metal dispersion (from 38 to
33%D).

The differences in activity and selectivity observed in the
n-heptane conversion over Pt/Al2O3 or Pt/In–Al2O3 doped
catalysts must be due to the support effects on the platinum
particles. We suggest that such effects are a consequence of
the selective deposit of the platinum over the acid sites of
the support and to the decrease of the metallic character by
the support effect. Hence, metallic functions as dealkylation
[23] of toluene must be affected strongly over Pt/In–Al2O3

doped catalysts (Table 2).
The variation in the catalytic properties as an effect of

modification of the support has been reported on rhodium
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Table 2 Activity and
selectivity (% mol) values for
the n-heptane conversion over
Pt/Al2O3 and Pt/In–Al2O3

sol–gel catalysts

Selectivity (%)
Catalyst % C Rate (107)a C1–C4 C5–C7

=C5–=C7 Benzene Toluene

Pt/Al2O3 7.9 7.9 17 18 37 2 23
Pt/In1–Al2O3 23 45 11 9 54 0.5 23
Pt/In3–Al2O3 16 27 8 2 68 – 23
Pt–In1/Al2O3

coimpregnated
21 24 7.7 8.3 42 1 41

amol/g s.

Fig. 5 Catalysts evolution as a
function of time for the
n-heptane conversion

supported over silica and alumina [24], Pt/HY [22], and
Pt/ZrO2–Al2O3 catalysts [25]. The effect of the nature of
the support in such catalysts was due to the formation of
platinum electron-deficient particles; this effect is very dif-
ferent to the dilution metallic effects observed in bimetallic
alloyed catalysts, as has been reported for Pt–Pb/La–Al2O3,
Pt–Sn/SO2-Al2O3 catalysts [26, 27].

The selectivity of the coimpregnated Pt–In/Al2O3–I cat-
alyst showed high yield in toluene and benzene (Table 2).
The modification of the intrinsic platinum catalytic proper-
ties shown by the indium-doped alumina was not observed in
the coimpregnated catalysts. Thus, we prepared Pt/In–Al2O3

doped catalysts in which the origin of the modifications in
the activity and selectivity for the n-heptane conversion is
very different to that reported for alloyed coimpregnated
bimetallic catalysts.

4 Conclusions

It is assumed that the incorporation of indium to alumina gel
induces modifications in textural, structural, and catalytic

properties of Pt/In–Al2O3 sol–gel doped catalysts. High spe-
cific surface areas and narrow pore size distribution were
obtained by doping alumina gel with indium acetylaceto-
nate. The incorporation of In3+ to the alumina gel disturbs
the formation of pentahedral coordinated aluminum, as has
been suggested by 27Al NMR-MAS analysis spectra. On
the other hand, the selectivity for the n-heptane conversion
over Pt/Al2O3 and Pt–In/Al2O3 coimpregnated catalysts was
modified strongly when Pt/In–Al2O3 sol–gel doped cata-
lysts were used, suggesting that there are important support
effects over platinum particles. The modification of the plat-
inum metallic properties by the influence of the support was
demonstrated by a diminution in the formation of benzene
in the n-heptane conversion.

These results show a promising alternative for the produc-
tion of ecological benzene-free gasolines in the reforming
units, since the modifications on Pt/In–Al2O3 doped cata-
lysts prepared by sol–gel method avoid the formation of
benzene as a product in the n-heptane conversion.
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