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Abstract

Skeletal isomerization of pentane over solid acid catalysts (NH4)2.5H0.5PW12O40, sulfated zirconia, and H-mordenite has been stud
Hybrid bifunctional catalysts obtained by grinding equal weights of Pt/SiO2 and each of the above solid acids were also used for
reaction. Various mechanistic aspects forn-pentane isomerization over monofunctional and bifunctional catalysts, in the presence or a
of hydrogen in the feed, are discussed. Analysis of product distributions at 423 and 473 K indicated that over monofunctional hetero
and sulfated zirconia catalysts, the main reaction path is the bimolecular one, involving conjunct polymerization and cracking. Un
operating conditions the selectivity to isopentane is low. Monofunctional H-mordenite shows a significant activity only at 498 K. H
ZrO2–SO4, although showing stronger acidity than H-mordenite, do not activaten-pentane through a monomolecular path as “superacid-
catalysts” are expected to. Bifunctional isomerization of pentane appears at a reaction temperature of 473 K and up since the e
concentration of pentene is significant only when the reaction temperature is 473 K and up. A monomolecular bifunctional mechan
preferred route for reaching high isomerization selectivity.
 2003 Elsevier Inc. All rights reserved.

Keywords: Monomolecular; Bimolecular mechanism; Bifunctional catalyst;n-Pentane isomerization; Heteropolyacids; Sulfated zirconia; Mordenite; Eff
of platinum; Effect of hydrogen
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1. Introduction

The skeletal isomerization of C5–C6 paraffins is a key re
action in the petroleum industry, aimed at increasing the
tane number of the gasoline pool. The reaction is equilibr
limited, low temperature favoring high thermodynamic co
centrations of branched isomers. In order to achieve m
imum isomer yields the isomerization of C5–C6 paraffins
must be carried out at the lowest possible temperatures
highly efficient catalysts. Skeletal isomerization of alkan
is a typical acid-catalyzed reaction. Chlorinated alum
(Cl–Al2O3) containing platinum was found to be highly e
ficient for the isomerization of C5–C6 alkanes already a
423 K [1,2]. It is now well accepted that the reaction o
curs through a monomolecular acid mechanism; the rol
the platinum additive is to decrease the catalyst deactiva
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rate. It is also recognized that chlorinated alumina beha
like the so-called superacid, magic acid systems.

Zeolite-based catalysts have also been developed
the isomerization of C5–C6 [3–6]. Over H-mordenite-base
catalysts, the reaction was carried out at a significa
higher temperature, 523 K. It was recognized that the
strength of H-mordenite is less than that of Cl–Al2O3
which implies that a higher reaction temperature is requ
for the activation of C5–C6 alkanes. The efficiency of H
mordenite was improved by supporting platinum (or pa
dium) [3] and by dealumination [4]. More recently, oth
solid acid materials, exhibiting higher acid strength th
that of H-mordenite, were applied to the skeletal isom
ization of light alkanes. Among them the most efficie
are heteropolyacid-based materials [7–10], sulfated zi
nia [11–15], and tungstated zirconia (WOx–ZrO2) [16–18].
Promotion with platinum improves considerably the sel
tivity and stability with time on stream in the isomerizati
of light alkanes (C4–C6). For the isomerization ofn-pentane
over these heteropolyacids (HPA), sulfated zirconia (S4–

http://www.elsevier.com/locate/jcat
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ZrO2), tungstated zirconia (WOx–ZrO2), and platinum-free
or platinum-containing catalysts, monomolecular and
molecular mechanisms have been suggested. From the
lished results, it is clear that depending on the prevai
pathway, monomolecular versus bimolecular, and on the
vailing mechanism, monofunctional versus bifunctional,
presence of a dehydrogenating–hydrogenating compo
and the presence or absence of hydrogen will consider
affect the activity, selectivity, stability with time on strea
etc.

The aim of this work was to provide integrated expe
mental data on the skeletal isomerization ofn-pentane ove
Pt-free and Pt-containing HPA, SO4–ZrO2, and H-mordenite
catalysts where the effect of the reaction temperature
the effect of H2 in the feed are investigated. Analysis
the degree ofn-pentane conversion, the product distributi
and the stability with time on stream will allow further co
tributions to the understanding of the reaction mechani
occurring under different reaction conditions.

2. Experimental

2.1. Catalysts

(NH4)2.5PW12O40 material was obtained by reactin
H3PW12O40 with an aqueous NH4Cl solution containing the
stoichiometric quantity of NH4+ ions to achieve the desire
exchange level. The exchanged solid was then centrifu
and freeze dried. The specific surface area, measure
N2 adsorption at 77 K, was 125 m2 g−1. According to the
model previously proposed [19] the material is descri
by layers of H3PW12O40 (acid phase) supported on ne
tral (NH4)3PW12O40. The estimated proton density w
6.6× 1017 H+ m−2. This value was deduced from NH3 ad-
sorption at 373 K measured by gravimetry [19]. Fig. 1 sho
the TGA and DTA curves recorded on (NH4)2.5PW12O40
salt up to 1023 K, under N2 atmosphere, using a heatin
rate of 5 K min−1. The decomposition of the ammoniu
salt starts at 833 K in agreement with previously publis

Fig. 1. TGA and DTA analyses of (NH4)2.5H0.5PW12O40.
-

t

y

data [20]. For FTIR experiments, the ammonium salt w
diluted in KBr (3 wt%).

SO4–ZrO2 was obtained by reacting zirconium hydro
ide with a 0.2 N H2SO4 solution [21]. The resulting solid
was dried at 383 K, then calcined as the temperature
raised from 293 to 823 K, and maintained at this tempera
for 2 h under dried air flow. Its BET surface area is equa
100 m2 g−1. The protonic density drawn from NH3 adsorp-
tion at 373 K is equal to 22× 1017 H+ m−2. Prior to NH3
adsorption the catalysts was heated in situ at 673 K unde
for 2 h.

H-Mordenite was obtained by ion exchange of the
form with a 1 N HCl solution. Hydrothermal treatment
923 K followed by leaching with HCl solution at 293 K wa
applied to H-form mordenite. It resulted in a dealumina
H-mordenite with a framework Si/Al = 10. Calculated pro
ton density is equal to 24× 1017 H+ m−2.

Pt/SiO2 was prepared by impregnating SiO2 support with
a solution of chloroplatinic acid by the incipient wetne
method to give a platinum content of 1%. The impregna
SiO2 was dried at 373 K, calcined in air flow at 773 K a
H2 reduced at 673 K. Platinum dispersion measured by2
chemisorption was equal to 74%. In order to determine
optimal ratio in weight between Pt/SiO2 and the acid ma
terial, an increased amount of Pt/SiO2 was added to th
acid material and then-pentane conversion was measu
at 473 K (or 498 K for H-mordenite) for each compo
tion of the mixture. A stationaryn-pentane conversion wa
found when equal amounts of Pt/SiO2 and acid material ar
present in the hybrid catalyst. It followed that then-pentane
reaction was carried out over hybrid samples obtained
grinding together an equal weight of the acid solid w
Pt/SiO2 powder (Pt-containing catalyst) or with pure SiO2
(Pt-free catalyst). To insure close contact between the
components a long grinding time was allowed (3 min).

2.2. Reaction of n-pentane

n-Pentane from Aldrich was used without further pur
cation. It contains less than 0.5% isopentane impurity.
reaction ofn-pentane is carried out in a continuous flo
microreactor at atmospheric pressure, the reaction tem
ature was 423 or 473 K. Partial pressure ofn-pentane was
14 Torr complemented to atmospheric pressure either b2
or by H2. Total flow rate was 1.3 L h−1. The amount of 0.6 g
of the mixed catalysts was used, the sample in the rea
containing always 0.3 g of the acid component. Prior to
reaction, the catalyst was treated in situ at 673 K in air
2 h and then at 473 K in H2 for 2 h as well as for the zeoliti
material than for the sulfated zirconia sample. For the H
based catalyst, only an in situ reduction in H2 at 473 K for
2 h was applied prior the catalytic test.n-Pentane and reac
tion products were analyzed by on-line gas chromatogra
equipped with a flame ionization detector and a CP-Sil2
fused silica capillary column.
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Fig. 2. n-Pentane reaction over (NH4)2.5H0.5PW12O40-based catalysts
(a) in H2 and (b)in N2. Reaction conditions:n-pentane pressure was 14 To
diluted in H2 (a) andN2 (b) to atmospheric pressure. Total flow rate=
1.3 L h−1. m Catalysts: Pt free, 0.3 g (NH4)2.5H0.5PW12O40 + 0.3 g
SiO2; Pt loaded, 0.3 g (NH4)2.5H0.5PW12O40 + 0.3 g Pt/SiO2. Catalysts
pretreatment: 2 h at 473 K under H2 or N2 flow for Pt-loaded or Pt-free
material, respectively.

3. Results

3.1. (NH4)2.5H0.5PW12O40 catalysts

The conversion ofn-pentane with time on stream ov
HPA-based catalysts is shown in Figs. 2a and 2b, res
tively in the presence or absence of H2 in the feed. Over
Pt-containing (NH4)2.5H0.5PW12O40, the presence of H2 in
the feed had an inhibiting effect on the conversion at 423
the reaction ofn-C5 being almost suppressed (Fig. 2a), an
stabilizing effect at 473 K as indicated by the absence of
nificant catalyst deactivation with time on stream (Fig. 2
The positive effect of H2 on the catalyst stability with TOS
occurred only at the higher reaction temperature (473 K)
in the presence of platinum. Indeed Figs. 2a and 2b s
that over Pt-free acidic ammonium salt, even at 473 K,
conversion ofn-C5 decreased strongly with time on strea
irrespective of the presence of H2. Fig. 2b shows also that a
Fig. 3. IR spectra of fresh and used (NH4)2.5H0.5PW12O40 catalysts.
(a) Fresh (NH4)2.5PW12O40; (b) used (NH4)2.5PW12O40. Reaction condi-
tions: 14 Torrn-C5 diluted in H2, TR = 473 K. Total flow rate= 1.3 L h−1;
m catalyst, 0.3 g (NH4)2.5H0.5PW12O40.

423 K, Pt-containing HPA, in the absence of H2, showed
a significant initial activity but deactivated with time o
stream. The IR spectra of the fresh and used ammonium
(Pt-free HPA) are presented in Fig. 3. The used cataly
that recovered after the experiment performed under hy
gen at the highest temperature, 473 K. One can observe
the vibrations due to the Keggin unit (700–1100 cm−1) and
the intensity of the NH4+ band at 1410 cm−1 remained al-
most unchanged. These data indicate that the deactiv
observed with the time on stream was not caused by a s
tural modification of the heteropolyacid.

The apparent absence of a temperature effect on the
version level over Pt-free catalyst, in H2 or in N2, must be
considered as an artifact due to the strong initial deac
tion. Apparently, as might be anticipated, the rate of de
tivation was higher at 473 K than at 423 K resulting in
higher impact on the conversion at 473 K.

To summarize, it is important to underline two importa
results:

– The simultaneous presence of hydrogen and plati
inhibits and even suppresses the reaction ofn-C5 at
423 K over HPA-based catalysts.

– The presence of H2 by itself without added platinum t
HPA cannot improve the catalytic stability with time o
stream at 423 and 473 K.

The peculiar catalytic behavior of Pt-free and Pt-conta
ing HPA catalysts with the reaction temperature and w
the presence of H2 in the feed was also reflected on the
action product distribution. Tables 1 and 2 list the prod
distribution with time on stream forn-pentane reaction ove
Pt-free and Pt-containing HPA catalysts. These tables s
also the respective effects of the reaction temperature an
the presence of H2 in the feed.Over Pt-free HPA the reac-
tion of n-C5 at 423 and 473 K in the absence or prese
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Table 1
n-Pentane reaction over (NH4)2.5H0.5PW12O40-based catalystsin H2: product distribution

Pt loaded Pt free

T R (K) 423 473 423 473

TOS (min) 5 20 60 5 20 60 5 20 60 5 20 6

Conversion (%) 1.1 1.4 1.3 30.0 31.0 31.0 38.0 12.0 5.8 36.0 13.0 6.9
C1–C3 – – – – – – 5.5 3.3 2.3 7.6 4.0 2.7
iC4 – – – 0.1 0.1 0.1 57.0 37.0 26.0 48.0 29.0 21.0
n-C4 – – – – – – 4.0 1.9 0.3 5.0 2.1 1.6
iC5 100.0 100.0 100.0 99.9 99.8 99.8 29.0 50.0 63.0 34.0 57.0 67.0
C6 – – – – 0.1 0.1 4.1 7.7 8.1 5.3 7.8 7.9

Reaction conditions:n-pentane pressure was 14 Torr dilutedin H2 to atmospheric pressure. Total flow rate= 1.3 L h−1. m Catalysts: Pt free, 0.3
(NH4)2.5H0.5PW12O40 + 0.3 g SiO2; Pt loaded, 0.3 g (NH4)2.5H0.5PW12O40 + 0.3 g Pt/SiO2. Catalysts pretreatment: 2 h at 473 K under H2 flow or
N2 flow for Pt-loaded or Pt-free, respectively.

Table 2
n-Pentane reaction over (NH4)2.5H0.5PW12O40-based catalystsin N2: product distribution

Pt loaded Pt free

T R (K) 423 423 473

TOS (min) 5 20 60 5 20 60 5 20 60

Conversion (%) 43.0 15.0 5.5 38.0 12.0 6.0 40.0 14.0 6.9
C1–C3 6.5 2.5 1.1 5.3 3.3 2.2 7.5 3.9 2.6
iC4 62.0 53.0 38.0 57.2 39.0 26.0 48.0 28.0 20.0
n-C4 6.2 3.9 2.6 4.5 0.6 0.3 5.0 2.2 1.5
iC5 22.0 35.0 51.0 29.0 49.0 61.0 34.0 58.0 68.0
C6 2.8 5.2 6.9 4.0 7.6 8.1 5.5 7.8 7.6

Reaction conditions:n-pentane pressure was 14 Torr dilutedin N2 to atmospheric pressure. Total flow rate= 1.3 L h−1. m Catalysts: Pt free, 0.3
(NH4)2.5H0.5PW12O40 + 0.3 g SiO2; Pt loaded, 0.3 g (NH4)2.5H0.5PW12O40 + 0.3 g Pt/SiO2. Catalysts pretreatment: 2 h at 473 K under H2 or N2
flow for Pt-loaded or Pt-free material, respectively.
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of H2 resulted in the formation of small quantities of C1–
C3 and C6 alkanes; isobutane and isopentane were the m
products. At the initial reaction time the production of isob
tane exceeded largely the production of isopentane. It is
interesting to point out that the selectivity toward isopent
with respect to isobutane increased with the reaction tem
ature and also increased with time on stream. The reacti
n-pentane at 423 K in the absence of H2 over Pt-containing
HPA also produced mainly isobutane and isopentane, a
the isobutane concentration exceeding isopentane at th
tial reaction time (Table 2). However, in H2, although the
n-C5 conversion at 423 K was very low, 1%, the only prod
formed was isopentane. At 473 K, in H2, the conversion o
n-C5 was substantial and the product formed was essen
isopentane (Table 1). The qualitative differences betwee
reaction ofn-pentane over Pt-free and Pt-containing H
when H2 was present in the feed indicate that the mec
nisms of the reaction ofn-pentane differ considerably wit
the experimental conditions.

3.2. Sulfated zirconia (SO4–ZrO2) catalysts

Figs. 4a and 4b show the conversion ofn-pentane ver
sus time on stream respectively in H2 or in N2, over Pt-free
and Pt-containing sulfated zirconia catalysts. As show
Figs. 4a and 4b the conversion ofn-C5 overPt-free samples
decreased rapidly with time on stream. The fast deac
-
f

-

tion of the catalyst apparently occurred whatever the reac
temperature (423 or 473 K) and also similarly with or wi
out added H2. The behaviorof Pt-containing SO4–ZrO2 was
comparable to that of Pt-containing HPA. At low reacti
temperature, 423 K, and in the presence of H2, no conver-
sion of pentane was observed (Fig. 4a). At higher temp
ture 473 K, in the presence of H2, a significant conversio
of n-C5 was observed and furthermore the catalyst did
deactivate with time on stream. In the absence of H2 the con-
version ofn-C5 at 473 K was higher than that in H2, but
fast deactivation with time on stream occurred (Fig. 4a
is clear that for this catalyst H2 had a negative effect on th
initial conversion ofn-pentane.

Tables 3 and 4 list the product selectivities for the re
tion of n-C5 respectively with or without H2 in the feed.
Results from these tables show thatPt-free SO4–ZrO2 pro-
duced the same product distribution at 423 K irrespec
of the presence of H2 in the feed, isobutane being predo
inantly formed. Isobutane and isopentane were the m
products observed. Small quantities of C1–C3 and C6 were
observed. The presence of a platinum component onthe hy-
brid Pt/SiO2–SO4–ZrO2 catalyst produced a drastic effe
on its catalytic performances. Although this catalyst beha
similarly as previously when then-C5 reaction was carrie
out at 473 K in the absence of H2, when H2 was presen
in the feed the rate of the reaction at 423 K was dram



N. Essayem et al. / Journal of Catalysis 219 (2003) 97–106 101

ow;

ar
d to

ace

, 2 h

hese
ytic
-

ce
od

that
e re-

n

f-
me

ith
rod-
r

(a)

(b)

Fig. 4.n-Pentane reaction over SO4–ZrO2-based catalysts (a)in H2 and (b)
in N2. Reaction conditions:n-pentane pressure was 14 Torr dilutedin H2 (a)
andN2 (b) to atmospheric pressure. Total flow rate= 1.3 L h−1. m Cata-
lysts: Pt free, 0.3 g SO4–ZrO2 + 0.3 g SiO2; Pt loaded, 0.3 g SO4–ZrO2 +
0.3 g Pt/SiO2. Catalysts pretreatment: Pt free, 2 h at 673 K under air fl
Pt loaded, 2 h at 673 K under air flow and then 2 h at 473 K in H2 flow.

ically affected, the activity of sulfated zirconia being ne
zero. However, when the reaction temperature was raise
473 K, conversion ofn-pentane in the presence of H2 oc-
curred, selectivity toward isopentane was high. Only tr
Table 4
n-Pentane reaction over SO4–ZrO2-based catalystsin N2: product distribu-
tion

Pt loaded Pt free

T R (K) 473 423

TOS (min) 5 20 60 5 20 60

Conversion (%) 21.6 6.7 3.3 15.0 1.6 0.4
C1–C3 8.1 4.1 2.7 8.2 6.9 6.3
iC4 43.1 27.6 21.8 61.7 53.0 49.6
n-C4 9.2 7.2 5.1 1.7 0.8 –
iC5 33.0 49.0 60.3 23.8 29.5 27.8
C6 6.7 12.1 10.0 4.6 9.7 16.3

Reaction conditions:n-pentane pressure was 14 Torr dilutedin N2 to at-
mospheric pressure. Total flow rate= 1.3 L h−1. m Catalysts: Pt free, 0.3 g
SO4–ZrO2 + 0.3 g SiO2; Pt loaded, 0.3 g SO4–ZrO2 + 0.3 g Pt/SiO2.
Catalysts pretreatment: Pt free, 2 h at 673 K under air flow; Pt loaded
at 673 K under air flow and then 2 h at 473 K in H2 flow.

amounts of isobutane and 1-hexane were detected. T
results indicate that sulfated zirconia exhibited a catal
behavior in the reaction ofn-pentane similar to that of hete
ropolyacid materials.

3.3. H-Mordenite catalysts

At 423 K, neither bare H-M nor hybrid Pt/SiO2-HM
showed a detectablen-pentane reaction or in the presen
or absence of H2 in the feed. These observations are in go
agreement with previously published results indicating
somewhat higher temperatures must be employed. Th
action was thus performed at 498 K. Then-C5 conversion
in H2 or in N2 over bare H-M and hybrid Pt/SiO2-HM is
shown in Figs. 5a and 5b. Clearly Fig. 5 shows thatbare
H-M has a significant activity for the reaction ofn-pentane.
The presence of H2 in the feed has no significant effect o
the conversion level or on the deactivation rate.On hybrid
Pt/SiO2-HM catalysts, H2 in the feed exerted a profound e
fect on both the conversion level and the stability with ti
on stream. Fig. 5a shows that H2 depressed the rate ofn-C5
conversion but simultaneously increased the stability w
TOS. Table 5 summarizes the results, conversions, and p
uct distribution, for the reaction ofn-pentane at 498 K ove
under
Table 3
n-Pentane reaction over SO4–ZrO2-based catalystsin H2: product distribution

Pt loaded Pt free

T R (K) 423 473 423 473

TOS (min) 5 20 60 5 20 60 5 20 60 5 20 60

Conversion (%) 0.2 0.1 – 10.0 8.0 7.8 30.0 3.1 1.1 15.4 1.2 1.1
C1–C3 – – – 0.6 0.5 0.5 9.1 6.6 6.0 8.2 2.4 2.2
iC4 – – – 0.6 0.4 0.4 59.7 49.9 47.3 38.5 7.6 7.0
n-C4 – – – 0.1 – – 5.5 0.7 – 4.8 0.8 0.8
iC5 100.0 100.0 – 97.7 98.3 98.5 21.6 34.1 34.6 41.7 82.4 83.1
C6 – – – 1.0 0.7 0.6 4.1 8.6 12.1 6.8 6.8 6.8

Reaction conditions:n-pentane pressure was 14 Torr dilutedin H2 to atmospheric pressure. Total flow rate= 1.3 L h−1. m Catalysts: Pt free, 0.3 g SO4–
ZrO2 + 0.3 g SiO2; Pt loaded, 0.3 g SO4–ZrO2 + 0.3 g Pt/SiO2. Catalysts pretreatment: Pt free, 2 h at 673 K under air flow; Pt loaded, 2 h at 673 K
air flow and then 2 h at 473 K in H2 flow.
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Fig. 5. n-Pentane reaction over H-mordenite-based catalysts at 498
in H2 and (b)in N2. Reaction conditions:n-pentane pressure was 14 To
diluted in H2 (a) andN2 (b) to atmospheric pressure. Total flow rate=
1.3 L h−1. m Catalysts: Pt free, 0.3 g H-mordenite+ 0.3 g SiO2; Pt loaded,
0.3 g H-mordenite+ 0.3 g Pt/SiO2. Catalysts pretreatment: Pt free, 2 h
673 K under air flow; Pt loaded, 2 h at 673 K under air flow and then 2
473 K in H2 flow.

bare and hybrid H-mordenite catalysts. The effects of
presence of H2 in the feed are also given. Overbare H-M in
the absence or presence of H2, C4 paraffins (isobutane an
butane) were predominantly formed. At the initial react
time the C4 fraction represents more than 60% of the pr
ucts. It is also interesting to note that isopentane select
was less than 20%.Hybrid Pt/SiO2-HM catalysts produce
similar catalytic properties, conversion and product distr
tion, and stability with time on stream, when the reaction
n-pentane was performed in the absence of H2. The addition
of H2 in the feed not only suppressed the deactivation w
time on stream but also depressed the level of conversio
served in the absence of H2 and more importantly increase
drastically the selectivity to isopentane up to 84%. O
small amounts of C4 alkanes were observed (around 8%)

4. Discussion

The acid strength of H3PW12O40 was found to be highe
than that of zeolites like H-ZSM-5 and H-mordenite [22,2
Although the term of “superacid” for these materials H
and SO4–ZrO2 has been disputed, it is well agreed th
their acid strength is higher than that of zeolites. The
sults on pentane isomerization confirm this ranking of
superior acid strength of HPA and SO4–ZrO2 compared to
H-mordenite [23]. Bare HPA and SO4–ZrO2, over which the
n-pentane reaction is catalyzed by a monofunctional
reaction, are active forn-pentane already at 423 K, sim
larly to chlorinated alumina. These findings imply that un
the present conditions of temperature, pressure, and m
hydrogen to pentane ratio, HPA and SO4–ZrO2 activate pen-
tane while H-mordenite cannot. The lack ofn-pentane re
action at 423 K over H-mordenite reflects how difficult t
activation of lower alkanes is and how weak the acid s
of H-mordenite are. In a previous work [24] it was ind
cated that Pt/H-mordenite was as active as Pt/SO4–ZrO2

for the isomerization ofn-pentane. Although not clearly un
derstood, the discrepancy may be due to differences in
lyst compositions and reaction conditions employed in [
and in this work. Nevertheless our results clearly and un
biguously demonstrate that bare H-mordenite is much
efficient than HPA and SO4–ZrO2 for the isomerization o
n-pentane.
0

g
73 K
Table 5
n-Pentane reaction over H-M and Pt–SiO2/H-M at 498 K: product distribution

H-M Pt–SiO2/H-M

in N2 in H2 in N2 in H2

TOS (min) 5 20 60 5 20 60 5 20 60 5 20 6

Conversion (%) 41.6 19.8 8.8 32.0 18.9 9.0 50.6 19.6 6.8 10.9 12.3 10.9
C1–C3 19.3 20.4 21.0 19.9 19.5 19.3 19.5 20.1 21.5 7.1 9.5 6.1
iC4 47.1 33.8 25.6 40.2 32.4 24.0 41.3 27.8 19.6 3.7 3.2 2.0
n-C4 16.6 17.1 19.2 18.5 17.7 18.7 13.5 14.9 15.6 4.2 8.3 5.7
iC5 15.7 24.1 28.5 18.2 25.3 31.7 22.5 31.4 37.3 84.1 77.5 84.9
C6 1.6 4.5 5.7 3.2 5.0 6.3 3.2 5.8 6.0 0.9 1.7 1.3

Reaction conditions:n-pentane pressure was 14 Torr diluted in N2 or in H2 to atmospheric pressure. Total flow rate= 1.3 L h−1. m Catalysts: Pt free, 0.3
H-mordenite+ 0.3 g SiO2; Pt loaded, 0.3 g H-mordenite+ 0.3 g Pt/SiO2. Catalysts pretreatment: Pt free, 2 h at 673 K under air flow; Pt loaded, 2 h at 6
under air flow and then 2 h at 473 K in H2 flow.
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Monomolecular or/and bimolecular mechanisms h
been proposed for the isomerization ofn-pentane ove
strong solid acids such as sulfated zirconia [10,13,14
and Pt/WOx–ZrO2 [18]. Conclusions have been drawn
the bases of the product distribution monitored by1H and
13C NMR, obtained in the presence of Pt and in the prese
of CO or H2 in the feed.

The monomolecular mechanism consists in the for
tion of then-pentyl cation fromn-pentane catalyzed by th
solid acid. As recalled in [26] pentyl cation can be form
via three different routes (i) hydride abstraction on Lew
acid sites, (ii) protonation of pentane followed by H2 re-
moval, and (iii) protonation of pentene formed through
hydrogenation of pentane. The rearrangement of the pe
cation into methyl-substituted cyclopropyl cation follow
by ring opening and hydrid transfer leads to the desorp
of isopentane,

(1)
C5H12 → C5H11

+ � C– –C→ iC5H11
+ +H−→ iC5H12.

A bimolecular mechanism proceeds via dimeric C10
+

species, formed from the reaction of C5
+ or C5

= alkene.
C5

= alkene may either be present in the feed as impurit
most probably formed due to the inevitable equilibrium
the pentyl cations with their deprotonation molecules

(2)(CH3)2–C+–CH2–CH3 � (CH3)2C=CH–CH3 + H+.

Dimeric C10
+ species rearrange according to the f

alkyl cation transformations and experience very fastβ-scis-
sion of the tertiary alkyl cation.

The bimolecular mechanism thus includes first pentyl
tion formation–dimerization–β-scission–final hydrid trans
fer steps. The reaction products fromn-pentane will include
isopentane, propane, butanes, and hexanes. Conseq
the monomolecular isomerization mechanism of pentan
volves onlysec- and tert-pentyl cations which cannot un
dergo facileβ-cleavage. The cracking reaction C5 → C3 +
C2 does not play a significant role; monomolecular mec
nism leads to high selectivity into isopentane. By contr
the bimolecular mechanism, where multibranched C10

+ are
formed, undergoes facileβ-cleavage. With iC5, large quan-
tities of C3 to C5 fragments are formed resulting in a lo
selectivity to isopentane. According to this, two possi
mechanisms for the reaction ofn-pentane, intermolecula
and intramolecular pathways, the results obtained in
present work are rationalized in the following.

Over bare HPA or SO4–ZrO2 assumed to be strong acid
C5H12 activation by the catalyst at 423 K apparently occ
with the subsequent formation of C5H11

+ cations. From the
present study it is not possible to discriminate whether
formation of pentyl cation involves hydrid abstraction
Lewis acid sites or pentane protonation on Brønsted
sites. Recently is was concluded [27] that although pe
cation may form either on Lewis acid sites or on Brøns
l

ly

acid sites, pentyl cation generates surface pentene on
Brønsted acid sites. Over Lewis acid sites, the forma
of surface pentene is inhibited because the pentyl ca
is stabilized by interaction of lattice oxygen. The auth
concluded that the monomolecular mechanism occurs
Lewis acid site while the bimolecular mechanism involv
the Brønsted acid site. In superacid media such as HF-S5,
the strength of the Brønsted acidity is very high such
the pentyl cation formed could hardly be deprotonated
pentene. The protonation–deprotonation equilibrium in
peracid medium is shifted toward the protonated form

(3)C5H11
+ � C5H10 + H+.

If the acid strength of HPA (or SO4–ZrO2) was as high
as HF-SbF5, the deprotonation equilibria of C5H11

+ cation
would have been suppressed and pentene molecules w
have not existed in the medium.

Only the monomolecular mechanism would have b
operative. Tables 1–4 indicate that cracking of pentane
occurred to a large extent, and isobutane is the main rea
product. Thus these results provide unambiguous conclu
for a bimolecular mechanism in the reaction ofn-pentane
over bare HPA (or SO4–ZrO2). The reason for this is tha
pentyl cations are in equilibrium with their deprotonat
pentene molecule. It is concluded that the acidity of th
solid acids, in contrast with liquid superacids, cannot st
lize the protonated form. The catalytic behavior inn-pentane
reactions would categorize HPA and SO4–ZrO2 not as su-
peracids but rather as strong solid acids in agreement
previous investigations [28]. Bare HPA (and SO4–ZrO2) de-
activate rapidly with time on stream as shown in Figs
and 4. The deactivation occurred similarly at 423 or 473
irrespective of the presence of H2. The cause of deactivatio
is probably due to the formation of allylic and polyeny
residues, possibly of cyclic structure [25] which poison
acid sites of the catalyst. Such cations with polymeric str
ture have been identified in the polymerization of olefi
in concentrated sulfuric acid [29,30]. This assumption
deactivation by acid site poisoning is supported by the
pearance on the IR spectra of the used catalysts, of ban
2927 and 2854 cm−1, ascribed toνC–H vibrations of carbo-
neous residue. From the results shown in Tables 1–4,
could not exclude that isopentane was also formed v
monomolecular path. Over bare HPA the selectivity to iso
tane decreased as the conversion ofn-C5 decreased with
time on stream at 423 and 473 K as well with or without2
in the feed. Simultaneously, the selectivity to isopentane
creased. One can assume that the concentrations of C5H11

+
cations and C5H10 molecules adsorbed on the surface
creased with the catalyst deactivation. Oligomerization
a bimolecular reaction, depending on the concentratio
both the carbenium ions and the alkene, will decrease m
than the monomolecular rearrangement of C5H11

+. The re-
sults presented in Tables 1 and 3 indicate, as already st
that H2 has no effect on the overall activity and stability n
on the product distribution. Therefore one could suggest
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over bare HPA or bare SO4–ZrO2 no activation of molecula
hydrogen occurred. The absence ofn-pentane conversion a
temperature less than 473 K over bare H-mordenite refl
the very high activation energy for protonation of penta
over H-mordenite and confirms the lower acid strength
zeolites as compared with HPA or SO4–ZrO2.

As to the reaction ofn-pentane over Pt-containing sol
acid catalysts, Fig. 2b and Table 2 indicate that the add
of platinum to HPA catalyst has no effect on the convers
of pentane with time on stream if the reaction was carried
at 423 K in the absence of H2. The product distribution is no
modified. These results indicate that under these condi
over both HPA and Pt-HPA catalysts the reaction mechan
was bimolecular and monofunctional. It is concluded t
the metallic function of Pt-HPA was not efficient enough
dehydrogenate pentane, at a reasonable rate at 423 K. C
quently, the concentration of pentene from dehydrogena
on platinum was very low and hence no bifunctional cha
ter of the reaction appeared. The striking effect of platin
appeared when the conversion of pentane was carried
in the presence of H2. At 423 K, in the presence of pla
inum, H2 suppressed then-C5 reaction. As stated above,
has been proposed that over Pt-HPA, the reaction me
nism at 423 K was monofunctional and bimolecular. In H2,
over Pt-HPA, the olefinic species, such as C5H10, respon-
sible for the bimolecular path is hydrogenated into C5H12
[Eq. (4)] at a rate faster than that of dimerization reactio
form C10H21 cation [Eq. (5)]:

(4)hydrogenation: C5H11
+ −H+

� C5H10
Pt→
H2

C5H12,

(5)dimerization: C5H11
+ + C5H10 � C10H21

+.

The surface concentration of olefin intermediates wh
are in equilibrium with C5H11

+ would be very low. The re
sult is that the bimolecular mechanism would be suppre
over Pt-HPA catalyst when H2 was cofed. If dehydrogena
tion of pentane over platinum occurs at a too low rate
bifunctional mechanism forn-pentane isomerization als
could not operate. Interestingly, from the results obtai
for the reaction ofn-pentane at 473 K in H2 over Pt-HPA,
Fig. 2a and Table 1, two noteworthy observations can
made: selectivity toward isopentane is near 100%, indi
ing that a monomolecular mechanism is operating and
version with time on stream is constant, indicating that
surface polyolefinic intermediates do not accumulate on
acid sites. Thus one could suggest that, at 473 K in H2, de-
hydrogenation of pentane into pentene over platinum wo
occur to provide enough C5H10 concentration to initiate th
monomolecular carbenium ion mechanism. Thus the po
C5H10 at higher temperature is no more provided via
protonation of the pentyl cation [Eq. (3)] but vian-pentane
dehydrogenation on platinum

(6)C5H12 � C5H10 + H2.

At 473 K, although the equilibrium concentration of pe
tene is decreased in the presence of hydrogen, thus lo
e-

t

-

-

ing the reaction rate for pentane isomerization, the form
polyolefinic residues may be promptly hydrogenated thu
voring their desorption from the solid acid surface. Cata
deactivation is hence prevented.

The conversion ofn-pentane also decreased rapidly w
time on stream in the presence ofPt-free SO4–ZrO2 (Fig. 4).
The deactivation behavior of sulfated zirconia occurred w
or without H2 in the feed. As is shown in Tables 3 and
n-pentane is mostly undergoing a cracking reaction,
dominantly into isobutane. The product distribution in
cates that the reaction proceeds via a bimolecular me
nism at both 423 and 473 K. Similarly to HPA, sulfat
zirconia initiates the activation of pentane at as low tem
ature as 423 K via processes in which C5H11

+ and C10H21
+

species are formed. Subsequent multibranching isome
tion,β-scission, and hydride transfer finally produce mai
isobutane and isopentane. Interestingly it is found (Table
in contrast to HPA, that at 423 K, the product distribut
did not change significantly with time on stream; isob
tane being predominantly formed even at low convers
over the deactivated samples. Based on the above di
sion one could suggest that the acid strengths of HPA
SO4–ZrO2 samples investigated in this work were very si
ilar, favoring the bimolecular mechanism in the reaction
n-pentane. The bimolecular mechanism prevailed for the
action ofn-pentane over Pt-containing SO4–ZrO2 at 473 K
in the absence of H2. Catalyst deactivation due to cokin
and preferential formation of isobutane and isopentane
ported in Fig. 4 and Tables 3 and 4 support this conclus
In the presence of H2, the bimolecular path, in the isome
ization of n-C5 at 423 K over Pt-containing SO4–ZrO2, is
suppressed as indicated by the zero conversion ofn-C5. The
suppression of then-C5 reaction at 423 K may be explaine
by the insufficient acid strength of SO4–ZrO2 to isomerise
C5H11

+ cations via a monomolecular path at an apprecia
rate, while the pentene issued from the reaction is ins
taneously hydrogenated by H2 in the presence of platinum
[Eq. (4)].

One could suggest that the rate of pentene hydrogen
is much faster than the rate of C5H10 addition to C5H11

+
[Eq. (5)]. Therefore the bimolecular mechanism would
almost suppressed over Pt–SO4–ZrO2 catalysts when H2 is
present.

Like the behavior of Pt-HPA catalysts, at 473 K in H2,
over Pt–SO4–ZrO2, the dehydrogenationequilibrium of pe
tane into pentene [Eq. (6)] is fast enough and substant
shifted so that a reasonable concentration of C5H10 olefin
is achieved. Therefore a bifunctional monomolecular me
anism accounts for the isomerization ofn-pentane in H2 at
473 K over Pt–SO4–ZrO2.

In earlier studies involving the reaction ofn-pentane ove
H-mordenite and over Pt–H-mordenite [3] it was found t
platinum favors the formation of isopentane and also
hances the stability with time on stream. The same tren
observed in the present work. Forbare H-mordenite when
the reaction of pentane was carried out with or without2
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in the feed fast deactivation occurred (Fig. 5). Table 5 a
indicates that the selectivity to isopentane is low. This
havior is the result of the monofunctional bimolecular ch
acter of the reaction over bare H-mordenite. C5H11

+ ions
generated over the acid sites of H-mordenite in equilibr
with C5 olefins in the pores experience a typical bimolecu
condensation reaction for the generation of C10H21

+ carbe-
nium ions followed by skeletal isomerizations and fina
cracking which generates isobutane,n-butane, isopentane
and propane. Regarding the selectivities of the produ
it is observed that large amounts ofn-butane and propan
were produced over H-mordenite in comparison with H
or SO4–ZrO2. The fact that the selectivity forn-butane, or
the molar ration-C4/iC4, is higher over H-mordenite in
dicates that the cracking product intermediates were
branched within H-mordenite. This is because the constr
exerted by the small size of the H-mordenite pores limits
formation of highly multibranched C10

+ intermediates. It is
well known that the molar ratiosn-C4/iC4 in the cracking
product distribution decreases with increasing the branc
of the intermediate carbenium ions. To justify the absenc
the n-pentane reaction at 423 K over H-mordenite as co
pared with HPA or SO4–ZrO2 we have proposed that th
acid sites of H-mordenite are of lower strength. The hig
molar ration-C4/iC4 over H-mordenite is also probably du
to the same reason. Indeed, multibranching of C10

+ interme-
diates depend on their average life time which is relativ
low when the strength of the acid sites is low. The lower a
strength of H-mordenite compared to HPA or SO4–ZrO2
results in the shifting of a cracked product spectrum fr
isobutane to moren-butane and propane. The absence of
effect of H2 on the catalytic behavior ofPt-free H-mordenite
in then-pentane reaction is consistent with a monofunctio
acid mechanism.

In the reaction ofn-pentane at 498 K over the hybr
Pt–SiO2/H-mordenite catalyst, H2 affected considerably th
conversion and its change with time on stream (Fig. 5a)
the product distributions (Table 5). At 498 K the hybrid c
alyst Pt-HM behaves more or less like a true bifunctio
catalyst. According to the classical bifunctional mechani
pentane is dehydrogenated into pentene on the plati
sites and pentene formed is protonated on the acid
yielding pentyl cations. Isomerization to isopentane wo
then result from intramolecular rearrangement of thesec-
pentyl cations (monomolecular path) or from dimerizatio
cracking reactions (bimolecular path). The results in Tab
allow discrimination among the monomolecular and bimo
cular mechanisms. In the absence of H2 the selectivity into
isopentane is low and large amounts of propane, isobu
and n-butane are formed. Thus in the absence of H2 the
bimolecular mechanism prevailed on Pt-HM. The bimo
cular mechanism apparently is suppressed by adding2
in the feed (Table 5). This table indeed indicates tha
H2 the selectivity to isopentane was as high as 84%, w
negligible amounts of C3 and C4 detected. This bimolecu
lar reaction path depends, like the oligomerization react
,

on the concentrations of pentyl cations and of C5 olefins.
Considering that the thermodynamic dehydrogenation e
librium of pentane into pentene [Eq. (6)] has been reac
the presence of H2 in the feed decreases the nominal co
centration of pentene. As a consequence the reaction
of the bimolecular path would decrease more than tha
monomolecular path. In addition the overall reaction r
of pentane over bifunctional Pt-HM, which depends on
equilibrium concentration of the pentene formed on the p
inum, will decrease by decreasing pentene concentra
thus by adding H2 in the feed in agreement with the resu
shown in Table 5. The relative contribution of the bimo
cular mechanism over H-mordenite-based catalysts is
expected, dependent on reaction conditions as tempera
feed composition, and conversion level and on the cata
composition as well.

5. Conclusion

The reaction ofn-pentane over solid acid catalysts occ
through two parallel paths: an intermolecular oligomeri
tion-cracking process which results in relatively low isop
tane selectivity and an intramolecular skeletal rearrangem
process where the selectivity in isopentane is high. O
bare heteropolyacids, SO4–ZrO2 and probably WOx–ZrO2,
the bimolecular mechanism is favored, particularly at
lowest reaction temperatures. The production of isopen
is accompanied with cracked products, propane, and
tanes. The acid strength of these solids is not high eno
to prevent the deprotonation of C5H11

+. Consequently
dimerization-cracking reactions become inevitable. It
been shown that carbon monoxide suppresses the pr
of conjunct polymerization as the result of the carbony
tion of C5H11

+ or/and C5H11 (3). By contrast, chlorinate
alumina behaves more like a superacid, since apparentl
deprotonation equilibrium

(3)C5H11
+ � C5H10 + H+

is suppressed and consequently isomerization of penta
intramolecular leading to high selectivity. Over hybrid P
HPA, Pt–SO4–ZrO2 catalysts, the bifunctional mechanis
for pentane reactions appears at relatively high tempera
due to the low value of the thermodynamic dehydroge
tion constant. At high temperatures, the presence of H2 in
the feed suppresses the bimolecular mechanism due to
hydrogenation of the olefins, C5H11

+ cations experienc
ing only the intramolecular rearrangement intotert-pentyl
cations. At lower reaction temperatures, where the con
tration of C5H10 from dehydrogenation on platinum is ve
low, the reaction occurs via a monofunctional bimolecu
mechanism only. H2 suppresses the reaction over Pt-H
and Pt–SO4–ZrO2. Finally due to its lower acid strength
monofunctional H-mordenite as well as bifunctional Pt-
mordenite requires higher reaction temperatures than
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