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Abstract

Skeletal isomerization of pentane over solid acid catalystsyidlEHg sPW1 2040, sulfated zirconia, and H-mordenite has been studied.
Hybrid bifunctional catalysts obtained by grinding equal weights gfSR), and each of the above solid acids were also used for the
reaction. Various mechanistic aspectsifguentane isomerization over monofunctional and bifunctional catalysts, in the presence or absence
of hydrogen in the feed, are discussed. Analysis of product distributions at 423 and 473 K indicated that over monofunctional heteropolyacids
and sulfated zirconia catalysts, the main reaction path is the bimolecular one, involving conjunct polymerization and cracking. Under these
operating conditions the selectivity to isopentane is low. Monofunctional H-mordenite shows a significant activity only at 498 K. HPA and
ZrO,—SQy, although showing stronger acidity than H-mordenite, do not actixpientane through a monomolecular path as “superacid-type
catalysts” are expected to. Bifunctional isomerization of pentane appears at a reaction temperature of 473 K and up since the equilibrium
concentration of pentene is significant only when the reaction temperature is 473 K and up. A monomolecular bifunctional mechanism is the
preferred route for reaching high isomerization selectivity.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction rate. It is also recognized that chlorinated alumina behaves
like the so-called superacid, magic acid systems.
The skeletal isomerization ofscCs paraffins is a key re- Zeolite-based catalysts have also been developed for

action in the petroleum industry, aimed at increasing the oc- (€ isomerization of &-Cs [3-6]. Over H-mordenite-based

tane number of the gasoline pool. The reaction is equilibrium C2talysts, the reaction was carried out at a significantly
limited, low temperature favoring high thermodynamic con- Nigher temperature, 523 K. It was recognized that the acid

centrations of branched isomers. In order to achieve max-Stength of H-mordenite is less than that of Cl2®8¢
imum isomer yields the isomerization ofs@Cs paraffins which implies that a higher reaction temperature is required
must be carried out at the lowest possible temperatures ovef©' the activation of €-Cs alkanes. The efficiency of H-
highly efficient catalysts. Skeletal isomerization of alkanes (rjr?ordemte wgst;mgm\{ed .by supporting platinum for p:;\llla—
is a typical acid-catalyzed reaction. Chlorinated alumina |u'm) [3_] and by dealumination [,4]' More' recently, other
(Cl-Al,03) containing platinum was found to be highly ef- solid acid materials, exhibiting higher acid strength than

ficient for the isomerization of £&-Cg alkanes already at .that. of H-mordemte, were applied to the skeletal Isomer-
423 K [1,2]. It is now well accepted that the reaction oc- ization of light alkanes. Among them the most efficient

curs through a monomolecular acid mechanism; the role of are heteropolyacid-based materials [7-10], sulfated zirco-

the platinum additive is to decrease the catalyst deactivation"'? [11_.15]’ gnd tungstatgd Zirconia (WQrOz) [16-18].
Promotion with platinum improves considerably the selec-

tivity and stability with time on stream in the isomerization
* Corresponding author. of light alkanes (G—Cs). For the isomerization of-pentane
E-mail address: nadine.essayem@catalyse.cnrs.fr (N. Essayem). over these heteropolyacids (HPA), sulfated zirconia£SO
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ZrOy), tungstated zirconia (WE3-Zr0y), and platinum-free  data [20]. For FTIR experiments, the ammonium salt was
or platinum-containing catalysts, monomolecular and bi- diluted in KBr (3 wt%).

molecular mechanisms have been suggested. From the pub- SO;—ZrO, was obtained by reacting zirconium hydrox-
lished results, it is clear that depending on the prevailing ide with a 0.2 N SOy solution [21]. The resulting solid
pathway, monomolecular versus bimolecular, and on the pre-was dried at 383 K, then calcined as the temperature was
vailing mechanism, monofunctional versus bifunctional, the raised from 293 to 823 K, and maintained at this temperature
presence of a dehydrogenating—hydrogenating componentor 2 h under dried air flow. Its BET surface area is equal to

and the presence or absence of hydrogen will considerably100 n? g—1. The protonic density drawn from N-hdsorp-

affect the activity, selectivity, stability with time on stream,
etc.

The aim of this work was to provide integrated experi-
mental data on the skeletal isomerizatiomebentane over
Pt-free and Pt-containing HPA, S€ZrO,, and H-mordenite

tion at 373 K is equal to 2% 10" HT m~2. Prior to NH;
adsorption the catalysts was heated in situ at 673 K under air
for2 h.

H-Mordenite was obtained by ion exchange of the Na
form with a 1 N HCI solution. Hydrothermal treatment at

catalysts where the effect of the reaction temperature andg23 K followed by leaching with HCI solution at 293 K was

the effect of H in the feed are investigated. Analysis of
the degree of-pentane conversion, the product distribution,
and the stability with time on stream will allow further con-

tributions to the understanding of the reaction mechanisms

occurring under different reaction conditions.

2. Experimental
2.1. Catalysts

(NH4)2.sPW12040 material was obtained by reacting
H3PW12040 with an aqueous NECI solution containing the
stoichiometric quantity of N ions to achieve the desired
exchange level. The exchanged solid was then centrifuge

and freeze dried. The specific surface area, measured b

N, adsorption at 77 K, was 125%g~1. According to the
model previously proposed [19] the material is describe
by layers of HPW1204¢ (acid phase) supported on neu-
tral (NH4)3PW12040. The estimated proton density was
6.6 x 10" H* m~2. This value was deduced from Ntd-

applied to H-form mordenite. It resulted in a dealuminated
H-mordenite with a framework $Al = 10. Calculated pro-
ton density is equal to 24 101 Ht m—2.

Pt/SiO, was prepared by impregnating Si€upport with
a solution of chloroplatinic acid by the incipient wetness
method to give a platinum content of 1%. The impregnated
SiO, was dried at 373 K, calcined in air flow at 773 K and
H> reduced at 673 K. Platinum dispersion measured py H
chemisorption was equal to 74%. In order to determine the
optimal ratio in weight between P$iO, and the acid ma-
terial, an increased amount of /8i0, was added to the
acid material and the-pentane conversion was measured
at 473 K (or 498 K for H-mordenite) for each composi-
dtion of the mixture. A stationary-pentane conversion was
ound when equal amounts of /%0, and acid material are
present in the hybrid catalyst. It followed that theentane

d reaction was carried out over hybrid samples obtained by

grinding together an equal weight of the acid solid with
Pt/SiO, powder (Pt-containing catalyst) or with pure SiO
(Pt-free catalyst). To insure close contact between the two

sorption at 373 K measured by gravimetry [19]. Fig. 1 shows c0mponents a long grinding time was allowed (3 min).

the TGA and DTA curves recorded on (NH sPW12040
salt up to 1023 K, under Natmosphere, using a heating
rate of 5 Kmim. The decomposition of the ammonium

salt starts at 833 K in agreement with previously published
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Fig. 1. TGA and DTA analyses of (Nfo 5Hp.5sPW12040.

2.2. Reaction of n-pentane

n-Pentane from Aldrich was used without further purifi-
cation. It contains less than 0.5% isopentane impurity. The
reaction ofn-pentane is carried out in a continuous flow
microreactor at atmospheric pressure, the reaction temper-
ature was 423 or 473 K. Partial pressurengbentane was
14 Torr complemented to atmospheric pressure eitherdy N
or by Hp. Total flow rate was 1.3 L. The amount of 0.6 g
of the mixed catalysts was used, the sample in the reactor
containing always 0.3 g of the acid component. Prior to the
reaction, the catalyst was treated in situ at 673 K in air for
2 h and then at 473 K in #for 2 h as well as for the zeolitic
material than for the sulfated zirconia sample. For the HPA-
based catalyst, only an in situ reduction in &t 473 K for
2 h was applied prior the catalytic tegtPentane and reac-
tion products were analyzed by on-line gas chromatography
equipped with a flame ionization detector and a CP-Sil2CB
fused silica capillary column.
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Fig. 3. IR spectra of fresh and used (A} sHg s5PW;2049 catalysts.

401 (a) Fresh (NH)2.5sPW;2040; (b) used (NH)2 5PW;2040. Reaction condi-

—e— 473 K- Pt free

35 3 tions: 14 Torm-Csg diluted in Hy, TR = 473 K. Total flow rate= 1.3 L h-1;
< 30 \ ---©--- 423K - Ptfree m catalyst, 0.3 g (Nl)2 5Hg.5PW12040.
% ---M-- 423 K- Pt loaded
2 251 423 K, Pt-containing HPA, in the absence of,+showed
S 201 a significant initial activity but deactivated with time on
§ 15 stream. The IR spectra of the fresh and used ammonium salt

(Pt-free HPA) are presented in Fig. 3. The used catalyst is
that recovered after the experiment performed under hydro-
gen at the highest temperature, 473 K. One can observe that
the vibrations due to the Keggin unit (700-1100¢mand

10 A

0 10 20 30 40 50 60 70 the intensity of the N+ band at 1410 cm! remained al-
T OS (min) most unchanged. These data indicate that the deactivation
(b) observed with the time on stream was not caused by a struc-

Fig. 2. n-Pentane reaction over (Nfb sHo 5PW12040-based catalysts tural modification of the heteropolyacid.,
ig. 2. n- .5H0.57PVW12040-
(a)inHz and (b)in No. Reaction conditions:-pentane pressure was 14 Torr The apparent absence of a temperature effect on the con-

diluted in Hy (a) andN, (b) to atmospheric pressure. Total flow rate version level over Pt-free catalyst, inptér in Nz, must be
1.3 Lh~1. m Catalysts: Pt free, 0.3 g (NBp.sHo.5PW12040 + 0.3 g considered as an artifact due to the strong initial deactiva-
SiOy; Ptloaded, 0.3 g (Ni)2 5Ho 5PW12040 + 0.3 g PYSIO,. Catalysts tion. Apparently, as might be anticipated, the rate of deac-
pretrgatment: 2 h at 473 K undentbr N, flow for Pt-loaded or Pt-free tivation was higher at 473 K than at 423 K resulting in a
material, respectively. higher impact on the conversion at 473 K.

To summarize, it is important to underline two important

3. Results results:
3.1. (NH4)25H05PW12049 catalysts — The simultaneous presence of hydrogen and platinum
inhibits and even suppresses the reactiomd®s at
The conversion ofi-pentane with time on stream over 423 K over HPA-based catalysts.
HPA-based catalysts is shown in Figs. 2a and 2b, respec- — The presence of +by itself without added platinum to
tively in the presence or absence of kh the feed. Over HPA cannot improve the catalytic stability with time on
Pt-containing (NH)2.sHo sPW12040, the presence of Hin stream at 423 and 473 K.

the feed had an inhibiting effect on the conversion at 423 K,

the reaction ofi-Cs being almost suppressed (Fig. 2a),anda  The peculiar catalytic behavior of Pt-free and Pt-contain-
stabilizing effect at 473 K as indicated by the absence of sig- ing HPA catalysts with the reaction temperature and with
nificant catalyst deactivation with time on stream (Fig. 2a). the presence of Hin the feed was also reflected on the re-
The positive effect of I on the catalyst stability with TOS  action product distribution. Tables 1 and 2 list the product
occurred only at the higher reaction temperature (473 K) and distribution with time on stream for-pentane reaction over

in the presence of platinum. Indeed Figs. 2a and 2b showPt-free and Pt-containing HPA catalysts. These tables show
that over Pt-free acidic ammonium salt, even at 473 K, the also the respective effects of the reaction temperature and of
conversion ofi-Cs decreased strongly with time on stream the presence of #in the feed.Over Pt-free HPA the reac-
irrespective of the presence op H-ig. 2b shows also thatat  tion of n-Cs at 423 and 473 K in the absence or presence
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Table 1
n-Pentane reaction over (Nip sHo.5PW12040-based catalysti® H,: product distribution
Pt loaded Pt free
Tr (K) 423 473 423 473
TOS (min) 5 20 60 5 20 60 5 20 60 5 20 60

Conversion (%) n 14 13 300 310 310 380 120 58 360 130 6.9
C1-C3 - - - - - - 55 33 23 7.6 40 27
iCyq — - - Q1 01 01 570 37.0 260 480 290 210
n-Cq - - - - - - 40 19 0.3 5.0 21 16
iCs 1000 10Q0 10Q0 999 998 998 290 500 630 340 570 670
Cs — - - - 01 0.1 41 77 81 53 7.8 7.9

Reaction conditionsn-pentane pressure was 14 Torr dilutedH, to atmospheric pressure. Total flow rate1.3 Lh™1. m Catalysts: Pt free, 0.3 g
(NHg)2.5Ho sPW12040 + 0.3 g SiQ; Pt loaded, 0.3 g (N2 5Hp 5sPW;12040 + 0.3 g PYSIO,. Catalysts pretreatment: 2 h at 473 K under flbw or
N> flow for Pt-loaded or Pt-free, respectively.

Table 2
n-Pentane reaction over (Nhb 5Ho 5PW12040-based catalystie No: product distribution
Pt loaded Pt free
TR (K) 423 423 473
TOS (min) 5 20 60 5 20 60 5 20 60

Conversion (%) 43 150 55 380 120 6.0 400 140 6.9
C1-C3 6.5 25 11 53 33 22 75 39 26
iCq 62.0 530 380 57.2 390 260 480 280 200
n-Cq 6.2 39 26 45 0.6 0.3 50 22 15
iCsg 220 350 510 290 490 610 340 580 680
Ce 238 52 6.9 4.0 76 81 55 7.8 7.6

Reaction conditionsn-pentane pressure was 14 Torr dilutedN, to atmospheric pressure. Total flow rate1.3 Lh™1. m Catalysts: Pt free, 0.3 g
(NHg)2.5Ho.sPW12040 + 0.3 g SiQ; Pt loaded, 0.3 g (NK)2.5sHo sPW;2040 + 0.3 g PYSIO,. Catalysts pretreatment: 2 h at 473 K under &t No
flow for Pt-loaded or Pt-free material, respectively.

of Hy resulted in the formation of small quantities of-€ tion of the catalyst apparently occurred whatever the reaction
Cs and G alkanes; isobutane and isopentane were the maintemperature (423 or 473 K) and also similarly with or with-
products. At the initial reaction time the production of isobu- out added K. The behavioof Pt-containing SO4—ZrO, was
tane exceeded largely the production of isopentane. It is alsocomparable to that of Pt-containing HPA. At low reaction
interesting to point out that the selectivity toward isopentane temperature, 423 K, and in the presence ef kb conver-
with respect to isobutane increased with the reaction temper-sjon of pentane was observed (Fig. 4a). At higher tempera-
ature and also increased with time on stream. The reaction Ofture 473 K, in the presence OfZHa Significant conversion
n-pentane at 423 K in the absence of éVer Pt-containing  of »-Cs was observed and furthermore the catalyst did not
HPA also produced mainly isobutane and isopentane, againgeactivate with time on stream. In the absence pftté con-

the isobutane concentration exceeding isopentane at the iniy,grsion ofn-Cs at 473 K was higher than that inHbut

tial reaction time (Table 2). However, inzHalthough the fast deactivation with time on stream occurred (Fig. 4a). It

- i 0 . . .
;’ Cs cgnverglon at4£23 K‘X?j;’grﬁlqw' 1h/°’ the onIy.prodiJct is clear that for this catalyst+had a negative effect on the
ormed was isopentane. , imHhe conversion o initial conversion ofi-pentane.

n-Cs was substantial and the product formed was essentially ; I
. o ) Tabl nd 4 list the pr t selectivities for the reac-
isopentane (Table 1). The qualitative differences between the ables 3 and 4 list the product selectivities for the reac

reaction ofn-pentane over Pt-free and Pt-containing HPA il?on O|I nf Cs r?hs pecttlvglly Wlthh ortl\évai:pouts(b)lmztré)e feed.
when H was present in the feed indicate that the mecha- | cou > TOM NESE tables show ree SU4=2r; pro-

nisms of the reaction of-pentane differ considerably with duced the same product distribution at 423 K irrespective
the experimental conditions of the presence of #in the feed, isobutane being predom-

inantly formed. Isobutane and isopentane were the major
3.2. Sulfated zirconia (SOs~Zr0O,) catalysts products observed. Small quantities of-C3 and G were

observed. The presence of a platinum componerhehy-

Figs. 4a and 4b show the conversion/epentane ver-  brid Pt/S0,-804-ZrO; catalyst produced a drastic effect

sus time on stream respectively i Hr in Np, over Pt-free on its catalytic performances. Although this catalyst behaved
and Pt-containing sulfated zirconia catalysts. As shown in similarly as previously when the-Cs reaction was carried
Figs. 4a and 4b the conversiono{Cs overPt-free samples out at 473 K in the absence of;Hwhen H was present
decreased rapidly with time on stream. The fast deactiva-in the feed the rate of the reaction at 423 K was dramat-
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35 -

o-- 423K-Pt free Table 4
30{ o T n-Pentane reaction over G&ZrO,-based catalysts No: product distribu-
| —oe— 473K Pt free tion

25 | :: -..m-- 423K - Pt loaded
—m— 473K Pt loaded Pt loaded Pt free

Y TR (K) 473 423
: TOS (min) 5 20 60 5 20 60

Conversion (%) 2B 6.7 33 150 16 04

C1-GC3 8.1 41 27 82 6.9 6.3
B - iCy4 431 276 218 617 530 496

n-Cy 9.2 72 51 17 0.8 -
....... iCs 330 490 603 238 295 278
—F . ) . Cs 6.7 121 100 46 97 163

30 40 50 60 70 Reaction conditionsz-pentane pressure was 14 Torr diluiedN, to at-
TOS (min) mospheric pressure. Total flow rate1.3 L h~1. m Catalysts: Pt free, 0.3 g
@) SO4—ZrOy + 0.3 g SiQ; Pt loaded, 0.3 g SE-ZrO, + 0.3 g PYSiO,.
Catalysts pretreatment: Pt free, 2 h at 673 K under air flow; Pt loaded, 2 h
at 673 K under air flow and time2 h at 473 K in H flow.

Conversion (%)

25

201 amounts of isobutane and 1-hexane were detected. These

o 423K Pt free results indicate that sulfated zirconia exhibited a catalytic
a— 473K Pt loaded behavior in the reaction of-pentane similar to that of hete-
ropolyacid materials.

Conversion (%)

3.3. H-Mordenite catalysts

.. At 423 K, neither bare H-M nor hybrid P8iO,-HM

0 O O o showed a detectable-pentane reaction or in the presence

0 10 20 30 40 50 60 70 or absence of blin the feed. These observations are in good

. agreement with previously published results indicating that

T O S (min) .

®) somewhat higher temperatures must be employed. The re-

action was thus performed at 498 K. TheCs conversion

Fig. 4.n-Pentane reaction over $&ZrO,-based catalysts (&) Hy and (b) in Hy or in N2 over bare H-M and hybrid PSIO,-HM is

in’:ﬁ\i R(eba)‘ctﬁontcondiﬂon_m'Pe”ta”e Pressure Wa;ifgol_”h‘j”lumé (ta) shown in Figs. 5a and 5b. Clearly Fig. 5 shows thate

an 0 atmospheric pressure. lotal TIow r; . .m Cata- H ' E H

lysts: th free, 03 g £@Zros+ 0.39 S Ptloaded, 0.3 g SP-Zr0y 1 H-M has a S|gn|f|c§nt activity for the rea}ctlgln ofpentane.

0.3 g PYSiO,. Catalysts pretreatment: Pt free, 2 h at 673 K under air flow; The presence of Hin the feed has no significant effect on

Pt loaded, 2 h at 673 K under air flow and then 2 h at 473 K jrflei. the conversion level or on the deactivation rae. hybrid
Pt/S02-HM catalysts, H in the feed exerted a profound ef-
fect on both the conversion level and the stability with time

ically affected, the activity of sulfated zirconia being near on stream. Fig. 5a shows thaj ldepressed the rate 0fCs

zero. However, when the reaction temperature was raised toconversion but simultaneously increased the stability with

473 K, conversion ofi-pentane in the presence of ldc- TOS. Table 5 summarizes the results, conversions, and prod-

curred, selectivity toward isopentane was high. Only trace uct distribution, for the reaction of-pentane at 498 K over

Table 3
n-Pentane reaction over g&ZrO,-based catalystis Hy: product distribution
Pt loaded Pt free
TR (K) 423 473 423 473
TOS (min) 5 20 60 5 20 60 5 20 60 5 20 60

Conversion (%) @ 01 - 100 80 7.8 300 31 11 154 12 11
C1-C3 - - - a6 05 0.5 9.1 6.6 6.0 82 24 22
iCa - - - Q06 04 04 597 499 473 385 7.6 7.0
n-Cq - - - a1 - - 55 0.7 - 48 0.8 0.8
iCs 1000 1000 - 977 983 985 216 341 346 417 824 831
Cs - - - 10 0.7 0.6 41 86 121 6.8 6.8 6.8

Reaction conditionsz-pentane pressure was 14 Torr diluiecH, to atmospheric pressure. Total flow ratel.3 Lh~L. m Catalysts: Pt free, 0.3 g SO
ZrOy + 0.3 g SiQ; Ptloaded, 0.3 g S-ZrO, + 0.3 g PySiO,. Catalysts pretreatment: Pt free, 2 h at 673 K under air flow; Pt loaded, 2 h at 673 K under
air flow and then 2 h at 473 K in $fflow.



102

40 -
35
—a— Pt loaded
30 -
g 25 | —o— Pt - free
c
L
» 20
S
g 151
o
10 4
5 4
0 T T T T T T ]
0 10 20 30 40 50 60 70
T OS (min)
@
60 -
50 A
—a— Pt loaded
$ 404 —o— Pt - free
c
o
» 30 1
[
>
c
S 204
10 4
0 T T T T T )

30 4I0
T OS (min)
(b)

Fig. 5. n-Pentane reaction over H-mordenite-based catalysts at 498 K (a)
in Hy and (b)in N». Reaction conditionsz-pentane pressure was 14 Torr
diluted in Ho (a) andN, (b) to atmospheric pressure. Total flow rate
1.3Lh1 m Catalysts: Pt free, 0.3 g H-mordenite0.3 g SiG; Pt loaded,

0.3 g H-mordenite+ 0.3 g PySiO,. Catalysts pretreatment: Pt free, 2 h at
673 K under air flow; Pt loaded, 2 h at 673 K under air flow and then 2 h at
473 Kin Hy flow.

10 20 50 60 70

bare and hybrid H-mordenite catalysts. The effects of the
presence of blin the feed are also given. Ovieare H-M in

the absence or presence of,HC4 paraffins (isobutane and
butane) were predominantly formed. At the initial reaction

N. Essayemet al. / Journal of Catalysis 219 (2003) 97-106

time the G fraction represents more than 60% of the prod-
ucts. It is also interesting to note that isopentane selectivity
was less than 20%dybrid Pt/SO,-HM catalysts produced
similar catalytic properties, conversion and product distribu-
tion, and stability with time on stream, when the reaction of
n-pentane was performed in the absence afFhe addition

of Hz in the feed not only suppressed the deactivation with
time on stream but also depressed the level of conversion ob-
served in the absence obtnd more importantly increased
drastically the selectivity to isopentane up to 84%. Only
small amounts of galkanes were observed (around 8%).

4. Discussion

The acid strength of gPW;2040 was found to be higher
than that of zeolites like H-ZSM-5 and H-mordenite [22,23].
Although the term of “superacid” for these materials HPA
and SQ-ZrO, has been disputed, it is well agreed that
their acid strength is higher than that of zeolites. The re-
sults on pentane isomerization confirm this ranking of the
superior acid strength of HPA and $€&XZrO, compared to
H-mordenite [23]. Bare HPA and S©ZrO;, over which the
n-pentane reaction is catalyzed by a monofunctional acid
reaction, are active for-pentane already at 423 K, simi-
larly to chlorinated alumina. These findings imply that under
the present conditions of temperature, pressure, and molar
hydrogen to pentane ratio, HPA and £QrO, activate pen-
tane while H-mordenite cannot. The lack iofpentane re-
action at 423 K over H-mordenite reflects how difficult the
activation of lower alkanes is and how weak the acid sites
of H-mordenite are. In a previous work [24] it was indi-
cated that PtH-mordenite was as active as/BOy—ZrO;
for the isomerization ofi-pentane. Although not clearly un-
derstood, the discrepancy may be due to differences in cata-
lyst compositions and reaction conditions employed in [24]
and in this work. Nevertheless our results clearly and unam-
biguously demonstrate that bare H-mordenite is much less
efficient than HPA and S£-ZrO, for the isomerization of
n-pentane.

Table 5
n-Pentane reaction over H-M and Pt-$j®i-M at 498 K: product distribution
H-M Pt-SiG/H-M
in N» in Hy in N» in Hy
TOS (min) 5 20 60 5 20 60 5 20 60 5 20 60

Conversion (%) 4% 198 88 320 189 9.0 506 196 6.8 109 123 109
C1-C3 193 204 210 199 195 193 195 201 215 71 9.5 6.1
iCq 471 338 256 402 324 240 413 278 196 37 32 20
n-Cq 16.6 171 192 185 177 187 135 149 156 4.2 83 5.7
iCsg 157 241 285 182 253 317 225 314 373 841 775 849
Ce 16 45 57 32 50 6.3 32 5.8 6.0 0.9 17 13

Reaction conditionsz-pentane pressure was 14 Torr diluted i & in Hy to atmospheric pressure. Total flow ratel.3 Lh~1. m Catalysts: Pt free, 0.3 g
H-mordenite+ 0.3 g SiQ; Pt loaded, 0.3 g H-mordenite 0.3 g P{SiO,. Catalysts pretreatment: Pt free, 2 h at 673 K under air flow; Pt loaded, 2 h at 673 K

under air flow and then 2 h at 473 K inpHlow.
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Monomolecular or/and bimolecular mechanisms have
been proposed for the isomerization efpentane over

103

acid sites, pentyl cation generates surface pentene only on
Brgnsted acid sites. Over Lewis acid sites, the formation

strong solid acids such as sulfated zirconia [10,13,14,25] of surface pentene is inhibited because the pentyl cation

and PYWO,—-ZrO, [18]. Conclusions have been drawn on
the bases of the product distribution monitoredl#y and

is stabilized by interaction of lattice oxygen. The authors
concluded that the monomolecular mechanism occurs on a

13C NMR, obtained in the presence of Pt and in the presenceLewis acid site while the bimolecular mechanism involves

of CO or H; in the feed.

The monomolecular mechanism consists in the forma-
tion of then-pentyl cation fronn-pentane catalyzed by the
solid acid. As recalled in [26] pentyl cation can be formed
via three different routes (i) hydride abstraction on Lewis
acid sites, (ii) protonation of pentane followed by Ie-
moval, and (iii) protonation of pentene formed through de-

hydrogenation of pentane. The rearrangement of the pentyl

cation into methyl-substituted cyclopropyl cation followed

the Bragnsted acid site. In superacid media such as HkE;SbF
the strength of the Brgnsted acidity is very high such that
the pentyl cation formed could hardly be deprotonated into
pentene. The protonation—deprotonation equilibrium in su-
peracid medium is shifted toward the protonated form

CsH11T = CsHip+ H. (3

If the acid strength of HPA (or S&Zr0O») was as high
as HF-SbE, the deprotonation equilibria ofgEl11™ cation

by ring opening and hydrid transfer leads to the desorption would have been suppressed and pentene molecules would

of isopentane,
C

/+\ : +H™ .
CsHi2 — CsHi1™ = C-C—(C—C— iCsH11T = iCsH1o.
1)

A bimolecular mechanism proceeds via dimerigyC
species, formed from the reaction o Cor Cs= alkene.
Cs= alkene may either be present in the feed as impurity or
most probably formed due to the inevitable equilibrium of
the pentyl cations with their deprotonation molecules

(2)

Dimeric Cio" species rearrange according to the fast
alkyl cation transformations and experience very gascis-
sion of the tertiary alkyl cation.

The bimolecular mechanism thus includes first pentyl ca-
tion formation—dimerizationg-scission—final hydrid trans-
fer steps. The reaction products franpentane will include

(CHz),—C"—CH—CHz = (CH3),C=CH-CHs + H*.

have not existed in the medium.

Only the monomolecular mechanism would have been
operative. Tables 1-4 indicate that cracking of pentane has
occurred to a large extent, and isobutane is the main reaction
product. Thus these results provide unambiguous conclusion
for a bimolecular mechanism in the reactionmepentane
over bare HPA (or S@-ZrO,). The reason for this is that
pentyl cations are in equilibrium with their deprotonated
pentene molecule. It is concluded that the acidity of these
solid acids, in contrast with liquid superacids, cannot stabi-
lize the protonated form. The catalytic behavioripentane
reactions would categorize HPA and $@rO;, not as su-
peracids but rather as strong solid acids in agreement with
previous investigations [28]. Bare HPA (and £@rO,) de-
activate rapidly with time on stream as shown in Figs. 2
and 4. The deactivation occurred similarly at 423 or 473 K
irrespective of the presence of Hl'he cause of deactivation
is probably due to the formation of allylic and polyenylic
residues, possibly of cyclic structure [25] which poison the

isopentane, propane, butanes, and hexanes. Consequenthgid sites of the catalyst. Such cations with polymeric struc-

the monomolecular isomerization mechanism of pentane in-

volves onlysec- and tert-pentyl cations which cannot un-
dergo facileg-cleavage. The cracking reactiog & Cz +

C» does not play a significant role; monomolecular mecha-
nism leads to high selectivity into isopentane. By contrast,
the bimolecular mechanism, where multibranchegtCare
formed, undergoes facilg-cleavage. With ig, large quan-
tities of G to Cs fragments are formed resulting in a low
selectivity to isopentane. According to this, two possible
mechanisms for the reaction efpentane, intermolecular

ture have been identified in the polymerization of olefins
in concentrated sulfuric acid [29,30]. This assumption of
deactivation by acid site poisoning is supported by the ap-
pearance on the IR spectra of the used catalysts, of bands at
2927 and 2854 cmt, ascribed tarc_y vibrations of carbo-
neous residue. From the results shown in Tables 1-4, one
could not exclude that isopentane was also formed via a
monomolecular path. Over bare HPA the selectivity to isobu-
tane decreased as the conversiomefs decreased with
time on stream at 423 and 473 K as well with or withoyt H

and intramolecular pathways, the results obtained in thein the feed. Simultaneously, the selectivity to isopentane in-

present work are rationalized in the following.

Over bare HPA or S@-ZrO, assumed to be strong acids,
CsH12 activation by the catalyst at 423 K apparently occurs
with the subsequent formation o§811™ cations. From the
present study it is not possible to discriminate whether the
formation of pentyl cation involves hydrid abstraction on

creased. One can assume that the concentrationgHof;C
cations and gH;p molecules adsorbed on the surface de-
creased with the catalyst deactivation. Oligomerization, as
a bimolecular reaction, depending on the concentration of
both the carbenium ions and the alkene, will decrease more
than the monomolecular rearrangement gHg; ™. The re-

Lewis acid sites or pentane protonation on Brgnsted acid sults presented in Tables 1 and 3 indicate, as already stated,

sites. Recently is was concluded [27] that although pentyl
cation may form either on Lewis acid sites or on Brgnsted

that Hp has no effect on the overall activity and stability nor
on the product distribution. Therefore one could suggest that



104 N. Essayemet al. / Journal of Catalysis 219 (2003) 97-106

over bare HPA or bare S8ZrO; no activation of molecular  ing the reaction rate for pentane isomerization, the forming
hydrogen occurred. The absence:gbentane conversion at  polyolefinic residues may be promptly hydrogenated thus fa-
temperature less than 473 K over bare H-mordenite reflectsvoring their desorption from the solid acid surface. Catalyst
the very high activation energy for protonation of pentane deactivation is hence prevented.

over H-mordenite and confirms the lower acid strength of  The conversion ofi-pentane also decreased rapidly with
zeolites as compared with HPA or $&XrO,. time on stream in the presenceRiffree SO4—ZrO5 (Fig. 4).

As to the reaction ofi-pentane over Pt-containing solid The deactivation behavior of sulfated zirconia occurred with
acid catalysts, Fig. 2b and Table 2 indicate that the addition or without H in the feed. As is shown in Tables 3 and 4
of platinum to HPA catalyst has no effect on the conversion n-pentane is mostly undergoing a cracking reaction, pre-
of pentane with time on stream if the reaction was carried out dominantly into isobutane. The product distribution indi-
at 423 Kin the absence ofdHThe product distributionisnot  cates that the reaction proceeds via a bimolecular mecha-
modified. These results indicate that under these conditionsnism at both 423 and 473 K. Similarly to HPA, sulfated
over both HPA and Pt-HPA catalysts the reaction mechanismzirconia initiates the activation of pentane at as low temper-
was bimolecular and monofunctional. It is concluded that ature as 423 K via processes in whickHG 1+ and GoHa1™
the metallic function of Pt-HPA was not efficient enough to species are formed. Subsequent multibranching isomeriza-
dehydrogenate pentane, at areasonable rate at 423 K. Consgion, 8-scission, and hydride transfer finally produce mainly
quently, the concentration of pentene from dehydrogenationisobutane and isopentane. Interestingly it is found (Table 3),
on platinum was very low and hence no bifunctional charac- in contrast to HPA, that at 423 K, the product distribution
ter of the reaction appeared. The striking effect of platinum did not change significantly with time on stream; isobu-
appeared when the conversion of pentane was carried outane being predominantly formed even at low conversion
in the presence of H At 423 K, in the presence of plat- over the deactivated samples. Based on the above discus-
inum, Hy suppressed the-Cs reaction. As stated above, it sjon one could suggest that the acid strengths of HPA and
has been proposed that over Pt-HPA, the reaction mecha-SQ,—Zr0, samples investigated in this work were very sim-
nism at 423 K was monofunctional and bimolecular. s H ilar, favoring the bimolecular mechanism in the reaction of
over Pt-HPA, the olefinic species, such agHgo, respon-  n-pentane. The bimolecular mechanism prevailed for the re-
sible for the bimolecular path is hydrogenated intsHg, action ofn-pentane over Pt-containing $&2rO; at 473 K
[Eq. (4)] at a rate faster than that of dimerization reaction to in the absence of i Catalyst deactivation due to coking

form CyoH2; cation [Eq. (5)]: and preferential formation of isobutane and isopentane, re-
_ _Ht Pt ported in Fig. 4 and Tables 3 and 4 support this conclusion.
hydrogenation: €H11™ = CsHlo;Z CsHi2, (4) In the presence of ¥ the bimolecular path, in the isomer-

. o N 4 ization of n-Cs at 423 K over Pt-containing SOZr0O,, is
dimerization:  GH11" + CsHio = CioH21™ ®) suppressed as indicated by the zero conversiar®§. The

The surface concentration of olefin intermediates which suppression of the-Cs reaction at 423 K may be explained
are in equilibrium with GH11+ would be very low. The re- by the insufficient acid strength of S&7rO; to isomerise
sult is that the bimolecular mechanism would be suppressedCsH11" cations via a monomolecular path at an appreciable
over Pt-HPA catalyst when Hwas cofed. If dehydrogena- rate, while the pentene issued from the reaction is instan-
tion of pentane over platinum occurs at a too low rate the taneously hydrogenated by, Hh the presence of platinum
bifunctional mechanism for-pentane isomerization also [Eq. (4)].
could not operate. Interestingly, from the results obtained  One could suggest that the rate of pentene hydrogenation
for the reaction ofi-pentane at 473 K in fHover Pt-HPA, is much faster than the rate o819 addition to GH11T
Fig. 2a and Table 1, two noteworthy observations can be [Eq. (5)]. Therefore the bimolecular mechanism would be
made: selectivity toward isopentane is near 100%, indicat- almost suppressed over Pt—$@rO, catalysts when Hlis
ing that a monomolecular mechanism is operating and con-present.
version with time on stream is constant, indicating that the  Like the behavior of Pt-HPA catalysts, at 473 K in,H
surface polyolefinic intermediates do not accumulate on the over Pt—-SQ@-ZrO,, the dehydrogenation equilibrium of pen-
acid sites. Thus one could suggest that, at 473 Kdndé- tane into pentene [Eqg. (6)] is fast enough and substantially
hydrogenation of pentane into pentene over platinum would shifted so that a reasonable concentration ¢ifi{g olefin
occur to provide enoughdEl1g concentration to initiate the  is achieved. Therefore a bifunctional monomolecular mech-
monomolecular carbenium ion mechanism. Thus the pool of anism accounts for the isomerization:spentane in H at
CsHio at higher temperature is no more provided via de- 473 K over Pt—-S@-ZrO,.

protonation of the pentyl cation [Eq. (3)] but viapentane In earlier studies involving the reaction @fpentane over
dehydrogenation on platinum H-mordenite and over Pt—H-mordenite [3] it was found that

platinum favors the formation of isopentane and also en-
CsHi2 = CsHi0+ Ha. (6)

hances the stability with time on stream. The same trend is
At 473 K, although the equilibrium concentration of pen- observed in the present work. Foare H-mordenite when
tene is decreased in the presence of hydrogen, thus lowerthe reaction of pentane was carried out with or withogt H



N. Essayemet al. / Journal of Catalysis 219 (2003) 97-106 105

in the feed fast deactivation occurred (Fig. 5). Table 5 also on the concentrations of pentyl cations and @f @kefins.
indicates that the selectivity to isopentane is low. This be- Considering that the thermodynamic dehydrogenation equi-
havior is the result of the monofunctional bimolecular char- librium of pentane into pentene [Eqg. (6)] has been reached,
acter of the reaction over bare H-mordenitgHg; ™ ions the presence of fin the feed decreases the nominal con-
generated over the acid sites of H-mordenite in equilibrium centration of pentene. As a consequence the reaction rate
with Cs olefins in the pores experience a typical bimolecular of the bimolecular path would decrease more than that of
condensation reaction for the generation @§id>;" carbe- monomolecular path. In addition the overall reaction rate
nium ions followed by skeletal isomerizations and finally of pentane over bifunctional Pt-HM, which depends on the
cracking which generates isobutamebutane, isopentane, equilibrium concentration of the pentene formed on the plat-
and propane. Regarding the selectivities of the products,inum, will decrease by decreasing pentene concentration,
it is observed that large amounts mfbutane and propane thus by adding K in the feed in agreement with the results
were produced over H-mordenite in comparison with HPA shown in Table 5. The relative contribution of the bimole-
or SO—ZrO,. The fact that the selectivity for-butane, or cular mechanism over H-mordenite-based catalysts is, as
the molar ration-Cy4/iC4, is higher over H-mordenite in-  expected, dependent on reaction conditions as temperature,
dicates that the cracking product intermediates were lessfeed composition, and conversion level and on the catalyst
branched within H-mordenite. This is because the constraintcomposition as well.

exerted by the small size of the H-mordenite pores limits the

formation of highly multibranched g™ intermediates. It is

well known that the molar ratiog-C4/iC4 in the cracking 5. Conclusion

product distribution decreases with increasing the branching
of the intermediate carbenium ions. To justify the absence of

the n-pentane reaction at 423 K over H-mordenite s COM- yhrq,gh two parallel paths: an intermolecular oligomeriza-
pared with HPA or S@-ZrO, we have proposed that the i, cracking process which results in relatively low isopen-

acid sites of H-mordenite are of lower strength. The higher ;o selectivity and an intramolecular skeletal rearrangement
molar ration-Cs/iC4 over H-mordenite is also probably due  ,qces5 where the selectivity in isopentane is high. Over

to the same reason. queed, multipranchinggj’*ﬂr‘lterme? bare heteropolyacids, SOZrO, and probably WQ-ZrOy,
diates depend on their average life time which is relatively o pimolecular mechanism is favored, particularly at the

low Whin t?e strength of the acid sr:jes is low. The lower acid | yest reaction temperatures. The production of isopentane
strength of H-mordenite compared to HPA or £@r0; is accompanied with cracked products, propane, and bu-

results in the shifting of a cracked product spectrum from 4,05 The acid strength of these solids is not high enough
isobutane to more-butang and prgpane.The absencg of any to prevent the deprotonation ofsB11+. Consequently
effect of H, on the catalytic behavior ¢#t-free H-mordenite dimerization-cracking reactions become inevitable. It has

m'Fgen-pinta'ne reaction is consistent with a monofunctional been shown that carbon monoxide suppresses the process
acid mechanism. of conjunct polymerization as the result of the carbonyla-

In_the reactign pfn-penltane atﬁ498(;< 0ve_rdthebr|1ybf:id tion of CsH11™ or/fand GHa1 (3). By contrast, chlorinated
Pt—SlQ(H—mor .emte cata y;t, Ha ected consl era Ythe  alumina behaves more like a superacid, since apparently the
conversion and its change with time on stream (Fig. 5a) and deprotonation equilibrium

the product distributions (Table 5). At 498 K the hybrid cat-
alyst Pt-HM behaves more or .Iess !ike a true bifunctiqnal CsHyyt = CsHig+ HY 3)
catalyst. According to the classical bifunctional mechanism,

pentane is dehydrogenated into pentene on the platinumis suppressed and consequently isomerization of pentane is
sites and pentene formed is protonated on the acid sitesntramolecular leading to high selectivity. Over hybrid Pt-
yielding pentyl cations. Isomerization to isopentane would HPA, Pt-SQ-ZrO; catalysts, the bifunctional mechanism
then result from intramolecular rearrangement of sbe for pentane reactions appears at relatively high temperatures
pentyl cations (monomolecular path) or from dimerization- due to the low value of the thermodynamic dehydrogena-
cracking reactions (bimolecular path). The results in Table 5 tion constant. At high temperatures, the presence ofrH
allow discrimination among the monomolecular and bimole- the feed suppresses the bimolecular mechanism due to fast
cular mechanisms. In the absence oftHe selectivity into hydrogenation of the olefins, €111+ cations experienc-
isopentane is low and large amounts of propane, isobutanejng only the intramolecular rearrangement iréot-pentyl

and n-butane are formed. Thus in the absence efthke cations. At lower reaction temperatures, where the concen-
bimolecular mechanism prevailed on Pt-HM. The bimole- tration of GH1o from dehydrogenation on platinum is very
cular mechanism apparently is suppressed by adding H low, the reaction occurs via a monofunctional bimolecular
in the feed (Table 5). This table indeed indicates that in mechanism only. b suppresses the reaction over Pt-HPA
H> the selectivity to isopentane was as high as 84%, with and Pt—-S@-ZrO,. Finally due to its lower acid strength,
negligible amounts of €and G detected. This bimolecu- monofunctional H-mordenite as well as bifunctional Pt-H-
lar reaction path depends, like the oligomerization reaction, mordenite requires higher reaction temperatures than HPA

The reaction ofi-pentane over solid acid catalysts occurs
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or SOi—ZrOy, high isopentane selectivity being reached only
over Pt-containing mordenite in the presence ofifl the
feed.
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