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Simultaneous deactivation by coke and sulfur of bimetallic
Pt–Re(Ge, Sn)/Al2O3 catalysts forn-hexane reforming
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Abstract

The simultaneous deactivation by coke and sulfur of monometallic Pt/Al2O3 and bimetallic Pt–Re(Ge, Sn)/Al2O3 cata-
lysts was studied usingn-hexane reforming as bifunctional test reaction and thiophene as poisoning molecule. The residual
activities in the activity decay curves were used for measuring the catalyst sensitivity to coke formation and sulfur poisoning.
Sulfur and carbonaceous deposits accumulated essentially on the metallic fraction and affected the catalyst activity for both
monofunctional metallic and bifunctional metal–acid catalyzed reactions. The overall deactivation rate forn-hexane conver-
sion increased in the order Pt–Ge<Pt�Pt–Sn≤Pt–Re. This deactivation trend resulted from the combination of the catalyst
resistance to each individual deactivation process. Pt–Ge/Al2O3 was the most stable catalyst essentially because of its high
thiotolerance forn-hexane transformation reactions and also because it showed low activity for dehydrogenation reactions
leading to the formation of coke precursors. Sulfur poisoning on Pt/Al2O3 decreased monofunctional metal-catalyzed re-
actions but concomitantly increased the activity for acid-controlled skeletal rearrangement reactions; as a result,n-hexane
conversion was only slightly diminished by the addition of sulfur. Pt–Sn/Al2O3 showed high resistance to coke deactivation
but was severely poisoned by the addition of sulfur. The Pt–Re/Al2O3 activity was significantly decreased by both deactivation
processes. Changes in catalyst selectivity are interpreted in terms of selective deactivation by coke and sulfur of individual
reaction pathways involved in then-hexane reforming mechanism. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In commercial practice, the catalyst activity decay is
often caused by two or more different and concomitant
deactivation processes. However, very few papers have
been published on catalyst deactivation by simultane-
ous deactivation processes [1–4], probably because the
occurrence of two different deactivation mechanisms
complicates both the analysis of experimental results
and the measurement of kinetic parameters.
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In particular, sulfur poisoning of platinum-based
naphtha reforming catalysts takes place under indus-
trial conditions in the presence of simultaneous deac-
tivation by coking. The coadsorption of carbonaceous
deposits on platinum may change both the sulfur poi-
soning and the thermodynamics of sulfur adsorption
[5,6]. In previous work [4,7], we have undertaken
fundamental studies regarding sulfur poisoning of
naphtha reforming catalysts in the presence of cok-
ing. Specifically, we employed two monofunctional
metallic reactions, benzene (Bz) hydrogenation and
cyclopentane hydrogenolysis, to ascertain the effect
of sulfur poisoning of monometallic Pt/Al2O3 and
bimetallic Pt–Re(Ir)/Al2O3 catalysts in the presence of
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simultaneous coke deactivation. Bz hydrogenation and
cyclopentane hydrogenolysis are structure-insensitive
and structure-sensitive reactions, respectively, on plat-
inum [8,9]. By employing different approaches for
calculating the catalyst thiotolerance in the presence
of simultaneous coke deactivation, we established the
relative sulfur sensitivities of the catalysts investigated.
Nevertheless, main reactions in naphtha reforming are
dehydrocyclization and isomerization which proceed
via bifunctional mechanisms involving both metallic
and acid sites. The catalyst thiotolerance established
by using monofunctional metallic reactions does not
necessarily reflect the sulfur resistance for bifunctional
metal–acid reactions. Thus, in this work, we have ex-
tended our previous studies by employing a typical bi-
functional reaction in naphtha reforming process, the
reforming ofn-hexane, for studying the simultaneous
(C+S) deactivation of Pt–Re(Ge, Sn)/Al2O3 catalysts.

2. Experimental

Monometallic Pt catalyst was made by impreg-
nation at 303 K of a high-purityg-Al2O3 powder
(Cyanamid Ketjen CK300) with an aqueous solution
of chloroplatinic acid and HCl. The CK300 alumina
has a BET surface area of 180 m2 g−1, a pore vol-
ume of 0.49 cm3 g−1 and contains 50 ppm sulfur.
After impregnation, the sample was dried 12 h at
393 K and heated in air to 773 K. Next, the chlorine
content was regulated using a gaseous mixture of
HCl, water and air. Finally, the sample was purged
with N2 and reduced in flowing H2 for 4 h at 773 K.
Bimetallic Pt–Sn catalyst was prepared by coimpreg-
nation of alumina CK300 with an aqueous solution of

Table 1
Main characteristics of the catalysts used in this worka

Catalyst Metal loading (wt.%) Cl (wt.%) Accessible metal fraction (%)

(OC) (HC)

Pt 0.40 Pt 0.95 56 58
Pt–Re 0.31 Pt–0.30 Re 0.78 51b 19c

Pt–Ge 0.35 Pt–0.24 Ge 0.81 46c 12c

Pt–Sn 0.28 Pt–0.30 Sn 0.90 51c 36c

a All the catalysts were supported on alumina.
b Value calculated by considering the total metal loading.
c Values calculated by considering only the Pt loading.

Cl2Sn·2H2O, H2PtCl6 and HCl. Coimpregnation was
carried out at 303 K and the volume of the impreg-
nating solution was 0.7 ml g−1 support. After drying
overnight at 393 K, the sample was calcined in air for
5 h at 773 K, purged in N2 and reduced in flowing
H2 at the same temperature for 4 h. Bimetallic Pt–Ge
catalyst was obtained by employing a similar prepa-
ration method. The support was impregnated with a
solution containing H2PtCl6, GeCl4, and HCl. After
successively drying overnight at 393 K and calcining
in air for 5 h at 773 K, the sample was reduced in
H2 for 4 h at 773 K. Pt–Re/Al2O3 (Cyanamid Ket-
jen CK433) catalyst was obtained in extrudates from
commercial sources and it contains 60 ppm sulfur.
The CK433 catalyst extrudates were crushed and the
0.35–0.42 mm fraction fraction was separed and re-
duced in H2 at 773 K for 4 h. Metal loadings and the
chloride level on the catalysts are given in Table 1.
Metal loadings were measured by atomic absorption
spectrometry, whereas chlorine contents on the cat-
alysts were determined by chemical analysis, using
conventional colorimetric techniques.

Accessible metal fractions were determined by
chemisorption of hydrogen, (HC), and oxygen, (OC).
The volumetric adsorption experiments were per-
formed at room temperature in a conventional vacuum
apparatus. Hydrogen uptake was determined using
the double isotherm method [10]: the first isotherm
gave the total gas uptake and the second, obtained af-
ter 1 h of evacuation at room temperature, the weakly
adsorbed gas. By difference, the amount of strongly
adsorbed gas was determined. In the case of (OC), a
single isotherm was performed for determining (OC)
values since the amount of reversible oxygen at room
temperature was negligible. The pressure range was



A. Borgna et al. / Applied Catalysis A: General 197 (2000) 11–21 13

0–7 kPa and extrapolation to zero pressure was used
as a measure of the gas uptake on the metal. Sam-
ples were reduced in H2 at 773 K for 2 h prior to
performing gas chemisorption experiments.

Catalytic tests were carried out at in a differential
fixed-bed reactor at 693 K and 101.3 kPa.n-Hexane
(Merck, ACS, 99.8% purity) was introduced via sy-
ringe pump and vaporized into flowing H2 to give a
H2/C6H14 molar ratio of 7.8. Hydrogen was passed
through Deoxo and molecular sieve drying units. The
catalyst bed temperature was controlled to within 1 K.
Catalyst loadings of 200 mg, sieved at 0.35–0.42 mm,
were used. Prior to catalytic tests, the samples were
treated in N2 at 353 K for 1 h to remove water and
then reduced with flowing H2 for 4 h at 773 K. Cat-
alytic tests were conducted at a weight hourly space
velocity (WHSV) of 5.4 h−1. Sulfur poisoning exper-
iments were performed by doping the feed with thio-
phene in concentrations between 0 and 25 ppm of S.
Initial tests repeated six times with the Pt/Al2O3 cat-
alyst led to an estimated accuracy of±4% in the ac-
tivity measurements. The data reported in the present
paper are average values of two repeated runs. The
concentrations of unreactedn-hexane (n-C6) and of
reaction products in the reactor effluent were mea-
sured by gas chromatography using a Hewlett–Packard
5890 chromatograph equipped with a flame ionization
detector. The following nomenclature was used for
identifying the reaction products: gases, G (methane,
ethane, propane,n-butane and i-butane), paraffins with
five carbon atoms, C5 (n-pentane, i-pentane),n-hexane
isomers, i-C6 (2-methyl pentane, 3-methyl pentane,
2,2-dimethyl butane, 2,3-dimethyl butane), methylcy-
clopentane (MCP), and Bz. Traces of cyclopentane,
cyclohexane and paraffins with seven carbon atoms
were also detected.

3. Results

3.1. Catalyst characterization

Table 1 shows the accessible metal fractions of the
catalysts calculated by (HC) and (OC). The values
were obtained using stoichiometries of H/Pts=1 and
O/Pts=O/Res=1 and by assuming that the uptakes of
both gases on Ge and Sn as well as that of hydrogen
on Re were negligible [11,12]. Pts and Res imply Pt

and Re atoms on the surface, respectively. The metal-
lic dispersions of the five samples calculated by (OC)
were similar, close to 50%. However, the metallic dis-
persions of bimetallic catalysts calculated by (HC)
were significantly lower than those obtained through
(OC). The low values measured for (HC) on bimetal-
lic catalysts probably reflect the formation of bimetal-
lic clusters or alloys caused by the previous catalyst
reduction in H2 at 773 K. The diminution of hydro-
gen uptake on bimetallic Pt–X catalysts, where X is a
second metal, that does not chemisorb H2, has been
rationalized in terms of a geometric effect: (HC) de-
creases because Pt is ‘diluted’ by the X atoms which
reduce the number of Pt ensembles needed to adsorb
H2 dissociatively [13].

3.2. Catalytic tests: deactivation by coke formation

Fig. 1 illustrates the time-on-stream behavior of
the catalysts during sulfur-freen-hexane reforming
reactions. Over all the catalysts, then-C6 conversion
(X) diminished with time because of coke formation.
Qualitatively, similar deactivation curves were ob-
tained whenXi , the conversion to producti, was
represented as a function of time-on-stream. By extra-
polating the deactivation curves to 0, we determined

Fig. 1. Time dependence ofn-hexane conversion for
sulfur-free n-hexane reforming on Pt/Al2O3 and Pt–Re(Ge,
Sn)/Al2O3 catalysts (T=693 K, P=101.3 kPa, H2/n-hexane=7.8,
WHSV=5.4 h−1).
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Table 2
Initial reaction rates for sulfur-freen-hexane reforming on Pt and
Pt–Re(Ge, Sn) catalystsa

Catalyst r0
b r0

G
c r0

C5
c r0

i-C6
c r0

MCP
c r0

Bz
c

Pt 22.8 1.74 0.84 13.0 3.75 3.62
Pt–Re 21.9 1.81 0.78 12.1 3.30 2.65
Pt–Ge 18.2 0.58 0.06 15.8 1.33 0.65
Pt–Sn 17.3 0.52 0.06 14.4 1.33 0.58

a T=693 K, P=101.3 kPa, H2/n-hexane=7.8, WHSV=5.4 h−1.
b Reaction rate forn-hexane conversion at zero time (mmol

n-hexane/h g catalyst).
c Reaction rate for the formation of producti at zero time

(mmol producti/h g catalyst).

the values ofX0 and X0
i , and calculated the initial

rate forn-hexane conversion (r0) and for the forma-
tion of producti (r0

i ). Results are shown in Table 2.
Pt/Al2O3 and Pt–Re/Al2O3 were more active for con-
verting n-hexane than Pt–Ge(Sn)/Al2O3 catalysts. In
all the cases, i-C6 isomers were the predominant prod-
ucts of the reaction, butr0

i-C6
values were higher on

Pt–Ge(Sn) than on Pt and Pt–Re catalysts. The highest
formation rate of Bz was measured on monometal-
lic Pt/Al2O3, whereas bimetallic Pt–Re/Al2O3 was
particularly active for producing gases. The forma-
tion rates of Bz and C5 were significantly lower on
Pt–Ge(Sn)/Al2O3 than on Pt and Pt–Re catalysts.

The catalyst deactivation caused by formation of
coke was studied from the curves representing the ac-
tivity decay as a function of time (Fig. 2). The ac-
tivity for sulfur-freen-hexane reforming is defined as
aC = rC

t /r0, whererC
t is then-hexane conversion rate

without sulfur poisoning at timet. Similarly, the ac-
tivity for the formation of the producti is defined as
aC
i = rC

it /ri0. Fig. 2 shows thatn-C6 conversion was
less inhibited by coking on Pt–Sn(Ge)/Al2O3 than on
Pt/Al2O3 or Pt–Re/Al2O3. In the aC

i versust curves
(not shown here), the pseudo-steady-state activities,
a

C,SS
i , measured after 150 min on stream, were taken

as deactivation parameters to establish the relative cat-
alyst sensitivity to coke deactivation for the formation
of product i. The obtainedaC,SS

i values are given in

Table 3. Column 4 shows that theaC,SS
i-C6

values were
between 0.85 and 0.90 for all the catalysts, thereby
indicating that isomerization was slightly affected by
coke formation. Aromatization was the most deacti-
vated reaction (column 6,aC,SS

Bz values).

Fig. 2. Deactivation by coking. Time evolution of the activity (aC)
for reforming of n-hexane fed without sulfur on Pt/Al2O3 and
Pt–Re(Ge, Sn)/Al2O3 catalysts.

3.3. Catalytic tests: simultaneous deactivation by
coke and sulfur

Fig. 3 shows the catalyst activity decay curves ob-
tained for the reforming ofn-hexane fed with 15.5 ppm
S. TheaT versust curves reflect the activity decay
caused by simultaneous coking and sulfur deactiva-
tion. It is observed that Pt/Al2O3 and Pt–Ge/Al2O3
were significantly more resistant to (C+S) deactiva-
tion than Pt–Sn and Pt–Re catalysts.

The activity decay caused by sulfur alone can not
be determined directly from our experimental data,
but the sulfur poisoning curves may be obtained by
assuming that sulfur and coke deactivation rates are
additives. This hypothesis of independence of simul-
taneous deactivation processes implies that the overall

Table 3
Deactivation by coking for sulfur-freen-hexane reforminga

Catalyst a
C,SS
G a

C,SS
C5

a
C,SS
i-C6

a
C,SS
MCP a

C,SS
Bz

Pt 0.70 0.62 0.87 0.73 0.51
Pt–Re 0.60 0.58 0.90 0.71 0.54
Pt–Ge 0.76 0.73 0.87 0.89 0.67
Pt–Sn 0.92 0.91 0.90 0.95 0.82

a Residual activities for the formation of producti (aC,SS
i )

measured after 150 min on stream;T=693 K, P=101.3 kPa,
H2/n-hexane=7.8, WHSV=5.4 h−1.
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Fig. 3. Simultaneous deactivation by coke and sulfur. Time evo-
lution of the activity (aT) for reforming of n-hexane fed with
15.5 ppm S on Pt/Al2O3 and Pt–Re(Ge, Sn)/Al2O3 catalysts.

deactivation rate is a simple sum of each individual
deactivation rate. The activity decay caused by sul-
fur alone (aS) can then be calculated fromaT andaC

decay curves asaS=1+aT−aC. Fig. 4 illustrates the
values ofaS obtained fromaC versust (deactivation
by coking) andaT versust (overall deactivation by
coke and sulfur) curves on Pt–Re/Al2O3 catalyst for
25.2 ppm S.

Fig. 4. Activity decay curves representing coking deactivation
(aC), sulfur deactivation (aS), and overall (C+S) deactivation (aT)
for n-hexane conversion on Pt–Re/Al2O3. The aS vs. t curve is
obtained fromaT vs. t and aC vs. t curves asaS=1+aT−aC.

Fig. 5. Catalyst thiotolerance (aS,SS) for n-hexane conversion as
a function of sulfur concentration over Pt/Al2O3 and Pt–Re(Ge,
Sn)/Al2O3 catalysts.

Thiotolerance (aS,SS), which is defined as the
pseudo-steady-state activity in the sulfur deactiva-
tion curves, was used for determining the relative
catalyst sensitivity to sulfur poisoning. The catalyst
thiotolerance forn-hexane conversion was calculated
asaS,SS=1+aT,SS−aC,SS, whereaC,SS andaT,SS are
the residual activities in the activity decay caused
by coking alone and by (C+S) deactivation, respec-
tively. Similarly, the catalyst thiotolerance for the
formation of producti was calculated asaS,SS

i =
1 + a

T,SS
i − a

C,SS
i . All the pseudo-steady-state ac-

tivities were measured in the activity decay curves
after 150 min on stream. The thiotolerance of Pt and
Pt–Re(Ge, Sn) catalysts forn-hexane conversion is
represented in Fig. 5 as a function of the sulfur con-
centration in the feed, whereas in Table 4 are shown

Table 4
Reforming ofn-hexane fed with 15.5 ppm S on Pt and Pt–Re(Ge,
Sn) catalystsa

Catalyst a
S,SS
G a

S,SS
C5

a
S,SS
i-C6

a
S,SS
MCP a

S,SS
Bz

Pt 0.74 0.52 1.13 0.83 0.77
Pt–Re 0.63 0.47 0.64 0.67 0.56
Pt–Ge 0.94 0.71 0.90 0.98 0.90
Pt–Sn 0.53 0.44 0.62 0.86 0.53

a Catalyst thiotolerance for the formation of producti (aS,SS
i );

T=693 K, P=101.3 kPa, H2/n-hexane=7.8, WHSV=5.4 h−1.
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Table 5
Reforming ofn-hexane fed with 15.5 ppm S on Pt and Pt–Re(Ge,
Sn) catalystsa

Catalyst 8
S,SS
G 8

S,SS
C5

8
S,SS
i-C6

8
S,SS
MCP 8

S,E
Bz

Pt 0.60 0.38 1.28 0.75 0.56
Pt–Re 0.77 0.50 1.11 0.86 0.46
Pt–Ge 1.00 1.00 0.91 1.48 0.86
Pt–Sn 1.00 1.00 0.81 1.66 0.69

a Residual normalized selectivities to producti (8S,SS
i ) ob-

tained from sulfur poisoning curves;T=693 K, P=101.3 kPa,
H2/n-hexane=7.8, WHSV=5.4 h−1.

thea
S,SS
i values obtained when the reactant was doped

with 15.5 ppm S. From Fig. 5, it is inferred that the
catalyst thiotolerance forn-C6 conversion follows the
order Pt∼=Pt–Ge�Pt–Re>Pt–Sn. On the other hand,
Table 4 shows that theaS,SS

C5
, aS,SS

Bz anda
S,SS
G values de-

crease in the order Pt–Ge>Pt>Pt–Re>Pt–Sn, whereas
in the case ofaS,SS

i-C6
, the trend is Pt>Pt–Ge>Pt–Re∼=

Pt–Sn.
The effect of sulfur poisoning on catalyst selec-

tivity was studied by determining the steady-states
values in the curves representing the normalized se-
lectivity as a function of time. The normalized se-
lectivity to product i (8i) is defined as8i=Sit /Si0
where Si0 and Sit are the selectivities to producti
at time zero and timet, respectively. In a manner
similar to the case of thiotolerance, the residual nor-
malized selectivity in the sulfur poisoning curves is
calculated as8S,SS

i = 1 + 8
T,SS
i − 8

C,SS
i , where

8
C,SS
i and8

T,SS
i are the residual normalized selectiv-

ities in the selectivity decay caused by coking alone
and by (C+S) deactivation, respectively. The8S,SS

i

values obtained for 15.5 ppm S are summarized in
Table 5. It is observed that sulfur poisoning clearly
changes the selectivity of fresh Pt and Pt–Re cata-
lysts by increasing the isomerization selectivity at the
expense of the other reactions. On Pt–Ge(Sn) cata-
lysts, the8S,SS

G and8
S,SS
C5

values were practically not
modified by sulfur poisoning, but the normalized se-
lectivity to MCP was clearly increased. The differ-
ent qualitative selectivity changes induced by sulfur
addition on Pt–Ge(Sn)/Al2O3 as compared to Pt and
Pt–Re catalysts are shown in Figs. 6 and 7 where
the 8

S,SS
i-C6

and 8
S,SS
MCP values are, respectively, plot-

ted as a function of the sulfur concentration in the
feed.

Fig. 6. Residual normalized selectivity to i-C6 isomers (8S,SS
i-C6

) as
a function of the sulfur concentration in the feed over Pt/Al2O3

and Pt–Re(Ge, Sn)/Al2O3 catalysts.

Fig. 7. Residual normalized selectivity to MCP (8
S,SS
MCP) as a func-

tion of the sulfur concentration in the feed over Pt/Al2O3 and
Pt–Re(Ge, Sn)/Al2O3 catalysts.

4. Discussion

The catalytic reforming of naphtha requires bifunc-
tional catalysts for increasing the aromatic contents
of naphthas, and consequently, their octane number.
The transformation ofn-hexane is a typical naphtha
reforming reaction and several authors have studied
the bifunctional mechanism forn-hexane reforming
on monometallic Pt [14–16] and bimetallic Pt–Re(Sn,
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Fig. 8. Simplified reaction network forn-hexane reforming reactions.

Ge) [17–19] catalysts. Based on this bibliography, we
present in Fig. 8 a simplified scheme of the reaction
network for n-hexane reforming. The reaction net-
work includes: (a) the isomerization and the dehy-
drocyclization ofn-C6 to i-C6 and MCP, respectively,
through bifunctional mechanisms involving metal- and
acid-catalyzed steps; (b) the hydrogenolysis and hy-
drocracking ofn-C6 and i-C6 to C1–C5 paraffins; (c)
the aromatization of MCP to Bz through the ring ex-
pansion reaction of methylcyclopentene (MCPe); (d)
dehydrogenation of MCPe to methylcyclopentadiene
(MCPde) producing coke precursors.

Table 2 shows the initial rate values forn-C6 con-
version (r0) and for the formation of producti (r0

i )
obtained on different naphtha reforming catalysts. In
all the cases, isomerization to i-C6 was the preferen-
tial pathway forn-hexane conversion reactions, but
r0
i-C6

was higher on Pt–Ge(Sn) than on Pt or Pt–Re
catalysts. The isomerization ofn-paraffins may oc-
cur over the metallic fraction via a bond shift or a
cyclic mechanism [20], but under reforming condi-
tions, formation of i-C6 isomers fromn-hexane takes
place essentially via a bifunctional metal–acid mecha-
nism involving then-C6 dehydrogenation on the metal
and the subsequent olefin isomerization on acid sites
[21,22]. This bifunctional reaction network is con-
trolled by the acid function which in naphtha reform-

ing catalysts essentially depends on the chloride level
on the catalyst. Our catalysts contain similar amounts
of chlorine (Table 1), between 0.78 and 0.95 wt.%,
and this suggests that the higher isomerization activity
on Pt–Ge(Sn) catalysts is not related to the acid func-
tion but to metallic-catalyzed reactions. The values of
r0
C5

in Table 2 show that hydrogenolysis ofn-C6 to
C5 paraffins is severely depleted on Pt–Ge(Sn)/Al2O3
catalysts, probably because the presence of inactive
Ge(Sn) atoms drastically diminishes the number of Pt
ensembles required for achieving C–C terminal bond
scissions [23,24]. Such an activity decrease for hy-
drogenolysis of C6 paraffins increases the abundance
of intermediates available for isomerization and may
explain the higher isomerization activity measured on
Pt–Ge(Sn) catalysts.

Dehydrocyclization ofn-C6 to MCP occurs via a
bifunctional metal–acid mechanism [22];n-hexane is
transformed on metal sites ton-hexene which then
produces MCP on acid sites. Nevertheless, under
low pressure conditions, then-hexane ring closure to
MCP may also occur exclusively on metal sites via
dienes and trienes intermediates [25]. On the other
hand, the MCP ring expansion to Bz is a bifunctional
reaction controlled by the acid function [26]. MCP is
first dehydrogenated on the metal to MCPe and then
transformed on acid sites to cyclohexene which is
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immediately dehydrogenated to Bz. Thus, in the reac-
tion network of Fig. 8, MCP is the key intermediate
for the reforming ofn-C6 to Bz. The amount of MCP
detected in the products is the difference between
the formation rate of MCP fromn-C6 and the trans-
formation rate of MCP to Bz and other products,
particularly dehydrogenated MCP species leading
to coke precursors. Our results show that both the
formation rate of Bz (Table 2) and the hydrogen up-
take (Table 1) are significantly lower on Pt–Ge(Sn)
catalysts than on monometallic Pt/Al2O3. This is
consistent with previous studies showing that hydro-
genation/dehydrogenation reactions on Pt are severely
depressed in Pt–Ge(Sn) catalysts, particularly in low
pressure conditions [11,27,28]. The introduction of an
inert Ge(Sn) atom enlarged the distance between the
two Pt atoms needed for dissociative H2 adsorption
which becomes an activated process [29]; as a result,
both the hydrogen coverage and the hydrogenation
activity diminish. Regarding the Pt and Pt–Re cata-
lysts, Pt is a better dehydrogenation metal than Re
[30] and this explains thatr0

Bz is higher on Pt/Al2O3
than on Pt–Re/Al2O3 (Table 2). On the contrary, the
formation rate of C5 paraffins and lighter hydrocar-
bons was higher on Pt–Re catalyst because Re is
known to promote hydrogenolysis reactions [31].

As concerns coke deactivation, Pt–Ge(Sn)/Al2O3
catalysts were less affected by coking than Pt/Al2O3
and Pt–Re/Al2O3 (Fig. 2). As stated by various au-
thors [32,33], inn-C6 reforming, MCPde is the key
intermediate for producing coke via consecutive con-
densation reactions. The formation of coke precursors
is inhibited over Pt–Ge(Sn) catalysts because they dis-
play low activity for the transformation of MCPe to
MCPde and to the further MCPde dehydrogenation.
Pt–Sn/Al2O3 was particularly resistant to coke deac-
tivation. This is consistent with the results obtained
by Beltramini and Trimm [34] who postulated that
the ability to decrease coke formation results from en-
hanced gasification of coke precursors by tin. Others
authors have suggested that tin inhibits coke forma-
tion by forming ensembles with platinum that do not
favor the production of carbonaceous deposits [35].
In contrast to coking on Pt–Sn/Al2O3, the activity for
n-hexane conversion on monometallic Pt catalyst was
significantly decreased by coke formation. Pt/Al2O3 is
highly active for dehydrogenation reactions and shows
the highest formation rate of Bz (Table 2). In the

reaction network of Fig. 8, Pt/Al2O3 promotes deeper
dehydrogenation pathways, therefore producing more
coke and Bz.

In all the cases,n-C6 isomerization to i-C6 was only
slightly affected by coking (Table 3, column 4). Sev-
eral studies on coke formation over metal supported
catalysts agree in that coke precursors are initially
formed on the metal surface, and then, through a slow
diffusion mechanism, are condensed and accumulated
on the support [36]. Thus, we can expect that, in our
short-term catalytic tests, the formation of coke deac-
tivates essentially the metallic function. This interpre-
tation explains why the acid-controlled formation of
i-C6 isomers is practically not deactivated by coking.
The assumption that coke forms predominantly on the
metal sites is strengthened by the fact that monofunc-
tional metal-catalyzed pathways leading to the forma-
tion of C5 and Bz were preferentially deactivated by
coking.

Thiotolerance was calculated by assuming the hy-
pothesis of independent deactivations (Fig. 4) and
was used as deactivation parameter for establish-
ing the catalyst sensitivity to sulfur poisoning. The
catalyst thiotolerance for then-hexane conversion fol-
lowed the order Pt∼=Pt–Ge�Pt–Re>Pt–Sn (Fig. 5).
However, the thiotolerance trend is different when
the individual reactions involved inn-hexane re-
forming mechanism are analyzed separately. In fact,
the a

S,SS
C5

, a
S,SS
Bz and a

S,SS
G values followed the or-

der Pt–Ge>Pt>Pt–Re>Pt–Sn, whereas in the case of
a

S,SS
i-C6

, the trend was Pt>Pt–Ge>Pt–Re∼=Pt–Sn (Table
4). These results may be explained by considering the
nature of the sulfur adsorption on the catalysts. The
adsorption of sulfur on Pt-based supported catalysts
takes place on both the metal and the support [37–39].
Part of the adsorbed sulfur is resistant to H2 treatment
at 773 K (Si, irreversibly held sulfur) and is located
on the metal. The other part of the adsorbed sulfur is
eliminated in H2 at 773 K and is probably located on
both metal and support sites. When the partial pres-
sure of the sulfur compound in the gas phase is low
(as in the present work), only the irreversible sulfur on
the metal is retained by the catalyst. Thus, the catalyst
thiotolerance for a metallic reaction is related to the
irreversibly held sulfur on the catalyst: the lower the
Si amount, the higher the thiotolerance [40]. With the
exception of the Pt–Sn catalyst, the catalyst thiotoler-
ance trend determined here for the metal-controlled
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formation of Bz, C5 and gases was similar to that
found for cyclohexane dehydrogenation, a monofunc-
tional metallic reaction on Pt [40]. The Pt–Ge catalyst
exhibited the highest values ofaS,SS

C5
, a

S,SS
Bz , a

S,SS
MCP

and a
S,SS
G . This superior performance is attributed

to the formation of Pt–Ge clusters upon H2 reduc-
tion at 773 K that decreases the electronic density
of platinum, thereby weakening the strength of the
sulfur–platinum bond [41]. Germanium inhibits the
adsorption of irreversible sulfur on Pt, and as a result,
the Pt thiotolerance in the Pt–Ge/Al2O3 catalyst in-
creases. In the case of Pt–Re/Al2O3, the adsorption of
sulfur on Re is thermodynamically favored compared
to Pt and preferentially forms surface Re sulfide [42].
A number of papers have confirmed that Re adsorbs
more sulfur than Pt and that sulfur is more strongly
bonded to Re than Pt [43,44]. This is consistent with
the low thiotolerance exhibited here by the Pt–Re
catalyst for metal-controlled reactions. Pt–Sn/Al2O3
showed the lowest thiotolerance for the formation of
Bz, C5 and gases. However, sulfur does not adsorb on
tin [40,45] and the amount of Si on Pt in Pt–Sn/Al2O3
is about the same as on monometallic Pt/Al2O3. The
low thiotolerance displayed by Pt–Sn catalysts can
not therefore be explained only by the characteristics
of the sulfur adsorption on the metal fraction. Proba-
bly, the sensitivity to sulfur poisoning was enhanced
because the formation of coke is suppressed over
Pt–Sn/Al2O3 (Fig. 2). It has been reported that coke
formation may protect the metal against sulfur poi-
soning [46]; this protective effect for sulfur adsorption
would be negligible on the Pt–Sn catalyst.

As stated above, the catalyst thiotolerance trend
for acid-controlled isomerization ofn-C6 to i-C6
(Table 3, column 4) is different from that observed
for metal-controlled reactions. Sulfur practically did
not affect the isomerization activity of the Pt–Ge cat-
alyst and this is attributable to the inhibition by Ge
of the S adsorption on Pt active sites. i-C6 formation
was similarly inhibited on Pt–Re and Pt–Sn catalysts
but for different reasons. Sulfur is strongly bonded to
Re and the amount of Si per metal surface atom is
higher on Pt–Re/Al2O3 than on Pt/Al2O3. Thus, the
metallic function and the hydrogenation activity are
drastically poisoned on Pt–Re catalysts as the sulfur
feed concentration is increased. As a consequence,
the n-C6 isomerization to i-C6, which is controlled
by the acid sites on fresh Pt–Re catalysts, starts being

controlled by the metallic function upon sulfur poi-
soning because the number of accessible metal sites is
drastically depleted. On Pt–Sn/Al2O3, the amount of
Si is lower than on Pt–Re/Al2O3. However, the fresh
Pt–Sn catalyst shows low dehydrogenation activity
and the addition of small amounts of sulfur further
decreases then-C6 dehydrogenation rate ton-hexene.
n-Hexane isomerization on Pt–Sn/Al2O3 therefore
starts being controlled by the metallic function at
a lower S coverage as compared to Pt–Re/Al2O3.
Finally, the isomerization activity on Pt/Al2O3 cata-
lyst increased upon the addition of thiophene-doped
n-hexane. Formation of i-C6 isomers on Pt/Al2O3
continues to be controlled by the acid function, at
least up to the feed S concentration used in this work,
because the high dehydrogenation activity exhibited
by the fresh catalyst compensates the partial blocking
of the metal function by sulfur. Sulfur is not adsorbed
on the support and we can therefore exclude the pos-
sibility that the catalyst acidity will increase upon S
addition. Probably, the increase in the isomerization
activity on Pt/Al2O3 upon sulfur addition is due to
an ‘indirect control’ of the metallic function on i-C6
production [47]. In fact, by partially poisoning the
metallic function, sulfur decreases both the hydro-
cracking of C6 paraffins and the transformation of
olefins to MCP, thereby increasing the abundance of
intermediates available for isomerization.

The effect of sulfur poisoning on MCP forma-
tion is difficult to interpret not only because MCP is
formed via both monofunctional metallic and bifunc-
tional acid-controlled mechanisms but also because
MCP is consecutively transformed to Bz and coke
precursors. Sulfur poisoning of metal sites primarily
depresses dehydrogenation reactions forming olefins
and Bz; however, as in the case of isomerization, the
acid-controlled cyclization pathway leading to MCP
formation may start being controlled by the metal
function upon a drastic diminution of the number of
accessible metal sites by poisoning.

Sulfur poisoning changes the selectivity of fresh
catalysts forn-hexane conversion reactions. Depend-
ing on the catalyst, sulfur-induced selectivity changes
are qualitatively different. While on Pt/Al2O3 and
Pt–Re/Al2O3 catalysts, the isomerization selectivity
is enhanced by sulfur poisoning, on Pt–Ge(Sn) cata-
lysts, the addition of sulfur increases the selectivity
to MCP (Figs. 6 and 7). These selectivity changes
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reflect the selective sulfur poisoning of individual
pathways in then-hexane reforming reaction network,
as discussed above.

The activity decay curves of Fig. 3 represent the
simultaneous deactivation by coke and sulfur of
Pt and Pt–Re(Ge, Sn) catalysts forn-hexane con-
version and show that the catalyst stability is in
the order Pt–Ge>Pt�Pt–Sn≥Pt–Re. This stability
trend may be explained by considering the catalyst
resistance to each individual deactivation process.
Pt–Ge/Al2O3 is the most stable catalyst essentially
because of its high thiotolerance for all then-hexane
conversion reactions and also because it forms less
coke precursors than Pt and Pt–Re catalysts. The
Pt/Al2O3 activity for n-hexane conversion decreases
because of coke formation, but it remains practically
unaffected by cofeeding sulfur with the reactant.
Sulfur poisoning on Pt/Al2O3 decreases monofunc-
tional metal-catalyzed reactions but concomitantly
increases the catalyst activity for skeletal rearrange-
ment reactions; as a result,n-hexane conversion is
only slightly diminished by the addition of sulfur.
Pt–Sn/Al2O3 shows high resistance to coke deacti-
vation, butn-hexane conversion declines drastically
because the catalyst is severely poisoned by the addi-
tion of sulfur. Finally,n-hexane conversion on Pt–Re
catalyst is severely decreased by both deactivation
processes.

5. Conclusions

Conclusions of the present study on the simultane-
ous deactivation by coke and sulfur of Pt/Al2O3 and
Pt–Re(Ge, Sn)/Al2O3 catalysts forn-hexane conver-
sion reactions are summarized as follows:
1. Metal-controlled n-hexane conversion reactions

such as aromatization and hydrogenolysis are
less affected by coking on Pt–Ge(Sn)/Al2O3
than on Pt and Pt–Re catalysts. Coke formation
is inhibited on Pt–Ge(Sn)/Al2O3 because these
catalysts present low activity for the production
of highly dehydrogenated hydrocarbons which
are the intermediate species required for coking.
Acid-controlled n-hexane conversion reactions
such as the formation of i-C6 isomers are only
slightly affected by coking over all the catalysts
because, in our short-term catalytic tests, coke

precursors are essentially formed on the metallic
function.

2. The catalyst thiotolerance forn-hexane conver-
sion follows the order Pt∼=Pt–Ge�Pt–Re>Pt–Sn.
However, the thiotolerance trend is different
for the individual reaction pathways involved in
the n-hexane reforming mechanism. In fact, while
the sulfur tolerance for metal-controlled reac-
tions decreases in the sequence Pt–Ge>Pt>Pt–
Re>Pt–Sn, the thiotolerance trend for acid-
controlled n-hexane isomerization is Pt>Pt–Ge>
Pt–Re∼=Pt–Sn. The catalyst thiotolerance for
monofunctional metallic reactions is essentially
related to the sulfur adsorption strength on plat-
inum: the lower the amount of irreversibly held
sulfur, the higher the thiotolerance. In the case of
n-hexane isomerization, the addition of sulfur to
the reactant increases the formation rate of i-C6
isomers on Pt/Al2O3 because sulfur selectively
poisons the hydrocracking of C6 paraffins and the
transformation of olefins to MCP and thereby in-
creases the abundance of intermediates available
for isomerization.

3. The catalyst resistance to the simultaneous de-
activation by coke and sulfur forn-hexane
conversion decreases following the sequence
Pt–Ge>Pt�Pt–Sn≥Pt–Re. This stability trend
results from the combination of the catalyst resis-
tance to each individual deactivation process. The
overall deactivation rate is lower on Pt–Ge/Al2O3
essentially because of its superior thiotolerance for
all n-hexane conversion reactions. On the contrary,
the Pt–Sn catalyst is severely poisoned by the
addition of sulfur; thus, the activity forn-hexane
conversion declines drastically on Pt–Sn/Al2O3
in spite of its high resistance to coke deacti-
vation. In the case of Pt–Re catalyst, both the
formation of coke and the sulfur poisoning sig-
nificantly affect the catalyst activity forn-hexane
conversion.
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