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Trimetallic Pt-Re-Ge supported catalysts for naphtha reforming were prepared by successive impreg-
nation of suitable precursors on gamma alumina. The order of addition of these precursors was varied
and its influence on the catalytic properties was assessed by means of the model reaction of n-octane
reforming. It was found that the order of addition of the metal precursors greatly affects the performance
and properties of these systems, which in turn is closely related to the first impregnated metal. When
platinum is impregnated before rhenium and germanium the metals are reduced separately resulting
in catalysts with high dehydrogenation activity and low hydrogenolysis activity. On the other hand, the
impregnation of germanium before the other metals leads to the production of catalysts with low activi-
ties for dehydrogenation and high activity for hydrogenolysis, as a consequence of the strong interactions
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Pt-Re-Ge
Xylenes among the metals. By adding rhenium before the other metals, catalysts with intermediate behavior are
Gasoline produced. For all catalysts, platinum interacts more strongly with rhenium than with germanium. The

order of addition does not modify the acidic properties of the support but germanium and rhenium seem
to change the acidity of the support in the vicinity of the metals, causing differences in the selectivity
to aromatic compounds and paraffinic isomers. These features can be used to tailor catalysts with high
selectivity for the production of aromatics or isoparaffins, depending on the purpose of the reforming
process. The RePtGe catalyst has the highest selectivity to branched isoparaffins and then can be used
to produce isoparaffins-rich gasoline while a reformate rich in aromatics can be obtained by using the
GeRePt catalyst.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction maximum 0.62 vol.% by 2015, according to the new regulations

of the US Environmental Protection Agency (MSAT II). The restric-

Catalytic naphtha reforming is by far the main commercial route
for producing aromatics, high value intermediates used in the man-
ufacture of plastics, nylon, rubbers and polyester fibers, among
others. This process is also used to convert linear hydrocarbons
into branched ones in order to improve the octane number of gaso-
line. Hydrogen is obtained as a by-product, which is mainly used in
hydrotreatment processes such as hydrodesulfuration and hydro-
denitrogenation. According to the current environmental laws, the
aromatic content in fuels should be even lower than the previous
values. The benzene content in American gasolines should be at
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tions for benzene, the major supplier of octane number to gasoline
pool, make important its replacement by other compounds of high
RON and with no noxious environmental impact, such as branched
isoparaffins.

The huge and complex network of chemical reactions occurring
in the catalytic reformer is basically made of only two kinds of reac-
tions: acid-catalyzed and metal-catalyzed ones. Therefore, naphtha
reforming catalysts must be bifunctional. The metal function is usu-
ally supplied by platinum metal particles highly dispersed on a
porous carrier, typically chlorided gamma-alumina. Platinum pro-
vides the essential sites for hydrogenation and dehydrogenation.
The acid function is supplied by the support itself. While gamma-
alumina is amphoteric, the addition of chlorine promotes its acidity
and gives to the support the ability to catalyze isomerization and
cyclization reactions [1].
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A second or third element added to the reforming catalyst modi-
fies both the metal and the acid functions but this addition is almost
exclusively intended for fine-tuning the metal function proper-
ties. Rhenium, tin, tungsten, iridium, indium and germanium are
usually used as additives, producing bimetallic [2-9] or trimetallic
catalysts [10-16]. These catalysts show better performances than
monometallic platinum catalysts, they are more selective and more
resistant against deactivation [2-14,16-20]. The improvement of
activity and selectivity of multimetallic systems is attributed to
electronic and geometric effects exerted by the other added met-
als [10,13,21]. Besides, some elements as tin and germanium also
modify the acid sites of the support making them more adequate to
catalyze the isomerization and cyclization reactions [11,12,21,22].
Furthermore, when rhenium and iridium are added they can get
alloyed to platinum thus increasing its activity for hydrogenoly-
sis. This is an undesirable effect because it leads to the formation
of light gases, especially methane. In order to reduce the quantity
of active sites for this reaction, it is necessary to add sulfur to the
metal phase, by sulfidation [11,16]. In this case, the role of sul-
fur is to diminish the number of sites close to platinum, active for
hydrogenolysis. However, so that its effect can be beneficial, the
amount of sulfur added should be very small, around one sulfur
to four platinum atoms. For higher amounts of sulfur (around one
sulfur to two platinum on the surface), sulfur can be irreversibly
adsorbed on platinum atoms, completely inhibiting the activity of
the metal function of reforming catalysts. The poisoning by sulfur
is less for the platinum monometallic catalysts as compared to the
multimetallic ones [16].

Nowadays industrial plants of catalytic reforming use state-of-
the-art trimetallic catalysts of proprietary composition. It is known,
however, that these solids have a formulation of the following
type: Pt-Re-M/Al,03. Many reports have investigated the per-
formance of trimetallic systems such as Pt-Re-Sn [10,12,13] and
Pt-Re-Ge/Al,03 [21,22]. These studies show that the preparation
method affects the properties of both the acid and metal functions
of the reforming catalyst and consequently its activity, selectivity
and resistance against deactivation.

When Pt-Re-Sn/Al,03 catalysts are prepared by successive
impregnation of the metal precursors, the addition of tin before rhe-
nium is more convenient, producing stable catalysts, more active
and more selective to the formation of aromatics [10,12]. On the
other hand, other works [16,21] have reported that tin and ger-
manium are able to play the role of sulfur in trimetallic catalysts
prepared by co-impregnation.

In line with the previous comments, this work is devoted to the
study of the performance of Pt-Re-Ge/Al, 03 trimetallic catalysts,
prepared by sequential impregnation of the promoters in different
orders. n-Octane reforming was used as a model reaction for naph-
tha reforming. The effect of the order of the metal addition on the
properties of the acid and metal functions was also assessed.

2. Experimental
2.1. Catalysts preparation

The support used was a commercial high-purity vy-alumina
(Cyanamid Ketjen CK 300). The main impurities were sodium
(5ppm), iron (150 ppm) and sulfur (50 ppm). The extruded alu-
mina pellets were ground and sieved and the 35-80 mesh fraction
was separated and calcined under air flow (60 mlmin~1) for 3 h,
at 650 °C. After calcination, the specific surface area of this support
was 180m? g-1, the pore volume was 0.49 cm3 g~1 and the average
pore radius was 5.4 nm.

The metals were incorporated by successively impregnating the
support with aqueous solutions of their corresponding salts. The

amount and concentration of the solutions were adjusted in order
to have 0.3% of each metal on the final catalyst. The precursors were
H,PtClg-6H,0 (3.345mgPt.ml~1), NH4ReO4 (20.18 mgRe.ml 1)
and GeCl, (1.8 mgGe.ml-1).

Monometallic catalysts: 5g of Al,03 were immersed in a
0.2moll-! HCI solution (1.5mlg!) and then the metal precur-
sor solution was added. After 1h under stirring, the solvent was
slowly evaporated by heating at 70°C, while stirring gently. The
catalyst was then dried at 120°C overnight, calcined under air
flow (60mlmin~1) for 4h at 500°C and reduced in hydrogen
(60mlmin—1) for 4h at 500°C.

Bimetallic catalysts: they were prepared by the same way as
the monometallic ones, but replacing the alumina support by a
monometallic catalyst. After impregnation they were also dried,
calcined and reduced in the same conditions used for the prepara-
tion of monometallic catalysts.

Trimetallic catalysts: they were prepared by the same way as
the monometallic catalysts, replacing the alumina support by a
bimetallic catalyst and including once more drying, calcination and
reduction steps. As all catalysts were prepared with the same sup-
port, they are named according to the components of the metallic
function (Pt, Pt-Re, Pt—-Re-Ge, etc.), where the order for writing the
elements is the order of adding the precursors during the catalyst
preparation.

The chloride content of the catalysts was determined by the
Volhard-Charpenter method. The values were between 0.88 and
1.0% for all of them, an expected value for naphtha reforming cat-
alysts due to the capacity of the support for retaining chloride.

2.2. Catalysts characterization

Temperature programmed reduction: TPR tests were performed
in a Micromeritics TPD/TPR 2900 equipment with a thermal con-
ductivity detector. At the beginning of each experiment, the sample
was pretreated in situ by heating in air at 450°C, for 1h. Then it
was heated from room temperature up to 700°C at 10°Cmin~! in
a gas stream of 5.0% hydrogen in argon. The average deviation of
the measurements was found to be of 4.1%.

CO-FTIR spectroscopy: FTIR spectra in the 4800-400 cm~! range
were taken at room temperature in a Perkin Elmer Spectrum One
equipment with a resolution of 4cm~1. Self supported wafers of
the catalysts were first reduced at 500 °C under hydrogen flow for
30 min, outgassed at 10-% Torr at 500 °C, for 30 min and then the
first spectrum (I) was recorded. After this stage, the samples were
kept under 50 Torr of carbon monoxide for 5 min and then a sec-
ond spectrum (II) was recorded. The adsorption band related to the
chemisorbed carbon monoxide was obtained after subtracting the
spectra (I1 -1).

Transmission electron microscopy: TEM were obtained in a JEOL
JEM 1200 EXII microscope. The supported catalysts were ground in
an agate mortar and dispersed in ethanol. A diluted drop of each
dispersion was placed on a 150 mesh copper grid coated with car-
bon. The micrographs were obtained in both bright and dark fields.
A gold strip (Merck 99% pure) was used as standard for calibration.

Temperature programmed desorption of pyridine: the amount and
strength of the acid sites of the catalysts were assessed by means
of TPD of pyridine. 200 mg of the catalyst were first introduced in
a closed vial containing pure pyridine (Merck, 99.9%) for 4 h. Then,
the vial was opened and the excess of pyridine was allowed to evap-
orate at room conditions until the surface of the particles was dried.
The sample was then loaded into a quartz tube microreactor and
supported over a quartz wool plug. A constant flow of nitrogen
(40mlmin—1) was passed over the sample during the experiment.
Afirst step of desorption of weakly adsorbed pyridine and stabiliza-
tion was performed by heating the sample at 110°C, for 1 h. Then
the temperature of the oven was raised to a final value of 500 °C at
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a heating rate of 10°Cmin~". The reactor outlet was directly con-
nected to a flame ionization detector. The detector signal (in mV)
was sampled at 1 Hz and recorded in a computer. The error associ-
ated to the peak position and areas has been determined as around
7%.

Cyclohexane dehydrogenation: the evaluation of the catalysts in
cyclohexane dehydrogenation was carried out using 100 mg of the
sample. A stream of hydrogen was first passed through a cyclohex-
ane saturator. The resulting mixture, with a hydrogen/cyclohexane
molar ratio of 18, was fed to the reactor and flowed over the sample.
The reactor operated at 400°C and 1 atm. Before reaction, the cat-
alysts were heated under hydrogen flow (80 cm3 min—1) at 500 °C,
for 1h. The products were analyzed in a Varian 3400 CX chro-
matograph equipped with a FID and a packed column of FFAP on
Chromosorb. The average error of the measurements was less than
3%.

n-Octane reforming reaction: the activity and selectivity of the
catalysts were evaluated in n-octane reforming at 450 °C and atmo-
spheric pressure, for 6 h. n-Octane was used as a model feedstock
of a naphtha cut because this is indeed an ubiquitous compound in
industrial processes aimed at obtaining BTX cuts (benzene, toluene,
xylene). The reactor, containing 0.360g catalyst, was fed with
a hydrogen stream (38.7 cm3 min—!) previously saturated in n-
octane at 56.7 °C. Before the experiments, the samples were heated
in nitrogen up to 500 °C and then they were reduced at this temper-
ature with hydrogen for 2 h. The reaction products were analyzed
in a VARIAN 3600 CX chromatograph equipped with a flame ion-
ization detector. The average error of the measurements was less
than 3%.

Analysis of carbon deposits: the coke deposited on the catalysts
during n-octane reforming was analyzed by means of tempera-
ture programmed oxidation (TPO). The coked catalyst (30-50 mg)
was placed in a quartz cell and the carbon deposits were contin-
uously oxidized with a 6% 0,:N, (v/v) stream (60 mlmin—1). The
cell was heated from room temperature up to 650°C at a heat-
ing rate of 10°C min~!. The gases issuing from the cell were fed to
a methanation reactor where carbon dioxide and carbon monox-
ide were quantitatively transformed into methane over a nickel
catalyst in the presence of hydrogen. The methanator outlet was
directly connected to a flame ionization detector and the signal was
continuously sampled and recorded. The carbon concentration on
the catalysts was calculated from the area under the TPO curves
by calibration with TPO tests of standard samples of known carbon
content. The average deviation was found to be of 4.1%.

3. Results and discussion

Infrared spectra of the trimetallic samples are displayed in Fig. 1.
Carbon monoxide is chemisorbed on platinum particles in lin-
ear and bridged forms but is not adsorbed on metallic rhenium
or germanium [21]. Fig. 1 shows only the wavenumber region
related to linear carbon monoxide, since the band associated to
the molecule adsorbed in bridge form, Pt,CO, is very small and
generally not studied. For most spectra, it can be seen an adsorp-
tion band with three shoulders, this is related to carbon monoxide
linearly adsorbed on platinum sites in different electronic states.
The main band, in the 2065-2085cm~! range, corresponds to
the vibrations of carbon monoxide adsorbed on metallic platinum
(Pt9-CO) [23-27]. For all cases, the maximum is shifted to lower
wavenumbers in the case of the trimetallic catalysts, as compared
to the spectrum of Pt/Al;03 sample, in which this band appears
at 2075cm!, according to previous works [10]. This indicates
that platinum is electronically enriched when in contact with the
additives. The shoulder observed at higher wavenumbers (around
2120cm™') can be attributed to platinum under the influence of
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Fig. 1. FTIR spectra of the trimetallic catalysts.

germanium, which acts as an electron acceptor decreasing the elec-
tronic density of platinum and making it electron-deficient (Pt%*)
[28]. On the other hand, the shoulder noted around 2010 cm~! can
be ascribed to platinum affected by rhenium (Pt*~-CO); in contrast
to the effect caused by germanium, there is an electronic transfer
from rhenium to platinum that makes the last one electronically
richer [10]. A shoulder at almost 2040cm~! was also identified,
related to platinum species simultaneously interacting with rhe-
nium and germanium.

Once the maximum was shifted to lower frequencies for all
trimetallic catalysts, as compared to the platinum monometallic
one[10,22], it can be concluded that platinum interacts much more
with rhenium than with germanium for all samples. Moreover,
when germanium was impregnated after the other metals (PtReGe
and RePtGe samples) platinum interacts more strongly with rhe-
nium, as compared to the other samples and the electron-depletion
effect of germanium was decreased. As a consequence, the max-
imum at 2070cm~! was shifted to lower wavenumbers. On the
other hand, the curve of the GePtRe sample shows the smallest
decrease in the absorption band at 2070cm~! (as compared to
platinum monometallic catalyst), indicating that platinum is inter-
acting with both rhenium and germanium. The most significant
changes in the absorption bands occur for the samples prepared
by adding rhenium prior to the other metals (RePtGe and ReGePt
samples). In fact, they have the most distorted platinum electron
band structure, indicating several electronic states of platinum.

Fig. 2 shows the TPR curves for monometallic and bimetallic cat-
alysts. The curve for Pt/Al, 03 catalyst showed a peak at 222 °C due
to the reduction of platinum species in weak interaction with the
support. A broad peak can be observed at around 388 °C attributed
to the reduction of highly dispersed oxychloride species (PtClxOy)
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Fig. 2. TPR curves of the monometallic and bimetallic catalysts.

in strong interaction with alumina [10,29]. The total hydrogen con-
sumption calculated for the TPR area in Fig. 2 corresponds to the
total reduction of Pt(IV) to Pt(0). The TPR curve for rhenium oxide
has a peak centered at about 591 °C and a small shoulder at lower
temperature (495 °C) that correspond to the reduction of bigger
particles in weaker interaction with the support [30]. The hydrogen
consumption calculated from the areas under the peaks indicates
that about 90% of rhenium oxide is reduced to metallic rhenium.
Germanium oxides are reduced at high temperatures, near 600 °C,
in agreement with previous results [3].

The curve of PtRe sample shows a low temperature peak at
222°C, ascribed to the reduction of platinum oxides, weakly inter-
acting with the support. A second peak at 344 °C was also noted,
which can be attributed to the reduction of rhenium oxide and
to platinum oxide in its neighborhood. The reduction of rhenium
oxide occurred at lower temperature, as compared to Re sample,
due to the catalytic action of platinum which makes its reduction
easier [6,10,31]. The shoulder at 548 °C was associated to the reduc-
tion of rhenium oxides in strong interaction with the support, in
accordance with previous works [10,22].

The TPR of PtGe sample shows that germanium strongly inhib-
ited the reduction of platinum. This can be easily seen by inspecting
the first peak at 343 °C, for the reduction of some isolated platinum
species, which was shifted to higher temperatures. The size of the
peak at 618°C that corresponds to segregated germanium species
was also increased; this is due to the reduction of the remain-
ing platinum species, in strong interaction with germanium oxide.
Previous works on Pt-Ge catalysts reduced at 650°C [3,5,22] have
shown that germanium is present as Ge(Il) and Ge(0), the last one
alloyed to platinum. The shift of the reduction peaks of platinum
oxides to higher temperatures can be attributed to a hindering of
the reduction of platinum species by a strong electronic interaction
with germanium or to physical blocking [22].

GeRePt

PtGeRe

Hydrogen consumption, a.u.

ReGePt

200 300 400 500 600 700
Temperature, °C

Fig. 3. TPR curves of the trimetallic catalysts.

All trimetallic catalysts display many reduction peaks or reduc-
tion envelopes, as shown in Fig. 3. There is a first reduction zone
from 150 to 400 °C, a second intermediate reduction zone at about
400-600°C and finally a broad reduction peak at temperatures
higher than 600°C. The first reduction peak at about 240°C can
be attributed to the reduction of oxidized platinum species, while
the peak at 340°C is due to the simultaneous reduction of ger-
manium, rhenium and platinum species. Germanium and rhenium
species in strong interaction with platinum were reduced at rela-
tively low temperatures because of the catalytic effect of platinum
[6,10,21,22,31]. The intermediate reduction zone (400-600 °C) can
be attributed to the reduction of germanium and rhenium species
anchored near platinum particles. The high temperature reduction
zone (>600°C) can be associated to the presence of segregated ger-
manium and rhenium species strongly interacting with the support.

The reduction peak of platinum oxidized species at 222°C on
the monometallic platinum catalyst was shifted to higher tempera-
tures (240 °C) on the multimetallic catalysts. The delayed reduction
is related to the interaction of platinum with germanium and rhe-
nium, in agreement with the infrared spectroscopy results which
have shown interactions among the metals.

Comparing the curves of the trimetallic samples it can be
seen that when platinum is impregnated before the other metals
(PtGeRe and PtReGe samples) the peak at 250 °C gets sharper, indi-
cating that more segregated platinum particles were produced, as
compared to the other samples. On the other hand, when platinum
is impregnated after rhenium and/or germanium, the reduction of
platinum occurs at higher temperatures. It can also be noted that
the peak at 350°C is narrower for the GePtRe sample than for the
other ones, indicating that platinum is more alloyed to the other
metals in this solid; besides, just a shoulder is noted around 250°C
while there is no peak in the range of 400-600 °C, suggesting that
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Table 1
Hydrogen consumption as a function of reduction zone obtained by TPR for trimetal-
lic catalysts.

Catalysts Hydrogen consumption (pmolg')
Total 150-400°C 400-600°C >600°C

PtReGe 73 34 23 16
PtGeRe 72 37 13 22
RePtGe 55 32 5 18
ReGePt 48 31 6 11
GePtRe 60 35 14 11
GeRePt 71 37 17 17

all platinum was reduced at around 350 °C, together with some rhe-
nium and germanium. This finding is in accordance with the results
of infrared spectra, which showed the narrowest peak at 2070 cm~!
for this sample, indicating less electronic states of platinum when
compared to the other ones. For all cases, a high temperature peak
was noted, indicating that some rhenium and/or germanium go
into reduction at high temperatures, regardless the order of metal
addition. As platinum is interacting much more with rhenium than
with germanium, according with FTIR results, this peak is probably
more related to germanium, since most of rhenium was expected
to be reduced at lower temperature, because of its interaction with
platinum.

The total hydrogen consumption for all trimetallic catalysts
(measured as the total area under the TPR curve) was lower than
the sum of the individual values needed for the total reduction
of platinum (31 wmol g~1), germanium (83 wmol g—!) and rhenium
(56 wmol g~1) monometallic catalysts calculated on the same total
metal content basis. This difference confirms that some metal oxide
remains unreduced.

According to data in Table 1, which shows the hydrogen con-
sumption during the TPR experiments on trimetallic catalysts,
when platinum is impregnated prior to the other metals (PtReGe
and PtGeRe samples), the total hydrogen consumption is the high-
est one among all catalysts and a greater amount of rhenium and
germanium is reduced. However, most of these metals are segre-
gated from platinum (the area reduction above 400°C). A similar
behavior was noted for the catalysts prepared by impregnating
germanium prior to the other metals but most of the metals are
reduced together, as indicated by TPR curves; moreover, less ger-
manium remains unreduced for the GePtRe sample while some
platinum species remain segregated for the GeRePt one. The oppo-
site occurred when rhenium was impregnated before the other
metals (RePtGe and ReGePt samples). The total hydrogen consump-
tions were lower and lesser amount of rhenium and germanium
oxides, located in the vicinity of platinum (area 400-600°C), was
reduced. In such cases, the hydrogen consumption related to the
first reduction area was equivalent to that required to reduce only
platinum oxide, indicating that the catalytic effect of platinum on
the reduction of other metals was decreased.

Table 2 shows the results of the acidity measurements. The area
values under the TPD curve (Fig. 4) are proportional to the total con-
centration of acid sites, while the maximum peak temperature is a

Table 2
Area of pyridine and temperature of the main peak in TPD curves.
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Fig. 4. TPD curves of the trimetallic catalysts.

parameter that can be used to evaluate the strength of acidic sites.
Previous results [12] showed that chlorided alumina support has a
main desorption peak of pyridine at 220°C and that the addition
of platinum and rhenium decreases the total amount of pyridine
adsorbed. Germanium addition also decreases the acidity of the
support [26]. It can be seen in Table 2 that the addition of ger-
manium, platinum and rhenium decreases the temperature of the
main pyridine desorption peak, except for the RePtGe and GePtRe
catalysts. This means that the addition of the metals does not
increase the strength of the sites of higher acidity. It can be noted
that there are not meaningful differences among the catalysts, indi-
cating that the order of metal addition does not significantly affect
the acidity of the catalysts. These results are not in accordance with
those previously found for the PtReSn system, which showed a
strong influence of the order of metals addition on the acidity of
the catalysts [12]. The difference can be assigned to the fact that
platinum and rhenium oxidized species are acidic while tin species
are basic and in the case of the PtReGe system all oxidized species
are acidic.

The activity of the metal function is clearly affected by the
order of metals addition, as shown by the results of conversion of
cyclohexane reported in Table 3. Cyclohexane dehydrogenation
is an insensitive structure reaction, completely selective to the
formation of benzene. Therefore, the activity level of the catalyst in
this reaction is proportional to the amount of accessible metal sur-
face sites. Moreover, the dehydrogenation activity is due to surface

Table 3
Average size of the metal particles obtained by TEM and cyclohexane conversion on

Catalysts Pyridine TPD tests the catalysts.
Curve area (a.u.) Temperature of the main peak (°C) Catalysts Mean diameter (nm) Cyclohexane conversion (%)

PtReGe 0.76 215 PtReGe 1.8 9.3
PtGeRe 1.00 203 PtGeRe 2.3 8.2
RePtGe 0.90 220 RePtGe 1.6 6.6
ReGePt 0.92 208 ReGePt 1.7 7.8
GePtRe 0.83 219 GePtRe 2.0 6.2
GeRePt 0.93 200 GeRePt 1.5 5.4
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Fig. 5. Transmission electron micrograph of the GeRePt/Al,03 sample.

platinum atoms, rhenium has a very low activity and germanium
is not active. For this reason the cyclohexane conversion is only
related to platinum superficial atoms. In spite of this, the activity
of platinum is influenced by other metals by means of geometrical
(blockage) or electronic effects. In a previous work [10], we pointed
out that the electronic effect is more important than the geometric
one. From Table 3, it can be noted that the samples prepared
by impregnating platinum before the other metals (PtReGe and
PtGeRe samples) are more active than the others. These results
are in agreement with those of TPR experiments, which showed
that for these samples platinum is mostly segregated from the
other metals; then platinum is almost not affected by the other
metals. On the other hand, the catalysts obtained by impregnating
germanium prior to platinum and rhenium are the least active
ones, since there are stronger interactions among the metals.

It can also be seen from Table 3 that the dehydrogenation activ-
ity has no relationship with the particles size. This result can be
explained by considering that particles can be formed by different
ensembles of platinum, rhenium and germanium atoms, resulting
in platinum species with different electronic states. The dehydro-
genation activity of platinum can therefore be strongly modified
by the interaction with the other metals, as shown by the results.
Fig. 5 illustrates a typical image for trimetallic catalysts obtained
by TEM.

n-Octane reforming is a very useful tool to evaluate the per-
formance of reforming catalyst because it requires both functions
(metal and acid). The reaction mechanism is bifunctional but it
is controlled by the acid function where the isomerization and
cyclization steps take place. There are also reactions only catalyzed
by the metal function, such as hydrogenolysis and dehydrogena-
tion. Some other reactions, such as cracking, proceed by an acid
monofunctional mechanism. Fig. 6 shows the values of the ini-
tial (5min time-on-stream) n-octane conversion and the carbon
deposited on the catalysts as a function of the deactivation degree
(X). This is defined as X=(Xmin — X360 min)/(X5min)) and is a mea-
surement of the relative deactivation during reaction. In general,
the conversion of n-Cg does not depend on the order of addition
of metal precursors, except for GeRePt and RePtGe samples. The
GeRePt catalyst shows the highest activity while the RePtGe sample
shows the lowest one.

It can be seen also in Fig. 6 that the coke deposited on the
catalysts (carbon content) increases with n-octane conversion,
indicating that the catalysts deactivation is due to carbon deposited
on both metal and acid sites. This is confirmed by the TPO curves
(Fig. 7) in which one can see a low temperature peak (150-180°C)
assigned to the burning of a small amount of coke deposited
on metallic sites. As pointed out previously by several workers
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Fig. 8. n-Octane reforming reaction. Selectivity to isoparaffins as a function of selec-
tivity to aromatics content after 360 min time-on-stream.

[12,16,32,33], this coke is poorly polymerized and rich in hydrogen,
being easy to burn. The high temperature peak, located at about
330°C, corresponds to the burning of coke deposited on alumina,
which is more polymerized and poor in hydrogen and thus difficult
to burn [12,16,32,33]. There is also an intermediate zone of coke
burning, related to coke deposits of intermediate degree of poly-
merization and to deposits located in the vicinity of platinum [12].
It can be noted that, in the reaction conditions used in this work
(atmospheric pressure), coking is important and a great decrease
of the catalytic activity occurs in a short reaction time. The GePtRe
sample had the lowest stability, as shown by the plots of the deac-
tivation parameter and final coke content. Conversely, the ReGePt
catalyst was the most stable one.

Fig. 8 shows the values of the isomers selectivity as a func-
tion of the aromatics selectivity. It can be seen that the selectivity
to isomers decreases as the selectivity to aromatics increases. It
is interesting to see that while the total activity (level of conver-
sion of n-Cg) varies only slightly with the order of addition of the
metal salts, the selectivity to isoparaffins or aromatics is drasti-
cally changed. However, the sum of the selectivities to isoparaffins
and aromatics remains practically constant whichever the order of
addition used. The accepted kinetic mechanism for the formation
of aromatics or isoparaffins is bifunctional. Olefins are first pro-
duced on metal sites and then they are isomerized or transformed
over the acid sites [1]. The reactions on the acid sites are the slow-
est ones and therefore they are rate-controlling. The data of Fig. 8
indicate that when the interaction among platinum and rhenium is
high (PtReGe, PtGeRe) the rate of formation of aromatics is higher
than the rate of formation of isoparaffins. This is an evidence that
germanium and rhenium oxides in the vicinity of platinum modify
the acidity of the support and favor dehydrocyclization.

Fig. 9 shows values of selectivity to methane obtained at the
end of n-Cg reforming as a function of cyclohexane conversion.
It can be seen that as the dehydrogenation capacity is higher,
the hydrogenolytic activity is lower. As mentioned earlier, cyclo-
hexane dehydrogenation is a non-demanding reaction and hence
should only depend on the amount of available platinum sur-
face sites. In contrast, hydrogenolysis is a demanding reaction
that needs an ensemble of adjacent metal atoms in order to take
place. The hydrogenolytic activity can be taken as an indirect mea-
sure of the Pt-Re interaction [34] because of the synergetic effect
between the metals. This effect has been explained by considering
the adsorption heat of hydrocarbons over platinum and rhenium.
Hydrocarbons are strongly adsorbed on rhenium and very weakly
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Fig. 9. Cyclohexane conversion as a function of selectivity to methane in n-octane
reforming reaction after 360 min time-on-stream.

on platinum and then the desorption of products is the limit-
ing factor in the first case and the adsorption of reactants in the
last one. Therefore, an intermediate composition exists for which
the reaction rate is maximum [2,34]. The synergy of the metals
has also been explained in terms of different ensemble struc-
tures [35]. Previous results [36] indicate that the higher the Pt-Re
interaction the higher the hydrogenolytic activity and the lower
the dehydrogenating one. This can be related to the fact that the
dehydrogenating activity is due to the presence of only platinum
atoms while the hydrogenolytic activity is mainly due to Pt-Re
ensembles, separate platinum and rhenium atoms are less active
in hydrogenolysis than these ensembles. The addition of germa-
nium inhibits both hydrogenolytic and dehydrogenating functions
[22]. Therefore, the phenomenon of high Pt-Re interaction and its
relationship with high hydrogenolysis and low dehydrogenation
capacity is also present in trimetallic catalysts. As shown by FTIR-
CO, platinum is interacting more strongly with rhenium than with
germanium. Even though, this effect should occur in a lower extent
due to the passivating effect of germanium. As shown by FTIR-CO
and TPR, some germanium interacts with platinum for all cata-
lysts. From Fig. 9, it can be noted that the catalysts prepared by
impregnating platinum before the other metals are the least active
to hydrogenolysis, this is due to the low interaction among the met-
als, as shown by TPR and FTIR-CO. The opposite happens for the
catalysts obtained by the impregnation of germanium before plat-
inum and rhenium, which showed the highest activity due to the
stronger interaction among the metals. When rhenium is impreg-
nated before the other metals, catalysts with intermediate behavior
were obtained.

4. Conclusions

The order of addition of the metal precursors during the
preparation of Pt-Re-Ge/Al,03 catalysts largely affects the
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properties and the catalytic performance of these systems in n-
octane reforming. The impregnation of platinum prior to rhenium
and germanium decreases the interaction among the metals whose
majority is reduced independently, producing catalysts highly
active in cyclohexane dehydrogenation and less active in n-octane
hydrogenolysis. On the other hand, by impregnating germanium
prior to the other metals, catalysts with low activity in dehy-
drogenation and high activity in hydrogenolysis are obtained, as
a consequence of the strong interactions among the metals. By
adding rhenium before the other metals, catalysts with inter-
mediate behavior are produced. For all catalysts, the electronic
properties of platinum were more affected by rhenium as com-
pared to germanium. The order of addition of the metal precursors
does not modify the acidic properties of the support but germa-
nium and rhenium seem to change the acidity of the support in
the vicinity of the metals, causing differences in the selectivities to
aromatic compounds and paraffinic isomers. Therefore, depending
on the purpose of the reforming process, i.e. the production of aro-
matics or the production of isoparaffins-rich gasoline, the catalyst
properties can be tailored by choosing a different order of addition
of the metal precursors. The RePtGe catalysts have a higher selec-
tivity to branched isoparaffins while a reformate rich in aromatics
can be obtained over the GeRePt catalyst.
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