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The effect of Re and Ge addition to Pt/Al2O3 was studied. Mono-, bi- and a trimetallic catalysts were prepared and

characterized by TPR, XPS, TPO and by the n-pentane, cyclohexane (CH) and n-octane reactions. It was found that the trimetallic

was the most active and stable catalyst and showed selectivities to aromatics and isomers very similar to the bimetallic germanium-

based catalyst.
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1. Introduction

Catalytic naphtha reforming is one of the most
important refining and petrochemical processes, in
which naphtenes and paraffins are transformed into
isomeric and aromatic hydrocarbons [1–4]. Hydrogen is
an important by-product [2]. The catalyst is bifunc-
tional, being Pt/Al2O3 the first to be used; it was then
replaced by the so-called bimetallic [5,6], trimetallic and
multimetallic catalysts. There is not much information
regarding whether the addition of a new element affects
only the metallic function or if it also affects the acid
function. The most studied, among bimetallic catalysts,
is Pt–Re/Al2O3 [7–11]. Regarding the trimetallic cata-
lysts, there is not much information in the open litera-
ture about their properties. There have been recently
published studies about the effect ofRe andSn addition to
Pt/Al2O3 on its acid and metallic functions [12,13]. These
studies showed that Re and Sn affect not only the metallic
but also the acid function. Themodifications are different
according to the order of the metals addition. One inter-
esting catalyst could be Pt–Re–Ge/Al2O3; this systemwas
patented [14] but not studied in the open literature.

The objective of this paper is to study the influence of
the addition of Re and Ge to a Pt/Al2O3 catalyst.

2. Experimental

2.1. Catalysts preparation

Catalysts were prepared using c-Al2O3 Ketjen CK-
300 (Sg=180 m2g)1, Vg=0.49 cm3g)1) as support. The
pellets were crushed up to 35–80 mesh and calcined at

650 �C under an air stream (100 mL min)1). The fol-
lowing catalysts were prepared by wet impregnation: Pt,
Pt–Re, Pt–Ge and Pt–Re–Ge. The metal precursors
were H2PtCl6, NH4ReO4 and GeCl4 in appropriate
concentrations such as to obtain about 0.3% of each
element in the final catalyst. In the case of the bi- and the
trimetallic catalysts, the addition of the precursors was
carried out by co-impregnation. The impregnates were
dried at 120 �C and calcined at 500 �C for 3 h and
finally reduced at the same temperature for 3 h under a
hydrogen stream.

2.2. Catalyst characterization

The Pt, Re- and Ge-content of the solids was deter-
mined by atomic emission spectroscopy (ICP-AES)
using a ARL model 3410 equipment. The solids were
dissolved in a digestive pump with a mixture of 1 mL
sulphuric acid, 3 mL hydrochloric acid and 1 mL nitric
acid. The chlorine content of the catalysts was deter-
mined by the Volhard–Charpenter method.

Thermal programmed reduction (TPR) tests were
performed in an Ohkura TP2002 equipment provided
with a thermal conductivity detector. At the beginning
of each test the catalyst samples were pre-treated in situ
heating in air at 450 �C for 1 h. Temperature was
decreased and then the samples were heated from room
temperature to 750 �C at 10 �C min)1 in a gas stream of
5% hydrogen in argon.

X-ray Photoelectron Spectra (XPS) were recorded
with a VG Escalab 200R electron spectrometer equipped
with a hemispherical electron analyzer, using an MgKa
(hm=1253.6 eV) X-ray source. An ECLIPSE software
package was used for acquisition and data analysis.
Peak intensities were estimated by calculating the inte-
gral of each peak after subtraction of an S-shaped
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background and fitting the experimental curve to a
combination of Gaussian and Lorentzian lines. The C1s
peak (contamination) at a binding energy (BE) of
284.9 eV was taken as an internal standard for BE
measurements. Surface atomic ratios were determined
from the intensity ratios normalized by atomic sensi-
tivity factors [15].

FTIR spectra of pre-reduced and evacuated samples
were taken at room temperature in a Nicolet 5ZDX
spectrometer in the 400–4800 cm)1 range with a reso-
lution of 4 cm)1. Self supported wafers were successively
reduced at 400 �C under hydrogen flow for 30 min and
outgassed at 10)6 Torr at 500 �C for 30 min. After
recording the IR spectrum, the samples were contacted
with 30 Torr of CO for 5 min and then a second spec-
trum was recorded. Then the sample was outgassed at
10)6 Torr at room temperature for 30 min and a new
spectrum was obtained. The absorbance of chemisorbed
CO without evacuation and outgassed at room tem-
perature, were obtained by subtracting the first spectrum
of the respective spectra.

The reaction of dehydrogenation of cyclohexane
(CH) to benzene was used as test reaction of the metal
function and its poisoning by sulphur. The CH was
Merck for spectroscopy, 99.9% pure; the provider states
a sulphur upper limit of 0.001%, but to assure a very
low sulphur level, the liquid CH was kept over Pt/Al2O3,
that adsorbs the sulphur. The reaction was carried out at
atmospheric pressure, 400 �C, WHSV=10 and
H2:CH(molar)=30. The analysis of reactants and
products was performed on line using a Varian 3400 CX
gas chromatograph equipped with a FID and a packed
column of FFAP on Chromosorb (ID 1/8¢¢ in, 3 m
length) maintained at 64 �C was used for products
separation. The test started feeding pure CH during 1 h.
After, the CH feed was doped with 5 ppm S as CS2 and
the run continued during another hour. The CH feed
was stopped and pure hydrogen was allowed to flow for
4 h at 400 �C in order to remove reversibly adsorbed
sulphur. Then, a last step was performed: pure CH was
passed again and the reaction conditions were set as
those of the beginning, to see the recovering of the
catalytic activity and the degree of irreversible poison-
ing.

The reaction test of n-pentane (n-C5), for the acid
function, was carried out for 4 h in a continuous flow
glass reactor at atmospheric pressure, 500 �C,
WHSV=4.5 and molar ratio H2: n-C5=6. n-C5 was
supplied by Merck (99.9%). Analysis of reactants and
products were performed by on-line GC with a packed
column of dimethyl sulfolane on Chromosorb P (ID 1/
8" in, 3 m length) maintained at 40 �C.

The reforming of n-octane (n-C8) was used as test
reaction of the two functions. The n-octane was Carlo
Erba RPE, 99% pure (GLC) and the hydrogen was
pure, provided by AGA. The reaction was performed at
atmospheric pressure, 450 �C, WHSV=3.4 and H2/nC8

(molar)=7.3. The time-of-stream (TOS) was 6 h. The
reaction products were analysed by on-line gas chro-
matography in a Shimadzu GC-8A chromatograph
equipped with a 100 m capillary column of cupper
coated with squalene and a FID. From these data, n-
octane conversion and yields to the different reaction
products (on a carbon basis) were calculated. The
selectivity to i species is defined as (102� yield of i/total
conversion).

Under the reaction conditions chosen for the three
reactions, neither internal nor external mass transfer
limitations in the catalyst particles were found, as con-
firmed by the calculation of the Weisz–Prater modulus
(F<0.01) and the Damköhler number (DaG0), respec-
tively. For these calculations, kinetic parameters were
conservatively estimated from maximum initial reaction
rate values by assuming first-order kinetics and trans-
port coefficients were estimated from known correla-
tions.

The coke deposited on the catalysts at the end of the
n-C8 reaction was analysed by temperature programmed
oxidation (TPO). 30–50 mg of a coked catalyst were
placed in a quartz cell. Then the carbon deposits were
continuously oxidized with a stream of 5% O2:N2 (vol/
vol) flowing at 40 mL min)1. The cell was heated from
room temperature to 650 �C using a heating rate of
10 �C min)1. The gases issuing from the cell were fed to
a methanation reactor where CO2 and CO were quan-
titatively transformed into CH4 over a Ni catalyst and in
the presence of H2. The methanator outlet was directly
connected to a FID detector and the signal was con-
tinuously sampled and recorded. The carbon concen-
tration on the catalysts was calculated from the area of
the TPO diagram area by careful calibration with TPO
of standard samples of known carbon content.

3. Results and discussion

The composition of the catalysts is presented in
table 1. Pt and Re content is about 0.3%, while the Ge
content is about 0.2%. They have about 0.9% Cl which
is a typical value for commercial naphtha reforming
catalysts [4].

The TPR profiles are presented in figure 1. Pt/Al2O3

presents a peak at 225 �C, attributed to the reduction of
oxychloride platinum species and a small one at 350 �C
associated with the reduction of species in strong inter-
action with the support [16]. Re/Al2O3 and Ge/Al2O3

samples show a peak at about 600 �C corresponding to
the reduction of the respective oxides [10,17]. Pt–Re/
Al2O3 presents two peaks at 225 and 580 �C, respec-
tively; the first is attributed to the reduction of platinum
and rhenium oxides placed near platinum and the sec-
ond to segregated rhenium in strong interaction with the
support [10]. This second peak is at 20 �C less than in
Re/Al2O3, indicating that there is a catalytic action of Pt
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on Re oxide reduction. Pt–Ge/Al2O3 presents three
peaks at 280, 400 and 630 �C. If a comparison is made
between this profile and that of Pt/Al2O3 it can be seen
that the two first peaks were shifted to higher tempera-
tures. It can not be neglected the possibility of Pt–Ge
alloying. Previous works using Pt–Ge/ Al2O3 samples
reduced at 650 �C [17–20] showed that germanium is
present as Ge2+ and Ge0, the last one being alloyed with
Pt. The shift to higher temperatures in the two Pt oxide
reduction peaks observed in Pt–Ge/Al2O3 is indicative
that Ge retards Pt oxide reduction due to interaction or
coverage of Pt by Ge and that Pt catalyses the reduction
of Ge oxide [18]. The last peak is shifted to higher
temperatures, when comparing to Ge/Al2O3. This result
indicates that part of the Ge oxide particles were seg-
regated, interacting with the support. Some differences
with the literature cited above can be explained con-

sidering differences in metal precursors and preparation
methods that influence the metallic clusters [21]. Pt–Re–
Ge/Al2O3 presents two peaks: the first at 280 and the
second at 600 �C. Comparing with the monometallic
and bimetallics catalysts, the first peak can be assigned
to the reduction of platinum oxide and to the co-
reduction of oxides of the other elements placed around
Pt. The other peak can be assigned to the reduction of
segregated rhenium and germanium oxides in interac-
tion with the support because they have the same tem-
perature that the last peak in Re/Al2O3 and Ge/Al2O3.

Table 2 presents the XPS results and figure 2 displays
the Pt 4d5/2 line profiles of samples reduced in situ at
500 �C. The BEs of the Pt 4d5/2 and Ge 2p3/2 peaks, as
well as the Pt/Al and Ge/Al atomic ratios are presented.
The presence of Re was not detected following the Re
4f7/2 signal, indicating that Re is not exposed on the
external surface of catalyst particles, it is deposited
inside the pores. This is due to the competitive adsorp-
tion on the support sites, during the catalyst prepara-
tion, between the [Cl6Pt]

2) and [ReO4]
) complex anions.

The higher the charge of the anion, the higher the
electrostatic attraction with the adsorption sites [22].
Then, [Cl6Pt]

2) is adsorbed first and stronger than
[ReO4]

) and this anion must migrate to free adsorption
sites in the particle inner part. This was shown [23]
experimentally and by modelling the diffusion–adsorp-
tion phenomena of both anions; in all cases Re was

Table 1

Composition of the catalysts

Catalyst wt %

Pt Re Ge Cl

Pt/Al2O3 0.30 – – 0.94

Pt–Re/Al2O3 0.30 0.32 – 0.84

Pt–Ge/Al2O3 0.29 – 0.22 0.92

Pt–Re–Ge/Al2O3 0.29 0.30 0.21 0.87
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Figure 1. TPR profiles of the catalysts.
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more concentrated inside the pores. The Al 2p signal
appears at 74.5 eV for all catalysts, meaning that the
electronic state of aluminium is not affected by the

supported metals. In the Pt 4d5/2 line profiles the full
width at half maximum values, higher than 2.0 eV in all
cases, suggests the possible presence of more than one
platinum species. The presence of Ge affects more the
electronic state of Pt than Re. Platinum is more electro-
deficient in Pt–Ge than in the monometallic Pt. The Pt/
Al atomic ratio decreases when either Re or/and Ge are
present. Possible explanations to this decrease could be:
(a) different Pt distribution inside the catalyst particles,
(b) the other elements may be covering the Pt sites or (c)
Re and/or Ge may favour the production of bigger
crystallites of platinum. Considering case (a), during the
preparation of the monometallic Pt catalyst the only
adsorbed anion is [Cl6Pt]

2) which, as quoted above, has
a great affinity for the support adsorption sites, thus
producing a great adsorption on the support external
surface and on the pore mouths, and low migration and
adsorption inside the pores. Regarding bi- and trime-
tallic catalysts, the competition for adsorption produces
a greater migration of [Cl6Pt]

2) inside the pores [23]. The
different distribution of Pt produces a lower Pt/Al ratio
by XPS because this technique only shows the ratio at
the outermost surface of the catalyst. Considering (b), Pt
coverage by Re cannot exist because Re is not present in
the particle zone seen by XPS. Case (c) can be discarded
because it does not agree with accepted literature. Since
the early studies on Pt–Re catalysts, it was stated that
Re produces stabilization of the Pt crystals on the sup-
port [22]. For Pt–Ge, it was shown [19] that the addition
of Ge practically does not affect the Pt dispersion. Using
Transmition Electron Microscopy it was shown [12] that
the mean particle size of Pt crystals in monometallic Pt
was 1.8, 1.5 nm in Pt–Re, 1.8 nm in Pt–Sn and 1.9–
2.0 nm in Pt–Re–Sn. The behaviour of Sn in these cat-
alysts is quite similar to the one of Ge. Then, the addi-
tion of Re and Ge does not produce bigger Pt
crystallites. We can conclude that the different Pt pro-
files in the catalysts and the limited extension of XPS
analysis is the reason of the decrease in the Pt/Al ratio.

FTIR spectra of CO chemisorbed was used to study
the nature of the metal surface sites in reduced catalysts.
CO is adsorbed in the linear and bridging forms on Pt
particles, and the wavenumber zone corresponding to
the linear CO reports the most relevant information to
study the electronic change in the metal surface. The
parameters of the spectra (position of maximum of
peaks and shoulders and area percentage of each band)
obtained with the different samples, Pt, Pt–Re, Pt–Ge,
and Pt–Re–Ge catalysts, are shown in table 3. The
infrared spectrum of CO adsorbed on the Pt catalyst
displays a well resolved absorption band at 2075 cm)1,
corresponding to linearly adsorbed CO on metallic
platinum (Pt0–CO) [24]. In contrast to the Pt catalyst,
Re and Ge samples do not show any absorption band.
Hence, the absorption bands observed in the bimetallic
and trimetallic samples can be attributed to platinum
species modified by the promoters. As shown in table 3,

Table 2

Binding energies (eV) of core electrons of alumina supported catalysts

and surface atomic ratio Pt/Al and Ge/Al

Catalyst Pt 4d5/2 Ge 2p3/2 Pt/Al�103
(at/at)

Ge/Al�103
(at/at)

Pt/Al2O3 314.9 – 0.53 –

Pt–Re/Al2O3 314.8 – 0.46 –

Pt–Ge/Al2O3 315.3 1220 0.43 1.02

Pt–Re–Ge/Al2O3 315.3 1220 0.44

The Al 2p binding energy is 74.5 eV for all catalysts.
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Figure 2. Pt 4d5/2 line profiles of catalysts pre-reduced under H2 at

500 �C for 1 h.
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the adsorption of CO over Pt–Re catalyst shows a
spectra that presents the main band of Pt–CO lightly
shifted (relative to monometallic Pt) to 2072 cm)1 and a
shoulder appears at 2011 cm)1, that is assigned to Pt
influenced by Re (Ptd)–CO) [12], indicating electronic
transfer from Re to Pt. On Pt–Ge, the absorption band
maximum is shifted to a higher frequency: 2083 cm)1.
This upward shift can be explained by considering that
Ge acts as an electron-acceptor [25], decreasing the
electronic density of platinum. Moreover, a shoulder at
2120 cm)1 appears, that is assigned to CO bonded on
Ptd+ [26].

The spectrum of Pt–Re–Ge/Al2O3 and its deconvo-
lution is shown in figure 3. An absorption band at 2079
(2), with shoulders at 2102 (1), 2011 (3) and 1978 cm)1

(4) can be noticed. The band at 2079 cm)1, corresponds
to Pt in low electronical interaction with Re and Ge.
Comparing with the spectra of bimetallic catalysts, the
shoulder at 2102 cm)1 corresponds to CO adsorbed on
Pt influenced by Ge and the shoulder at 2011 cm)1

corresponds to CO adsorbed on Pt influenced by Re.
The other band at a lower wavenumber, 1978 cm)1, is
not present on Pt–Ge neither on Pt–Re and could cor-
respond to Pt affected simultaneously by Ge and Re. A
similar spectrum was obtained with a trimetallic Pt–Re–
Sn catalyst [12]. The presence of a peak at 1978 cm)1 in
Pt–Re–Ge means an electronic transfer from the other
elements to Pt.

Figure 4 shows the activity and sensitivity to sulphur
of the catalysts during the CH reaction. At the opera-
tional conditions used, this reaction is selective to ben-
zene and stable during the 60 min TOS. The highest
conversion is obtained with Pt/Al2O3, followed by Pt–
Re, Pt–Ge and Pt–Re–Ge. As found by other authors
[17,18,27], the addition of either Re or Ge decreases the
dehydrogenating activity of Pt. It can be noted that the
effect is more pronounced when both elements are
present, similarly to the case of the electronic transfer
shown by IR spectroscopy. The decrease in activity
upon the addition of the other elements can be ascribed
to an electronic effect on Pt, perhaps induced by metals
atoms placed in the neighbourhood and by stoichiom-
etric alloys formation. These alloys are inactive for the

hydrogenation reaction, [28] and the less interacted Pt
atoms present a lower catalytic activity than the one of
neutral Pt0. According to [12] the maximum in catalytic
activity corresponds to Pt0 and the activity decreases
when Pt is not neutral, Ptd+ or Ptd). Ge decreases the Pt
CH dehydrogenation capacity in a greater extent than
Re, in agreement with the greater Pt electronic modifi-
cation shown by XPS.

After 1 h TOS, the pure CH feed was changed for the
one containing S and a deactivation of the catalysts was
observed. At the operational conditions used, after
30 min, the sulphur coverage of Pt/Al2O3 is in adsorp-
tion equilibrium with the sulphur of the reactant stream
and the conversion reaches a constant value. Pt–Re/
Al2O3 needs 45 min because S is adsorbed on Pt and Re

Table 3

Position of the maximum of the peaks obtained by deconvolution of the experimental spectrum of CO linearly absorbed on Pt having different

superficial electronic densities

Catalyst mCO, cm
)1/Area, %

GePtd+ Pt RePtd) GeRePtd)

Pt/Al2O3 – 2075/100 – –

Pt–Re/Al2O3 – 2072 / 81 2011 / 19 –

Pt–Ge/Al2O3 2120 / 13 2083 / 87 – –

Pt–Re–Ge/Al2O3 2102 / 11 2079 / 58 2011 / 18 1978 / 13

The spectrum was taken after CO adsorption and evacuation at 10)6 Torr and 25 �C during 30 min. Area percentage values of the bands are also

given.
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Figure 3. FTIR spectrum of CO linearly adsorbed at 20 �C on Pt–Re–

Ge/Al2O3. (a) Experimental spectrum; (b) sum of deconvoluted peaks;

(c) peaks obtained after deconvolution.
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surfaces. The time required to reach equilibrium on Pt–
Ge/Al2O3 and Pt–Re–Ge/Al2O3 is smaller because of the
smaller number of Pt active sites (Pt is partially alloyed).
After 4 h of reversible S elimination with hydrogen, the
catalytic activity is partly recovered. The recovering
depends on the strength of the Pt–S bond. The weaker
this bond, the higher the fraction of S desorbed and the
greater the fraction of the original catalytic activity that
is recovered. For Pt/Al2O3 the recovering of the catalytic
activity is 90% of the initial one, for Pt–Re/Al2O3 is
81%, for Pt–Ge/Al2O3 the value is 91% and for Pt–Re–
Ge/Al2O3, 60%. These results show that the Pt–S bond
is weaker on Pt–Ge/Al2O3 than on Pt–Re/Al2O3 and
that the trimetallic catalyst is very sensitive to the sul-
phur poisoning.

Figure 5 presents the n-pentane conversion values as
a function of time. Pt–Re–Ge/Al2O3 and Pt–Ge/Al2O3

are the most active catalysts for the reaction, having the
last one the highest initial activity, but conversion
decreases as a function of time. The most stable catalyst
is the trimetallic one. These results show that both
rhenium and germanium have favourable effects on Pt
for this reaction and that the presence of both Ge and
Re leads to very stable active sites.

The main product of the n-pentane reaction is i-pen-
tane, while C1–C4 products are also produced. The
isomerization mechanism over platinum supported cat-
alysts is considered as a bifunctional metal-acid one [29],
being controlled by the acid function [30]. Therefore, the
i-pentane, as well as C3 formation can be taken as a
measure of the acid function. C1, a hydrogenolysis
product, can be taken as a measure of the metal function.
Table 4 presents the selectivity to i-pentane (SiC5), the
molar ratio C3/C1 and the selectivity to C1 (SC1) at two
times on stream. The highest metallic activity (selectivity
to C1) is presented by Pt/Al2O3 in accordance with the

results of the CH reaction. Pt/Al2O3 shows the highest
decrease in metallic activity with TOS. It can be noted
that the presence of Ge decreases the hydrogenolysis
function of the catalysts, which is very small after
240 min of reaction. It can be also noted that both Ge
and Re affect the acid function, being the strongest effect
showed by Ge. In fact, the Ge-based catalysts showed the
highest selectivity to i-pentane. In addition, the trime-
tallic catalyst is able to keep this value very close to the
initial one, showing that the acid function is resistant
against deactivation under the operational conditions.
The C3/C1 molar ratio indicates the balance of the metal
and acidic functions. From table 4, one can see that both
metals increase this ratio due to a decrease in hydrogen-
olysis to C1. Germanium is able to decrease the hydrog-
enolysis at the end of the reaction, meaning that it can
increase the selectivity to heavier products. This explains
why the selectivity to i-pentane is kept in high values at
the end of the reaction. This effect seems to be stronger in
the trimetallic catalyst which showed an increase in
selectivity towards i-pentane during the reaction.

Figure 6 shows the modifications of conversion dur-
ing the n-octane reaction as a function of time. At 5 min
TOS the conversion is very similar for the four catalysts,
although Re enhances and Ge decreases slightly the
activity of Pt/Al2O3. The bimetallics and the trimetallic
catalyst are stabilized at about 300 min TOS, while Pt/
Al2O3 is still decreasing its activity at that time. The
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highest activity at 300 min TOS is obtained with the
trimetallic catalyst.

At 5 min TOS, the conversion values are very similar,
and the modifications of selectivity produced by the
introduction of other elements to Pt/Al2O3 can be
analysed. The selectivity values are presented in table 5
and the yield to aromatic products are represented in
figure 7. The addition of Re to Pt increases the selec-
tivity to total aromatics (from 47.1% to 53.4%) and
decreases the isomerization (from 34.6% to 31.4%). The
addition of Ge reduces the total aromatics (from 47.1%
to 45.4%) and increases the isomerization (from 34.6%
to 42.2%). A similar effect of Ge over Pt was found by
Galisteo et al. [25]. Pt–Re–Ge/Al2O3 has almost the
same selectivity than Pt–Ge/Al2O3 but is more sta-

ble(selectivity to total aromatics, 46.7% and selectivity
to isomers, 41.1%).

Then, the influence of Re and Ge on Pt have opposite
effects regarding the isomers/aromatics selectivities
ratio. In the trimetallic the influence of Ge is more
important than the one of Re. The ratio is important in
reformulated gasolines where the content of aromatic
hydrocarbons must be decreased and the corresponding
loss of octane number can be partially recovered
increasing the isomers concentration. The ratio values at
5 min TOS for the tested catalysts are: Pt/Al2O3, 0.73;
Pt–Re/Al2O3, 0.59; Pt–Ge/Al2O3, 0.93; and Pt–Re–Ge/
Al2O3, 0.88. Table 5 also shows that Pt/Al2O3 and Pt–
Re/Al2O3 present higher hydrogenolytic activities than
the other catalysts, producing higher amounts of C1, C2,
benzene and toluene. In commercial practice, the
hydrogenolytic activity is decreased by catalyst sulfida-
tion and in the case of the catalysts with Ge, it produces
a similar effect than sulfidation. During the run the
production of light isomers (C4–C7) decreases and the
production of i-octanes increase. This isomers are
intermediate products that are produced very rapidly
and they are then hydrocracked to light isomers, reac-
tion that is deactivated during the run.

Looking to the C8 aromatics yields distribution
shown in figure 7, it can be seen that Ge addition
decreases the yield in ethylbenzene and highly increases
the yield in o-xylene. It can be seen that the addition to
Pt of Re or Ge or both of them, mainly increases the

Table 4

C3/C1 molar ratio and selectivity to C1 (SC1) and to i-C5 (SiC5) at two

TOS during the n-pentane reaction

Catalyst Time (min) C3/C1 (molar) SC1(%) SiC5 (%)

Pt/Al2O3 5 1.4 1.9 36.0

240 2.9 0.5 22.4

Pt–Re/Al2O3 5 2.8 0.7 42.0

240 2.4 0.7 33.2

Pt–Ge/Al2O3 5 2.8 0.7 58.2

240 5.8 0.2 49.4

Pt–Re–Ge/Al2O3 5 6.2 0.2 41.6

240 4.0 0.3 48.9
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Figure 6. n-Octane conversion as a function of time. Reaction

conditions: 450 �C, 0.1 MPa, H2/nC8 (molar)=7.3, WHSV=3.4.
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Figure 7. Yield to each aromatic for monometallic, bimetallic and

trimetallic catalyst during the n-octane reaction at 5 min TOS. Reaction
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formation of o-xylene, an important petrochemical
feedstock to produce maleic anhydride.

4. Conclusions

Both rhenium and germanium affect the electronic
properties of Pt in Pt–Re–Ge/Al2O3. The three elements
partly form alloys among them which are inactive for
CH dehydrogenation. The dehydrogenation activity is
due to Pt interacted with the other elements, Ptd+ or
Ptd), that are less active than Pt0. The addition of ger-
manium to both monometallic and bimetallic platinum-
based catalyst increases the isomerization activity and
reduces aromatization and hydrogenolysis. The addition
of both rhenium and germanium increases the formation
of o-xylene, an important petrochemical feedstock. The
trimetallic was the most active and stable catalyst during
the n-octane reaction and showed selectivities to aro-
matics and isomers very similar to the one of the ger-
manium bimetallic catalyst.
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