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Skeletal isomerization of alkanes and hydroisomerization of
benzene over solid strong acids and their bifunctional catalysts
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Abstract

Hydroisomerization of benzene to methylcyclopentane has been studied using bifunctional catalysts consisting of Pt and
an acidic Cs salt of fPW;2040. The hydrogenation ability of Pt and the surface acidity (the amount of acid sites) of the
bifunctional catalysts were key factors in determining the yield; the former is required for complete hydrogenation of benzene
and the latter is parallel with the activity for skeletal isomerization of cyclohexane. However, for Pt-promoted acidic Cs salts,
the hydrogenation ability tended to be suppressed as the amount of proton (or the heteropoly anion) increased. As a result,
2 wt.%Pt—CssHo 5sPW12040 gave a high yield (51%) of methylcyclopentane at 473 K with 100% conversion of benzene.
When 2 wt.%Pt was added to “@sHo5PW12040" which was prepared by impregnating 483,504 with the aqueous
solution of HEPW12040, the higher yield of methylcyclopentane was also obtained. © 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction proximity of Pt or Pd particles on GgHg s5PW12040
suppressed the hydrogenolysis wfbutane, which
Bifunctional catalysts consisting of noble metal and resulted in the increase of the selectivity to isobutane
solid acid are widely used for reforming processes [1]. These bifunctional catalysts are thus expected
including skeletal isomerization, dehydrocyclization, to be available for various reforming reactions of
etc. These bifunctional catalysts provide both acid and hydrocarbons.
hydrogenation—dehydrogenation functions which are  Hydrocarbon oils including aromatics like benzene
required to be well-balanced to accelerate desirable are efficient gasoline having a high octane number.
reactions selectively. However, it is keenly desirable to reduce the content
Pt-promoted heteropoly compounds like Pt>6s of benzene in gasoline from a viewpoint of environ-
Ho.sPW1,040 Were reported to be excellent catalysts mental protection. One possible way to diminish the
for skeletal isomerization ofi-alkanes [1-4]. Pt— or  benzene content in gasoline retaining its high octane
Pd—Cs sHo 5PW;2040 was highly active and selective  number is to transform benzene to methylcyclopen-
for isomerization ofn-butane in the presence of,H tane by the hydroisomerization. Research octane
at 573 K [1]. It was suggested that protons present in numbers of benzene and methylcyclopentane are 98.0
and 91.3, respectively, while those of cyclohexane and
" Corresponding author. Tekt81-11-706-4513: n-hexane are 83.0 and 24.8, respectively. Practically,
fax: +81-11-706-4513. the hydroisomerization of benzene has been operated
E-mail addressoku@ees.hokudai.ac.jp (T. Okuhara). in two-step processes consisting of hydrogenation
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of benzene and skeletal isomerization of product

cyclohexane.

R.-i. Watanabe et al./Catalysis Today 66 (2001) 123-130

Two other kinds of Pt-promoted heteropoly com-
pounds were prepared. To get the first, Pt was impreg-

In the present study, we attempted to elucidate the nated into CgPW;2040 Which was prepared similarly

catalytic property of the heteropoly-bifunctional cata-
lysts for the hydroisomerization of benzene to methyl-
cyclopentane by comparing with Pt—sulfated ZrO

[5,6]. Furthermore, various kinds of the Pt-heteropoly

to C95Hps5PW12040 to get 2 wt.%Pt—C#PW;2040.
Then the aqueous solutions 0§PW;,040 was added

to Pt—-CgPW;,040 in an incipient wetness method.
These catalysts will be denoted as H3/2 wt.%Pt—Cs3.

compounds were prepared to improve the catalytic The second was obtained by the addition of Pt to
performance of this reaction. There are many reports H3PW12040/CssPW;2040 having various compo-
about the skeletal isomerization of cyclohexane over sitions prepared by the incipient wetnhess impreg-

solid acids such as zeolites [7,8], mixed oxides [9,10],

SbR—-SiO—Al203 [11], and MaC [12]. On the other

hand, the results of the hydroisomerization of aromat-

nation of CgPW;2040 with the aqueous solution
of H3PW12040. To the H;PW12040/C33PW12040,
the aqueous solution of 4PtCk was added after

ics over bifunctional catalysts have appeared in some H3PW;2040/CssPW12040 was calcined at 573K in

patents [13-15].

2. Experimental
2.1. Catalysts

As solid acids, CssHg5PW12040, sulfated ZrQ
and H-ZSM-5 were used. @sHosPW12040 was
prepared from aqueous solutions ofzPWW;2049
and CsCOgs by a titration method [1,16]. The sur-
face area was 110%g ! after the calcination at
523 K. This salt will be abbreviated as Cs2.5. Sul-
fated ZrQ was prepared according to the literature
[17]. The surface area was 9Ggr ! after the calci-
nation at 893K in air. This catalyst will be denoted
as SCﬁ‘/ZrOz. H-ZSM-5 (Tosoh, HSZ860HOA,
Si/Al = 37, 381 ntg~1) was also used.

Pt-promoted GCgsHpsPWi2040 catalysts were
prepared by the titration method [1,18,19]. An aque-
ous solution of HPtCk.6H,O (0.04 moldnt3)
was added to an aqueous solution ofPWVi2040
(0.08 mol dnt3) at room temperature. Then an aque-
ous solution of CsCO3 (0.10 mol dn3) was added
dropwise to the mixture at the rate of 0.1tmin1
with vigorous stirring at room temperature. The ob-

air for 5h. The resulting catalysts were denoted as,
e.g., 2wt.%Pt—H3/Cs3. These were pretreated in a
flow of O, for 2h and then in a flow of bifor 1 h at
573 K. For these catalysts-15 wt.%PMW;,040-added
samples correspond to the average composition of
“Cs2.5H0.5PW12040".

0.5wt.%Pt—sulfated Zr® was prepared using
H>PtCl.6H,O according to the literature [5,6], which
is denoted as Pt—ﬁO/ZrOz. Prior to use, these ma-
terials were pretreated in the flow of;Hat 573 or
673K for 1 h. 0.5wt.%Pt—mordenite was prepared by
an ion-exchange method using WHnordenite (from
Na—mordenite (JRC-Z-M-15) and NNO3) and
Pt(NH3)4(OH), (Aldrich Chem.). These Pt catalysts
were calcined in air at 773K for 4 h.

2.2. Catalytic reactions

Skeletal isomerization oh-butane orn-pentane
was performed in a closed circulation system (about
300cn?) with 40 Torr of n-butane or 48Torr of
n-pentane. Cs2.5 and $O/Zr02 (0.59) were
pre-evacuated at 573K for 3h and 673K for 5h,
respectively. The products were analyzed with an
on-line TCD gas chromatograph (Shimadzu GC 8A)
with a column of VZ-7.

Hydroisomerization of benzene was carried out in

tained suspension was allowed to stand overnight at a continuous flow system under atmospheric pressure.
room temperature, and evaporated at 318 K to obtain The feed gas consisted of benzene, 13% apndBHA%

solid. The loading amount of Pt was changed from
0.5 to 4.0wt.%. This catalyst will be denoted as, e.g.,

in volume. The total flow rate was 5-10 émin—2.
Prior to the reaction, the catalysts (2.0g) were pre-

0.5wt.%Pt—Cs2.5. These heteropoly compounds weretreated in an @ flow (50 cn® min—1) for 2h, in a

pretreated in a flow of @for 2h and then in a flow
of Hy for 1h at 573 K.

He (50cn¥min~1) for 10min, and then in a H
flow (50 cn?min—1) for 1h at 573K. The products
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were analyzed with a FID GC (Shimadzu GC-14B) 3. Results and discussion
equipped with a capillary column (WCOT Fused

Silica Squalane). Fig. 1 shows the time courses of skeletal isomeriza-

tion of n-butane over Cs2.5 and §0/Zr0O, at vari-
ous temperatures. As shown in Fig. 1A, the reaction
proceeded with little deactivation at least for 300 min
on Cs2.5. For Cs2.5, the conversionrebutane in-
Dispersion of Pt on the catalyst was determined creased as the reaction temperature increased from 423
from temperature programmed desorption (TPD) of to 523 K, the conversions being less than 25%. The se-
adsorbed CO, using the desorption amounts of CO andlectivity to isobutane was in the range of 85-95% un-
CO,. It was assumed that GQvas formed due to the  der these reaction conditions. Although 5@Zzr0,
reaction between the adsorbed CO, and OH group of was more active than Cs2.5 at lower temperatures
the surface and CO was adsorbed on the surface meta(Fig. 1B), the deactivation of S /ZrO, was signif-
atom at 1:1 stoichiometry [20]. The TPD spectra were icant at 523 K. The selectivity on ﬁO/ZrOZ was in
obtained by using a TPD system (Multi-task TPD, the range of 67-92% under these conditions.
BEL, Japan) equipped with a mass spectrometer. After The catalytic data of Cs2.5 and SOZrOZ for the
the catalyst was pretreated at 573K in the flow of O skeletal isomerization af-butane anah-pentane were
(2h), He (10 min), and then H(1 h). CO (100 Torr) summarized in Table 1. Both Cs2.5 and§@2r02
was introduced at 298 K for 10 min. The surface area gave propane and pentane as byproducts of isomer-
of catalyst was measured by a BET method of N ization of n-butane. On the other hand, isobutane as
at 77 K using an automatic gas adsorption apparatuswell as isopentane was mainly produced in the iso-
(BELSORP 28SA, BEL, Japan). merization ofn-pentane. The product distribution from

2.3. Other measurements
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Fig. 1. Time courses of skeletal isomerizationrebutane on (A) CssHosPW12040 and (B) sulfated Zr@. Reaction temperature{)
423K; (A) 453 K; () 493K; (@) 523 K. Catalyst weight 0.5g. The top is the selectivity to isobutane and the bottom is the conversion
of n-butane.
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Table 1
Conversion and selectivity of skeletal isomerizatiomdjutane and-pentane over GgHosPWi2040 and sulfated Zr@ at 423K (reaction
conditions:n-butane, 40 Torr on-pentane, 48 Torr; catalyst weight 0.5g; at 473K)

Catalyst Conversion/% [h] Selectivity/mofo

C1 c2 C3 i-C4 C5
n-Butane isomerization
Cs2.5 6.6 [4] 0 0 4.4 91.3 3.5
Sz 19.6 [2] 0 0 10.1 83.1 5.1
H-ZSM-5 6.9 [10] 0 0.2 63.5 36.3 0

C1 Cc2 C3 i-C4 n-C4 i-C5 C6
n-Pentane isomerization
Cs2.5 15.5 [6] 0 0 4.5 45.5 0 46.5 4.5
Sz 13.5 [4] 0 0 5.3 43.3 1.3 43.3 6.7
H-ZSM-5° 13.2 [1] 0 0 14.4 41.1 17.4 16.7 10.3

aC1, methane; C2, ethane; C3, propain€4, isobutanen-C4, n-butane; C5, pentanesC5, isopentane; and C6, hexanes.
b Catalyst weight 0.32g.

n-pentane over SﬁJ/ZrOZ was similar to the liter- 80
ature [21]. Conclusively, Cs2.5 and §OZr02 cat- 70l PN
alyzed efficiently the skeletal isomerization of these 60 e \\
alkanes. Hence, we used Cs2.5 ancﬁSﬁZrOz as a 7 \
component of bifunctional catalyst for hydroisomer- o\° 501 7 \\
ization of benzene. S 40f |

It is considered that the hydroisomerization of ben- g 30 \
zene consists of hydrogenation of benzene to cyclo- i !
hexane and the skeletal isomerization of cyclohexane 20 - \
to methylcyclopentane. The former reaction rate is 10 L \
necessarily governed by the hydrogenation ability of 0 1 1 . .\ S
Pt of the bifunctional catalyst, and the latter is deter- 373 423 473 523 573 623
mined by the acidic property. Thus catalyst design for Temperature / K

optimization of both functions is indispensable to pre- _ _ _ '
pare a prominent catalyst. As was not shown here, the Ecl)gn. c2)1; E:nazlgnioofvgf'c‘)’;&T{;‘Q{'Cﬁof’swrﬁ '”u*;ﬁr‘::;c?s;'za‘
skeletal ,Isc_’menzatlon of cyclohexane proceeded with temperature. Reaction.conditionsf b:ﬁze@éig):87 in volume,

a rate similar to that of the formation of methylcy- iotal flow rate 10crimin—, and catalyst weight 2.0g.
clopentane from benzene over 2 wt.%Pt—Cs2.5, when

the conversion of benzene was near 100%.

In order to determine the reaction temperature at creased through a maximum at 473 K when the reac-
which the highest yield is achieved, the influence of tion was performed successively from 423 to 573K
the reaction temperature on the yield of methylcy- for about each 2h. The decrease in the yield is ob-
clopentane in hydroisomerization of benzene was ex- served at the reaction temperatures higher than 473K,
amined using 0.5 wt.%Pt—Cs2.5. The results are shown probably attributed to the catalyst deactivation, and
in Fig. 2, in which the broken line corresponds to the significant drop of the yield at 573K is due to the
the equilibrium yield of methylcyclopentane among equilibrium limitation. From the results of Fig. 2, we
benzene, cyclohexane, and methylcyclopentane. It ischose 473 K as the reaction temperature.
expected that maximum yield (73.8%) is obtained at  Fig. 3 shows the time courses of hydroisomerization
500 K under these conditions. As shown in Fig. 2, the of benzene over Pt—-Cs2.5 having different amounts
yield of methylcyclopentane increased and then de- of Pt loading. Decrease in the conversion with time
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Fig. 3. Time courses of hydroisomerization of benzene at 473K
over Pt—-CssHosPW;2040 having different amount of Pt:(Q)

0.25Wt%; () 0.5wt.%; (1) 1L.OWLY%; () 2.0wt.%; and ¢) 0.2nf g™ 1), but changed only slightly at higher levels
4.0 wt.%. Reaction conditions: benzeng:H13:87 in volume, total

flow rate 10crmin-L, and catalyst weight 2.0g. of the Pt sur_face area. The_ different behavior _between
the conversion and yield indicates that the increase
of the Pt surface area is effective for the hydrogena-
tion, but not for the skeletal isomerization of cyclo-
was significant at the lower levels of the Pt loadings, hexane. Since Pt itself little possesses the activity for
but no decrease was observed when the Pt loadingthe skeletal isomerization, it is reasonable that the rate
exceeded to 2wt.%. Stationary conversions were ob- of skeletal isomerization of cyclohexane depends on
tained at least after ca. 5h over these catalysts. It is the amount of acid sites. Thus the slight change of the
clear that the stationary conversions became higher asyield of methylcylopentane with the Pt surface area
the amount of Pt increased. It is noted that both 2 above 0.2rig~! (Fig. 4) means that the acid amounts
and 4 wt.%Pt—Cs2.5 gave 100% conversion in this re- remained almost unchanged.
action period. The selectivity to methylcyclopentane  Fig. 5 provides the influence of amounts of
was around 50% over these catalysts. The results of H3PW;2040 in the H3/2 wt.%Pt—Cs3 on the conver-
Fig. 3 demonstrates that the hydrogenation ability of sion and vyield, where H3/2wt.%Pt—Cs3 correspond
Pt of Pt—-Cs2.5 would be sufficient when the Pt load- to the catalysts prepared by the impregnation of
ings were higher than 2 wt.%. 2 wt.%Pt—CsPW1,040 with the HgPW;2040 solu-

Fig. 4 gives the conversion of the hydroisomeriza- tion. It was observed that 2wt.%Pt-Cs3 itself was
tion of benzene as a function of the surface area of highly active for the hydrogenation of benzene, but
Pt on Pt—Cs2.5. The surface area of Pt was calculatedwas inactive for the skeletal isomerization. Up to
from the dispersion of Pt and the loading amount, as- 9wt.% of HgPW12040, the conversion of benzene
suming the density of Pt atom,26 x 101°m~2 [22)]. was retained to be 100% and the yield increased with
The conversion increased linearly as the surface area ofthe amount of HPW;2049. However, the amount
Pt increased up to about0.2(§g1‘1, and the change  of H3zPWj2040 exceeded to 15wt.%, the conver-
became smaller at higher levels of surface area, which sion of benzene became less than 100% and the
is due to the approaching upper limitation (100%) of vyield decreased with the increase in the amount of
the conversion. On the other hand, the yield of methyl- H3PW;2040. Consequently, the addition of 21 wt.%
cyclopentane increased as the surface area of Pt (up taH3PW12040 to 2wt.%Pt—Cs3 lowered greatly both
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Fig. 5. Conversion of benzeneQOj and yield of methylcy-
clopentane 4£) as a function of the amount of 3#W;2040
of  H3zPW;j2040/2 Wt.%Pt—CsPW;,040. Reaction conditions:
benzene:p=13:87 in volume, catalyst weight 2.0g, total flow
rate 10cdmin~1, and 473K.

the conversion and vyield. These results clearly in-
dicate that the addition of #PW;2040 suppressed
appreciably the hydrogenation ability.
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added to 2wt.%Pt-Cs3, 0, 3, 9, 15 and 21 wt.%, re-
spectively. As shown in Fig. 6, the surface acidity
increased linearly as the amount 0§PW;2040 in-
creased. Contrary to this, the Pt dispersion was reduced
from 22 (2wt.%Pt—Cs3) to 21, 16, 10 and 8% with
the addition of 3, 9,15, and 21 wt.% of3AW;2040.
Therefore, the depression of yield by the addition of
large amount of BPW;204¢ in spite of the increase in
the surface acidity (Fig. 5) is attributed to the decrease
in the hydrogenation ability brought about by lower-
ing the Pt dispersion. ProbablyzPW;2040 covered
partly the particle of Pt. For enhancement of yield, not
only the surface acidity, but also the Pt surface area
should be retained high.

In order to keep the high dispersion of Pt at
the higher surface acidity, we attempted to prepare
a different type of bifunctional catalysts. That is,
H3PW1204¢ was first added to Cs3 by the incipient
wetness technique and the obtained solids were cal-
cined at 573K in air (this is denoted as H3/Cs3). As
was reported previously [23], nearly uniform acidic
salts were obtained by this treatment. Finally, the
aqueous solution of #PtClk.6H,O was added to the

Fig. 6 gives the changes of the Pt surface area H3/Cs3 (incipient wetness impregnation), and the

and surface acidity as a function of the amount of
H3PW;2040 and of H3/2wt.%Pt—Cs3. The surface

resultant solid was pretreated in the, @ow and
then in the H flow as described in experimental

acidity corresponds to the amount of the acid sites on section. As a matter of fact (Table 2), we obtained
the surface [22-24] as described above. The BET sur- 259 dispersion of Pt for 2wt.%Pt-H3/Cs3 having

face areas were 104, 91, 76, 76, and Zgmt for
H3/2 wt.%Pt—Cs3 with the amounts of3PW;2049

30 0.06
25 40.05 &,
0 S
® 20 H0.04 g
c Ny
o >
@ 15 40.03 5
g e
(2]
g 10 H0.02 §
g
5 {0.01 @
0k ‘ . 0
0 10 20
Wit% of HsPW,,0,, for H3/2wt%Pt-Cs3
Fig. 6. Effects of amount of §PW;o04 Of

H3PW;2040/2 Wwt.%Pt—CgPW;,040 on the dispersion of Pt and
surface acidity.

15 wt.%HPW;2040, Which is higher than that (10%)
of H3/2wt.%Pt—Cs3 with 15wt.% of $PW;2040.

In this preparation, the covering of Pt particles with
H3PW;2040 was probably prevented.

In Fig. 7, the influence of wt.% of ¥PW;2040
in 2wt.%Pt—-H3/Cs3 on conversion of benzene and
yield is shown. Changes similar to those of Fig. 5
were found, but the maximum vyield (51%) was
obtained at 15wt.% of EPW;2040. In these cata-
lysts, the Pt dispersions were 33, 28, 25 and 7 for
the 2wt.%Pt—H3/Cs3 with 3, 9, 15, and 21wt.%
of H3PW;2040. In addition, the catalyst surface
areas were 104, 96, 85, and 48g1!l for the
2wt.%Pt-H3/Cs3 with 3, 9, 15, and 21wt.% of
H3PW12040.

The catalytic data for the hydroisomerization of
benzene over these heteropoly compounds are listed in
Table 2, together with the other bifunctional catalysts.
When the Pt loading amount was 0.5wt.%, Pt—Cs2.5
exhibited about 30% yield of methylcyclopentane
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Table 2
Activity and selectivity for skeletal isomerization of benzene at 473 K over bifunctional catalysts (reaction conditions: benzer884
in volume; total flow rate= 10 cn® min~%; and catalyst weight 2.0 g)

Catalyst Conversion/% Selectivitho Yield®/%

ci1-C2 C3 C4 C5 C6 MCP CH Cc7 C8

0.5wt.%Pt-Cs25 56.0 0 0 0.6 0.2 0.1 52.1 46.0 0 1.0 29.2
2wt.%Pt-Cs2.% 99.9 0 0.1 2.1 11 0.1 51.5 42.7 0.3 2.1 51.3
H3/2 wt.%Pt-Cs8 100 0 0 1.0 0.3 0.2 44.0 53.1 0.3 11 44.0
2 wt.%Pt/H3-CsB 100 0 0.1 2.4 0.9 0.6 51.4 41.8 0.4 2.4 51.3
0.5 wt.%Pt-S2 54.5 0 0 11 1.0 0.2 56.2 40.4 0 11 30.7
0.5wt.%Pt-S# 98.5 0 0 0 0.1 0 16.4 83.5 0 0 16.2

0.5 wt.%Pt—mdr 5.8 0 2.2 2.6 0 0 39.5 55.7 0 0 2.3

aCn, hydrocarbons having carbon atoms; C6, hydrocarbons having 6 carbon atoms except for methylcyclopentane and cyclohexane;
MCP, methylcyclopentane; CH, cyclohexane; Selectj¥ity= 100 x n [C,]/[total carbon atom], wher€],] means the concentration of
hydrocarbons having carbon atoms at the outlet of the reactor.

b For methylcyclopentane.

€0.5wt.%Pt—Cs5Ho 5PW;2040; Ptdispersion= 11%.

42 wt.%Pt-Cs 5sHo sPWi2040; Pt dispersion= 14%.

€ H3PW12040/2 wt.%Pt—CgPW; 2040 with 9 wt.%HzPW12040; Pt dispersion= 16%.

f 2Wt.%Pt/H;PW1204o—CSgPW12040 with 15 wt.%HPW;2040; Pt dispersion: 25%.

90.5wt.%Pt-sulfated Zr@pretreated in Kb at 573K for 1 h.

h 0.5 wt.%Pt-sulfated Zr@pretreated in K at 673K for 1h.

i 0.5 wt.%Pt-mordenite.

100 —oO0 O o 100 fluenced the catalytic performance. Supporting Pt
to H3/Cs3 containing 15wt.%#PW;2040 brought
80} 180 about the high Pt dispersion and the highest yield of
2 methylcyclopentane.
S 60f 160
2 o
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