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a b s t r a c t

Catalytic properties of the 1 wt.%Pt/25 wt.%H3PW12O40/Zr-MCM-41-n (designated as Pt/HPW/WSZn,
where n = Si/Zr = 25, 15, 8, 4, respectively) catalysts were evaluated in a microreactor system for the
hydroisomerization of n-heptane at atmospheric condition. Catalytic results show that tungstophosphoric
acid promoted mesoporous Pt/Zr-MCM-41 catalysts have potential important for the commercializa-
tion of n-heptane isomerization due to their high activity and unique selectivity to multibranched
isoheptanes. It was found that 2-methylhexane was predominant in the monobranched isoheptanes and
2,3-dimethylpentane was the prevailing compound in the multibranched products. In the cracking prod-
ucts, only butane (isobutane and n-butane) and propane were formed. The formation of the multibranched
isoheptanes had a close correlation with the mesopore diameters of the catalysts. The isomerization selec-
tivity could be expressed by a parameter S , which is defined as a comprehensive function of Brönsted
cidic catalyst

esoporous materials
eteropolyacid

P

acid density, metal dispersion and geometry of the catalysts. The reaction mechanisms involving the for-
mations of monobranched and multibranched isoheptanes as well as cracking products were discussed

s
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c
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d
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t
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a
t

r-MCM-41 and postulated.

. Introduction

The isomerization of n-alkanes to i-alkanes is one of the most
mportant and economical catalytic processes in the petroleum
efining industry. In this process, the straight chain alkanes are
ransformed into branched isomers boosting research octane num-
er (RON) to improve the gasoline fuel quality. For example, the
ON of n-heptane is 0, whilst, it raised up to 56, 92 and 120 for
-methylhexane, 2,3-dimethylpentane and toluene, respectively.

Previous investigations have predominantly concentrated on
he isomerization of n-pentane and n-hexane [1–7]; these pro-
esses were successfully commercialized in the last century.
nfortunately, the hydroisomerization of heavier hydrocarbons like

-heptane has not yet been commercialized [8–11]. The skele-
al isomerization of n-heptane to isoheptane is rather difficult to
e controlled and the cracking reactions through �-scission of
7-carbenium ion intermediates on acidic sites, leading to low
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electivity for di- and tri-branched isomers [12]. The cracking abil-
ty is more significantly exhibited for the hydrocarbons having long
arbon chain, for example, reaction conditions that may selectively
somerize n-C6 over zeolite catalysts would almost exclusively pro-
uce cracking products for n-C8 [13]. This is one of the reasons why

ndustrial isomerization is limited to C4 and C5/C6 feedstock up
o date. Investigation of heavier n-alkanes (including n-heptane)
somerization for the production of more amounts of reformate
asoline fuel is therefore very important and challenging.

It is well known that the hydroisomerization of C5/C6 is usually
arried out on a bifunctional catalyst, consisting of a protonating
cid and a metal function. According to the traditional mechanism,
he noble metal catalyzes hydrogen transfer reactions (hydrogena-
ion/dehydrogenation), while the isomerization and cracking of the
ydrocarbon skeletons are performed on Brönsted acid sites. For a
atisfactory catalyst, the metal and the acid functions must be well
alanced. It was reported that the current industrial catalysts for
5/C6 isomerization like Pt/mordenite was not an ideal catalyst for
-heptane isomerization, because of strong diffusion limitations to
i- and tri-branched isoheptane products due to the small dimen-

ion of 12 membered-ring pores in mordenite, around 0.65 nm
n diameter, which results in significant cracking reactions and
hus lowering the isomerization selectivity [14]. Chica and Corma
tudied the hydroisomerization of n-heptane by using 11 differ-
nt zeolites-containing catalysts including USY, BETA, SAPO-5 and

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:jwang@ipn.mx
mailto:wang_j_a@yahoo.com
mailto:xiaolong@ecust.edu.cn
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ordenite, etc. as support, and they claimed that none of these zeo-
ites is adequate for producing a high-octane C7 isomerate, because
he i-C7 products were predominantly composed of monomethyl
ompounds with very small amount of dimethylpentane and no
rimethylbutane were formed [15].

Some authors concluded that the transport properties of the
eactants in the catalysts channels are the most important param-
ter controlling the final catalyst selectivity [16]. In this decade,
esearchers and industrialists paid more attention to isomerization
f n-heptane and novel solid acid catalysts with large pore diam-
ter including mesoporous molecular sieves in order to develop
ew generation catalysts for the isomerization of heavier hydrocar-
ons [17,18]. The isomerization of heavier hydrocarbons currently
ncounters a technical neck-bottle in obtaining high molar ratio of
ultibranched to monobranched isomers in the products.
In a previous work, our group reported a tungstophospho-

ic acid promoted mesoporous Pt/Zr-MCM-41 catalysts showing
igh catalytic activity for n-heptane isomerization with unique
electivity to multibranched isoheptanes [19]. The molar ratio of
ultibranched to monobranched isoheptanes in the isomer prod-

cts varies within a very narrow range between 0.8 and 1.2, which
s several times greater than that reported in the literature at
imilar reaction conditions using zeolites supported catalysts. It
ay be regarded as an important advancement in the isomeriza-

ion of heavier hydrocarbons. In the preparation of these catalysts,
etraethylorthosilicate (TEOS) was used as Si precursor. In order to
educe the synthetic cost, we tried to use cheap chemical, fumed
ilica, as Si precursor to replace TEOS, a series of Zr-modified MCM-
1 mesoporous solids were also obtained. The cost of catalyst using
umed silica was reduced to half of that using TEOS. The results of
ynthesis and structural characterization of Zr-modified MCM-41
aterials using fumed silica as Si source and the Pt loaded catalysts
ere reported [20].

The present work follows the first part published in Refs.
19,20]. The catalytic behaviours of a series of 1 wt.%Pt/25 wt.%
3PW12O40/Zr-MCM-41-n catalysts prepared using fumed silica
s Si precursor for the hydroisomerization of n-heptane under
tmospheric condition were studied. The catalytic activity and
electivity of these catalysts were comparatively examined in order
o correlate the catalyst properties with the surface acidity, metal
ispersion and pore geometry. The product distributions were also
nalyzed in detail to elucidate the possible isomerization mecha-
isms and the cracking pathways.

. Experimental

.1. Synthesis of Zr-MCM-41 and catalysts

The Zr-based mesoporous molecular sieves were prepared by
sing cationic surfactant cetyltrimethylammonium chloride as
ynthetic template, zirconium-n-propoxide (70% in propanol) as
irconium precursor and fumed silica as Si source. The detail syn-
hesis information of the support can be seen in the first part of the
ork [20]. The obtained solids Zr-MC-41-n prepared are sometimes

eferred to as WSZn (n = Si/Zr = 25, 15, 8 and 4).
The 1 wt.%Pt/25 wt.%H3PW12O40/WSZn catalysts were prepared

y a two-step impregnation method. Firstly, the Zr-MCM-41
amples were impregnated with 20 ml of a methanol solution
ontaining a given amount of H3PW12O40 (designated as HPW
ereafter). The solvent was entirely removed at 40 ◦C in a vac-

um evaporator and the 25 wt.%HPW/Zr-MCM-41 solids were
hen impregnated with 20 ml of a water solution containing
2PtCl6. A 1 wt.% Pt dried sample was obtained after the sol-
ent was evaporated at 80 ◦C in an evaporator under vacuum
ondition. It was noted that the Kiggen structure of the pure or
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ispersed heteropolyacid H3PW12O40 would be decomposed at
round 600 ◦C [21,22]. To avoid any possible decomposition or
tructural degradation, the 1 wt.%Pt/25 wt.%H3PW12O40/Zr-MCM-
1-n catalysts were set to calcination at 300 ◦C in air for 2 h.
he 1 wt.%Pt/25 wt.%H3PW12O40/Zr-MCM-41-n catalysts were des-
gnated as Pt/HPW/WSZn.

.2. Hydrogen chemisorption isotherms

The metal dispersion of the Pt/HPW/WSZn catalysts was mea-
ured in a TPD/TPR 2900 analyzer (Micromeritics). 0.2 g of solid
ample was placed in a U-type quartz tube and was thermally
reated at 300 ◦C for 1 h under a 99.9% He stream at a rate of
0 ml/min to purge off the adsorbed species. The sample was
educed with hydrogen at that temperature for 2 h. Once again,
9.9% He current was introduced to remove any adsorbed molecu-

ar hydrogen on the sample during the reduction. Afterwards, the
emperature of the sample was cooled down to 25 ◦C under the He
tream, followed by introduction of a mixture of 10% H2–90% Ar
or hydrogen adsorption. The volume of adsorbed hydrogen was

easured to calculate the Pt metal dispersion and particle size by
uggesting that a hydrogen atom was chemisorbed by one Pt metal
tom under the experimental condition.

.3. Measurement of N2 adsorption–desorption isotherms

The specific surface area, pore volume and pore size distribution
f the samples were measured with a Digisorb 2600 equipment
y low temperature N2 adsorption–desorption isotherms. Before
he measurement, the sample was evacuated at 350 ◦C. The surface
rea was computed from these isotherms by using the multi-point
runauer–Emmett–Teller (BET) method based on the adsorption
ata in the partial pressure P/P0 range from 0.01 to 0.2. The value
f 0.1620 nm2 was taken for the cross-section of the physically
dsorbed N2 molecule. The mesopore volume was determined from
he N2 adsorbed at a P/P0 = 0.4. The pore diameter and pore volume
ere determined by using the (BJH) method. In all cases, correlation

oefficients above 0.99 were obtained.

.4. Surface acidity measurement

To evaluate and analyze the strength and type of the acid sites,
yridine adsorption on the samples was performed on a 170-SX
ourier-transform infrared (FTIR) spectrometer in the temperature
ange between 25 and 400 ◦C. Before pyridine adsorption, the sam-
les were heated to 400 ◦C in a vacuum, and then cooled to room
emperature. Afterwards, the solid wafer was exposed to pyridine,
y breaking, inside the spectrometer cell, a capillary-containing
0 �l of liquid pyridine. The IR spectra were recorded at various
onditions by increasing the cell temperature from 25 to 400 ◦C. The
umber of Brönsted and Lewis acid sites was calculated according
o the integral area of the bands at 1540 and 1450 cm−1, respec-
ively.

.5. Catalytic evaluation for n-heptane hydroisomerizaton

The catalytic reactions for n-heptane isomerization were carried
ut in a down-flow fixed-bed U-shape reactor (i.d. = 1 cm, 20 cm in
ength) in the presence of hydrogen at atmospheric conditions. 0.2 g
atalyst was loaded and the H2/n-heptane molar ratio was 12. The

iquid n-heptane was placed in a glass saturator with a water bath
o control the temperature. Hydrogen (99.9%) passed through it at
flow rate of 40 ml/min and brought the n-heptane feed into the

eactor with a partial pressure of 0.077 atm. The reaction tempera-
ure was varied from 200 to 320 ◦C with a programmed temperature
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produce larger ones, leading to an increase in average pore diameter
with respect to the bare support. Appearance of the peak centred
around 3.6–4.0 nm indicates that two neighbour pores have prob-
ably merged by collapsing their co-shared pore wall. In addition, it
0 J.A. Wang et al. / Journal of Molecula

ontrol system at a heating rate of 5 ◦C/min. The weight hourly
pace velocity (WHSV) was 3.78 h−1. Before the reaction, platinum
n the catalysts was reduced with hydrogen for 2 h at 300 ◦C.

The products were analyzed using an on-line analytical sys-
em (GC Varian3300) equipped with a flame ionization detector
FID) and a HP-PONA 50 m × 0.2 mm capillary column maintained
t 30 ◦C. The temperature of the FID detector was 300 ◦C.

In n-heptane isomerization reactions, the experimental data
ere recorded after being stabilized for 5 min at each reaction

emperature. It has been proved that neither external nor internal
iffusion gave impact on the reactions in this experimental system.
he catalytic activity was expressed as n-heptane conversion (Ch)
nd the isomerization selectivity (Si) is noted as the sum of all the
soheptanes relative to all the products. The yield of the product i
yi) was calculated according to yi = Si × Ch.

. Results

.1. Physicochemical properties of the WSZn support and
t/HPW/WSZn catalysts

The physicochemical properties including the surface fea-
ure and crystalline structure of the support characterized by
-ray diffraction (XRD), high resolution transmission electron
icroscopy (TEM), in situ FTIR, solid-state nuclear magnetic

esonance (31P-MAS-NMR) and ultraviolet–visible spectroscopic
UV–vis) techniques can be seen in detail in the previous work [20].
n order to bridge these with their catalytic properties which will
e reported in this work, a brief description of the physicochem-

cal properties of the WSZn support and Pt/HPW/WSZn catalysts
s given herein. The WSZn solids showed mesoporous structures

ith type MCM-41, having wormhole-like pore packing. The mean
ore diameter of the WSZn samples varied with the Si/Zr molar
atio: it increased from 2.2 to 2.5, 2.9 and 3.7 nm when the Si/Zr
olar ratio decreased from 25 to 15, 8, and 4, respectively. Increas-

ng the zirconium content led to the pore diameter increasing but
he surface area decreasing. These observations indicate that zirco-
ium incorporation strongly affects the textural properties of the
esultant materials. The increase in pore diameter with increasing
irconium content suggests that the Zr ions are indeed inserted into
he silica framework, which is also supported by UV–vis and NMR
haracterization [20].

The textural properties of the Pt/HPW/WSZn catalysts were also
tudied by N2 adsorption–desorption isotherms method. The loops
f N2 adsorption–desorption isotherms and corresponding pore
ize distributions were shown in Figs. 1 and 2, and the related
extural data of the catalysts were reported in Table 1. The N2
dsorption–desorption isotherms belong to type IV profiles. The
harp step at P/P0 relative pressures between 0.2 and 0.4 revealed
niform mesoporous features of the solids. The shape and the
harpness of the isotherms varied with the zirconium content. As

he zirconium content in the materials increased, the sharpness of
he second stage gradually decreased. The surface area of the cat-
lysts diminished from 549.2 m2/g to 496.1, 402.5 and 395.3 m2/g
hen the Si/Zr molar ratio in the support decreased from 25 to

able 1
extural properties of the Pt/HPW/WSZn catalysts.

i/Zr Surface area
(m2/g)

Average pore
diameter (nm)

Pore volume
(cm3/g)

5 549.2 4.8 0.800
15 496.1 5.7 0.794
8 402.5 6.1 0.639
4 395.3 6.9 0.518
ig. 1. Loops of N2 adsorption–desorption isotherms of the Pt/HPW/WSZn catalysts.

5, 8 and 4. Compared with the bare support, the surface area
f Pt/HPW/WSZn catalysts is significantly decreased; the average
ore diameter, however, was obviously increased by approximately
0–120%. It is expected that after impregnation with heteropoly-
cid, the surface area shows a decrease due to some area being
overed by the heteropolyacid species. On the other hand, it is pos-
ible for the heteropolyacid to locate at the inner surface of the
upport pores, because of the diameter of the H3PW12O4 molecule
approximately 1.2 nm) smaller than that of the average meso-
ore size (4.8–6.9 nm) of the catalysts, which usually leads to a
ecrease of the pore diameter. However, in our catalyst system, an

ncrease in pore diameter was found for all the catalysts. This is
ecause the data reported in Table 1 is the average of pore diame-
ers, as shown in Figs. 1 and 2, all the Pt/HPW/WSZn catalysts had
bimodal pore diameter distribution in the mesoporous range, the
ne between 2.5 and 3.0 nm was the major, along with a minor at
he diameter range around 3.6–4.0 nm. These catalysts were pre-
ared by a two-step approach, after thermal treatment, reduction
nd calcination, some of the pore structures may have collapsed to
Fig. 2. Pore diameter distributions of the Pt/HPW/WSZn catalysts.
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Table 2
Comparison of acid properties of the WSZn support and Pt/HPW/WSZn (n = 25, 15, 8, 4) catalysts. The acid data are calculated with respect to the IR spectra of pyridine
adsorption recorded at 100 ◦C.

Si/Zr Brönsted acid sites (�mol/g) Lewis acid sites (�mol/g) Total acid sites (�mol/g)

WSZn Pt/HPW/WSZn WSZn Pt/HPW/WSZn WSZn Pt/HPW/WSZn

25 9 135 219 225 228 360
229 258 400
241 221 423
290 374 481
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It is well known that the Brönsted acidities have significant influ-
ence on the selectivity of the catalysts. In the present work, the
Brönsted acidities of these catalysts diminished in a different order
15 55 171 203
8 56 182 165
4 137 191 237

eems that the average pore diameter of the catalysts are larger
han that obtained from the two peaks shown in Fig. 2, this is
ecause there are some pores with diameter around 100 nm were
ormed, which should be related to inter particles voids. In order to
how the real textural property of the catalysts, the data of average
ore diameter reported in Table 1 included the contribution of the
acropores although they are not the predominant.

.2. Acidity comparison of the WSZn support and Pt/HPW/WSZn
atalysts

The surface acidity data of the WSZn support and Pt/HPW/WSZn
atalysts calculated at room temperature were reported [20]. For
ydrocarbon hydroisomerization, the Brönsted acidity at 100 ◦C

s more interesting and is usually used for correlation with the
atalytic properties. To better explain the catalytic activity and
electivity of the catalysts, Table 2 gave the surface acidity data
f the various WSZn samples and Pt/HPW/WSZn catalysts at
00 ◦C. For the bare support WSZn solids, the Brönsted acidity
inearly increased as the zirconium content increased. In compar-
son with the pure Zr-MCM-41 support, the surface acidity of the
t/HPW/WSZn catalysts has great changes: both, the number of
he Lewis and Brönsted acid sites were greatly increased after het-
ropolyacid H3PW12O4 impregnation, for example, for the catalyst
t/HPW/WSZ-25, Brönsted acid sites are 135 �mol/g after thermal
reatment at 100 ◦C, which is approximately 15 times greater than
hose of the bare WSZ25 support, on which only 9 �mol/g Brön-
ted acid sites are presented. It is also noteworthy that the acidity
trength was significantly improved after H3PW12O40 impregna-
ion, for example, the Zr-MCM-41 support samples usually lose
heir acidity after thermal treatment at 200 ◦C, which is lower than
hat the typical reaction temperature required for the isomerization
f heavier hydrocarbons; however, in the Pt/HPW/WSZn catalysts,
he acidity can be retained at 400 ◦C, which is higher than the reac-
ion temperature required.

.3. Catalytic activity

The n-heptane hydroisomerization activities over the
wt.%Pt/25 wt.%HPW/WSZn (n = 25, 15, 8 and 4) catalysts in

he temperature range between 220 and 320 ◦C were presented
n Fig. 3. It was seen that n-heptane conversion linearly increased

ith increasing reaction temperatures and the highest conversion
or n-heptane appeared for the Pt/HPW/WSZ8 catalyst at all
onversion levels.

It was observed that the catalytic activity does not follow the
urface acidity variation that was clearly determined by zirconium
ontent. For example, the number of Brönsted acid sites on the cat-
lysts increased from 135 �mol/g to 171, 182 and 191 �mol/g for the

atalysts with Si/Zr molar ratio of 25, 15, 8 and 4, respectively, but
he highest catalytic activity appeared on a catalyst with Si/Zr ratio
f 8. There is a lack of correlation between the surface acidity and
heir catalytic activity, indicating more activity-determining factors
ncluding textural properties, metallic function and others.
Fig. 3. The n-heptane conversion on the Pt/HPW/WSZn catalysts.

.4. Isomerization selectivity

Fig. 4 showed the n-heptane isomerization selectivity
ehaviours over the Pt/HPW/WSZn catalysts. At a low reac-
ion temperature, the selectivity for isoheptanes reached 100%;
hilst it diminished by increasing reaction temperatures. The

t/HPW/WSZ8 catalyst exhibited the highest isoheptanes selectiv-
ty with the best catalytic activity at temperatures below 300 ◦C.
n the optimal reaction temperature ranging from 280 to 300 ◦C,
he isomerization selectivity decreased in the order of:

Pt/HPW/WSZ8 > Pt/HPW/WSZ4 > Pt/HPW/WSZ15

> Pt/HPW/WSZ25 (1)
Fig. 4. Isoheptanes selectivity over each Pt/HPW/WSZn catalysts.
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Table 3
Selectivity of the various lump products over the Pt/HPW/WSZ25 catalyst.

Temp. (◦C) Siso-C7 (%) Selectivity (%)

Mono-iC7 Multi-iC7

∑
C3 + C4

∑
others

220 100.0 52.1 47.9 0 0
240 70.6 39.1 31.5 29.4 0
2
2
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3
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Table 5
Selectivity of the various lump products over the Pt/HPW/WSZ8 catalyst.

Temp. (◦C) Siso-C7 (%) Selectivity (%)

Mono-iC7 Multi-iC7

∑
C3 + C4

∑
others

220 100.0 45.3 54.7 0 0
240 100.0 50.8 49.2 0 0
260 92.1 46.1 46.0 7.9 0
280 86.1 43.4 42.7 13.9 0
300 82.5 40.6 41.9 18.5 0
320 68.9 33.7 35.2 31.1 0

Table 6
Selectivity of the various lump products over the Pt/HPW/WSZ4.

Temp. (◦C) Siso-C7 (%) Selectivity (%)

Mono-iC7 Multi-iC7

∑
C3 + C4

∑
others

240 100.0 49.0 51.0 0 0
2
2
3
3
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a high-octane-number isomerate by n-heptane hydroisomeriza-
tion on the Pt-containing zeolite catalysts because of much lower
ratio of R in the products under a reaction pressure of 20 bar [16].
All of these results revealed the advantages of our Pt/HPW/WSZn
catalysts owing to the high selectivity to multibranched isomers.
60 57.9 31.9 26.0 42.1 0
80 49.7 26.9 22.8 50.3 0
00 36.5 18.0 18.5 63.5 0
20 32.7 16.3 16.4 67.3 0

s:

Pt/HPW/WSZ4 (191 �mol/g) > Pt/HPW/WSZ8 (182 �mol/g)

> Pt/HPW/WSZ15 (171 �mol/g)

> Pt/HPW/WSZ25 (135 �mol/g) (2)

It was seen, from above orders, that the Pt/HPW/WSZ4 pos-
essed the most number of Brönsted acid sites, but its selectivity
or isoheptanes was lower than that of the Pt/HPW/WSZ8 catalyst.
ven the surface area is considered, similar results for the density
f Brönsted acid sites (number of Brönsted acid sites per surface
rea unit) were also observed as shown in the following order:

Pt/HPW/WSZ4 (4.45 �mol/m2)

> Pt/HPW/WSZ8 (4.21 �mol/m2)

> Pt/HPW/WSZ15 (3.47 �mol/m2)

> Pt/HPW/WSZ25 (2.73 �mol/m2) (3)

Above results indicate that although the acidity property
trongly affects the isomerization selectivity of the catalysts, it is
ot the sole factor; the isomerization selectivity may be also depen-
ent on other factors, for example, pore diameter of the catalyst,
hich will be discussed in detail in the following section.

.5. Product distribution

The selectivity for various lumped products and that for iso-
eptanes (S-iC7) on the Pt/HPW/WSZn catalysts were all shown

n Tables 3–6. In the C7 isomerization products 2-methylhexane
2-MH), 3-methylhexane (3-MH), 2,2-dimethylpentane (2,2-DMP),
,3-dimethylpentane (2,3-DMP), 2,4-dimethylpentane (2,4-DMP),
,3-dimethylpentane (3,3-DMP) and 2,2,3-trimethylbutane (2,2,3-
MB) were formed. 2-MH was predominant in the monobranched
somers, while 2,3-DMP reached over 50% of the multibranched

somers.

Fig. 5 demonstrated that the multibranched to monobranched
7 isomers ratio (designated with R) over the Pt/HPW/WSZn cata-

ysts. The R-value was in the range of 0.8–1.2 below 280 ◦C, and it
as towards around 1 at 300 ◦C. It was noted that the reaction was

able 4
electivity of the various lump products over the Pt/HPW/WSZ15 catalyst.

emp. (◦C) Siso-C7 (%) Selectivity (%)

Mono-iC7 Multi-iC7

∑
C3 + C4

∑
others

20 100.0 51.7 48.3 0 0
40 81.8 45.8 36.0 11.2 0
60 73.8 40.2 33.6 26.2 0
80 62.6 31.8 31.2 37.4 0
00 48.0 24.0 24.0 52.0 0
20 40.1 20.0 20.1 59.8 0.1

F
c

60 91.8 47.3 44.5 8.2 0
80 83.5 44.1 45.4 16.5 0
00 81.7 41.6 40.1 18.3 0
20 76.8 38.2 38.6 23.2 0

lose to thermodynamic equilibrium from 280 and 300 ◦C [15]. The
igh concentration of multibranched C7 isomers in the products

ndicated the possibility to produce high quality gasoline fractions
hrough n-heptane isomerization over our Pt/HPW/WSZn catalysts,
his is the most value result obtained from the present work.

It was recognized that the adsorbing capability for hydrocarbons
ncreases with increasing molecular branches, while, their diffusiv-
ty within the catalysts will decreases [23]. Therefore, formation of
he multibranched isomers would often be more difficult than that
f the monobranched ones, because they are prone to be cracked
ithin the pore channels. As shown in Fig. 5, the ratio of the multi-

ranched to monobranched isomers, over all the Pt/HPW/WSZn
atalysts, changed within a narrow range which was close to ther-
odynamic equilibrium at higher reaction temperatures and it was
uch higher than that of other catalysts described in the litera-

ure. For example, Pope et al. reported this ratio ranged from 0.2 to
.5 at different conversions over the Pt/Cl-alumina and Pt/zeolite
atalysts [12]. Kinger et al. even claimed impossibilities to obtain
ig. 5. Multibranched and monobranched isoheptanes ratio for each Pt/HPW/WSZn
atalyst vs. the reaction temperature.
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Fig. 8. Yield of cracking products over the Pt/HPW/WSZ25 catalyst.

Fig. 6. Yield of cracking products over the Pt/HPW/WSZ25 catalyst.

It was also concluded from our work that the selectivity for
ultibranched isoheptanes decreased in the order of:

(Pt/HPW/WSZ4, Pt/HPW/WSZ8) > Pt/HPW/WSZ15

> Pt/HPW/WSZ25 (4)

hich paralleled to changes in catalyst pore diameter as follows:

(Pt/HPW/WSZ4, Pt/HPW/WSZ8) > Pt/HPW/WSZ15

> Pt/HPW/WSZ25 (5)

These results showed that the pore diameter of the catalysts
lays a predominant role in multibranched C7 formation. Because
he multibranched isoheptanes have larger molecular sizes, hence,
heir formation, desorption and diffusion inside the small pores
ould be hindered in the zeolites catalysts, which usually results in
ore cracking products. On the contrary, the present work confirms
hat multibranched C7 isomers can be produced on mesoporous
olecular sieves supported catalysts.
Figs. 6–9 showed the yields of the cracking products obtained

rom the Pt/HPW/WSZn catalysts in the temperature range between
20 and 320 ◦C. It was clear that only n-butane, isobutene and

Fig. 7. Yield of cracking products over the Pt/HPW/WSZ25 catalyst.
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Fig. 9. Yield of cracking products over the Pt/HPW/WSZ25 catalyst.

ropane were detected in the products. Yields of various cracking
roducts linearly increased with increasing reaction temperatures.

t was also seen that n-C4 was only produced above 300 ◦C on all
he catalysts, while, i-C4 appeared at the temperature when crack-
ng reactions took place. The isobutane yield was often higher than
hat of n-C4, indicating that i-C4 is probably produced through more
han one approaches given in detail in the following section.

. Discussions

.1. Factors influencing the isomerization selectivity

It has been well known that for a bifunctional catalyst, both
he acid function and the metallic function strongly affect the
atalytic behaviours according to the traditional mechanism of
ydrocarbon isomerization. However, arguments on the factors
etermining the selectivity appear. Some researchers reported that

-hexane isomerization selectivity might be mainly controlled by
he pore structure instead of surface acidity [1]. As shown above,
o simple correlation between surface acidity and the isomeriza-
ion selectivity can be established. This drives us to search for the
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Table 7
Comparison of the Brönsted acidity density (DB), pore diameter (Dp) and Pt dis-
persion (Md) and isomerization selectivity parameter (SP) of the Pt/HPW/WSZn
catalysts.

Catalysts DB (�mol/m2) Dp (nm) Md SP (10−9 �mol/m)

Pt/HPW/WSZ25 0.24 4.8 0.64 0.73
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t/HPW/WSZ15 0.34 5.7 0.51 1.19
t/HPW/WSZ8 0.45 6.1 0.55 1.50
t/HPW/WSZ4 0.48 6.9 0.42 1.39

omplementary influencing factors for explanation of our experi-
ental results.
For the zeolitic catalysts, the pore geometry of the catalyst plays

very important role in the isomerization reactions. Generally
peaking, a small pore diameter of the catalyst is prone to produce
ore cracking products. In the studies of heavier hydrocarbons

somerization using mesoporous catalysts with ordered pore chan-
els, effect of the geometrical effect of the catalysts on the catalytic
ehaviours has not been clear yet. To better characterize isomeriza-
ion selectivity, it is necessary to define a new parameter including
ll the important related factors. Herein, we define a new param-
ter SP, called the isomerization selectivity parameter to measure
he degree of the isomerization by including three factors: (i) the
cid function, (ii) the metal function and (iii) the geometry func-
ion of the catalyst. Largely, the effect factors on the isomerization
electivity can be simply lumped into two groups: factors related
o reaction conditions and those to the catalyst:

P = Sselectivity parameter = FcatalystFreaction conditions (6)

here Freaction conditions = f (reaction temperature, pressure, space
elocity, reaction time, etc.).

The reaction conditions were constant in our experiment; there-
ore, SP depends only on the catalyst factor is shown as

catalyst = facidityfmetalfgeometry (7)

here facidity was defined as the Brönsted acid density; fmetal was
efined as the metal dispersion determined by H2 chemisorption
nd the fgeometry was simply defined as the pore diameter of the
atalysts ignoring the effect of pore shape or channel length because
ur catalysts have the same pore shape (hexagonal) and similar
article size. It is clear that SP parameter includes the surface Brön-
ted acidity which relates to the acid function, the metal dispersion
hich associates with the metal function or the accessibility of the

ctive metal clusters, as well as the pore diameter which charac-
erizes the geometry function, whilst the surface area has already
een expressed in the facidity term.

In order to verify whether SP parameter could be used as a cri-
erion in our work, related data for the Pt/HPW/WSZn catalysts
ave been computed. Applicability of SP parameter for isomeriza-
ion selectivity estimation was shown in Table 7. It was seen that
he isomerization selectivity diminished in the following order:

Pt/HPW/WSZ8 > Pt/HPW/WSZ4 > Pt/HPW/WSZ15

> Pt/HPW/WSZ25 (8)

The order (8) was in line with isomerization selectivity
ehaviours as given in the order (1). Thus the isomerization selec-
ivity of n-heptane over our catalysts is able to be estimated by
sing parameter SP. The bigger the SP value is, the higher the iso-

erization selectivity should be. However, care must be taken for

he geometrical factor in the SP factor, it only indicates that, in
he mesoporous material supported catalysts with ordered pore
hannels, larger pore diameter may be in favour of enhancement
f isomerization selectivity, or be beneficial to the formation of

0
r
t
o
R

lysis A: Chemical 299 (2009) 68–76

ultibranched isomers. SP factor may be not suitable for oxides
ontaining disordered pore structures. In fact, with respect to the
raditional bifunctional mechanism, the only principal new ele-

ent added to the parameter SP is the proposal of the strong effect
f the geometry of the catalyst. Although SP is not expected to be
general criterion for prediction the selectivity for various cat-

lyst systems, it, at least, emphasizes the comprehensive effects
f the catalysts on the catalytic behaviours in the hydroisomer-
zation reactions. In our catalysts, the Pt/HPW/WSZ4 catalyst has
he largest pore diameter and the biggest number of Brönsted acid
ites; however, it exhibits smaller surface area thus lower metal
ispersion. As a consequence, it has a smaller SP value (1.39) thus
lower isomerization selectivity in the reaction range between

20 and 300 ◦C, in comparison with that of the Pt/HPW/WSZ8
atalyst (SP = 1.50). Above 300 ◦C, metal dispersion and acidity
ay be altered and cracking reaction rate is relatively rapid, at

uch condition, the geometrical factor (pore diameter) plays as a
ore important role determining the selectivity, smaller size of

he pore diameter may result in more cracking products. Hence,
he Pt/HPW/WSZ4 catalyst with largest pore diameter exhibits the
ighest isomerization selectivity at 320 ◦C.

.2. C7 isomers formation

Different mechanisms have been suggested for the isomer-
zation of paraffinic hydrocarbons over metal-supported on solid
cid catalysts [24]. Blekkan et al. proposed a novel mechanism
ia metallocyclic intermediates instead of carbenium ions for
-heptane isomerization over an oxygen-modified molybdenum
arbide catalyst [25]. This mechanism was based upon the results
hat isomerization selectivity was independent of the n-heptane
onversion and the cracking products contained higher yields of
ethane and ethane relative to that of C4 and C3. Obviously, it

ould not be accepted to explain our results, because only C4 and
3 were presented in the cracking products and the selectivity for

soheptanes varied with the n-heptane conversion in our test. In
ddition, the heptane isomerization reactions in Blekkan’s exper-
ments were carried out at high pressures, whilst an atmospheric
ressure was applied in our test. The monobranched isomers were
ainly 2-methylhexane and 3-methylhexane, indicating that their

ormations follow a protonated cyclopropane mechanism [14]. The
-heptane molecules were first adsorbed on the active sites, where
he C–H bonds were activated and dehydrogenated by Pt metal clus-
ers to form the primary surface intermediates which converted to
arbenium ions with protons on the acid sites and then produced
rotonated cyclopropane intermediates. It was also observed that
-methylhaxane was a main product compared to 3-methylhexane.
he latter was produced at higher reaction temperatures, indicat-
ng 3-methylhexane should be also formed simultaneously through
nother pathway including the rapid shift of the methyl groups in
-methylhaxane.

Patrigeon and co-workers reported that in the n-heptane iso-
erization over H-� zeolite, the yield of monobranched isomers

ncreased with increasing conversion up to a maximum and then
ecreased while the yield of multibranched isomers went through
maximum at higher conversion [26], thus they believed that the
ultibranched isomers were the secondary products of the primary

roducts (monobranched isomers). However, such a maximum was
ot observed in our experiments because multibranched to mono-
ranched isoheptanes ratio (R) varied in a rather narrow range of

.8 and 1.2 over a wide range of conversion. In one hand, if the
ate of monobranched isomers formation is the same as or similar
o that of multibranched isomers formation through an approach
f further isomerization of the monobranched isomers, then, the
-value should remain unchanged. On the other hand, if both the
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ultibranched and monobranched isomers are resulted from the
ame precursors at a same rate, that is to say, they may occur
n parallel, sharing a common reaction intermediate, the R-value
hould remain the same. Therefore, in the n-heptane isomeriza-
ion catalyzed with our mesoporous catalysts, the multibranched
soheptanes might be formed as secondary products of the mono-
ranched isomers through a consecutive reaction pathway or as
rimary products through reactions in parallel to the formation of
he monobranched isomers originated from the same intermedi-
tes.

.3. C3 + C4 formation

Acidic-catalyzed cracking of paraffinic hydrocarbons on zeolite-
upported catalysts were reported [27,28]. However, mechanism
n the n-heptanes catalyzed with mesoporous catalysts has not
een reported yet. In the present work, the cracking products
n Pt/HPW/CSZ8 and Pt/HPW/CSZ4 catalysts were composed of
-butane, isobutene and propane. The cracking reactions took place

rom moderate to high n-heptane conversion. At low conversion,
he isomerization selectivity was 100%, indicating the faster rate of
he isomerization reactions compared to that of cracking because
he latter required higher active energy for the C–C bond cleav-
ge. The selectivity to butane and propane increased by increasing
lysis A: Chemical 299 (2009) 68–76 75

eaction temperatures at the expense of isomerization selectivity.
he cracking mechanisms would be possibly proposed according
o the cracking products and their yields.

The n-C4 was detectable from 280 ◦C and above temperature on
ll the catalysts, whilst i-C4 appeared only at moderate to higher
emperature ranges. The isobutane yield was much higher than
hat of n-C4. The absence of n-butane at low temperature could be
xpected if one takes into account the relative stabilities of the start-
ng and final carbocations formed from 2,3-DMP+, 2,2-DMP+ and
,4-DMP+ intermediates. In the low reaction temperature range,
he �-scission of the methylhexyl and dimethylpentyl cations is
elieved to be mainly responsible for the formation of isobutane
nd propane.

In the dimethylpentane products, it was seen that the yields
f 2,2-dimethylpentane and 2,4-dimethylpentane were quite low
ompared to that of 2,3-dimethylpentane. It is known that cracking
f 2,3-dimethylpentane leads to the formation of n-C4 + C3, and the
racking of 2,2-dimethylpentane and 2,4-dimethylpentane leads to
he formation of i-C4 + C3. In our test, no n-C4 was detectable at

temperature below 280 ◦C, these results indicate that the 2,3-
imethylpentane was more stable than 2,2-dimethylpentane and
,4-dimethylpentane at such temperatures according to reactions
9) and (10). The double C C bond in isobutene could be further
ydrogenated on the metal sites to propane and isobutane as final
roducts.

Reaction (9):

Reaction (10):

At 280 ◦C and higher, the formation of n-C4 indicated the crack-
ng reactions could probably be proceeded through �-scission
eactions of 2,3-dimethylpentyl, 2-methylhexyl and 3-methylhexyl
athways through reactions (11)–(13).

Reaction (11): �-scission of 2,3-dimethylpentyl carbenium ions

Reaction (12): �-scission pathway of 2-methylhexyl carbenium
ons
Reaction (13): �-scission of 3-methylhexyl carbenium ions
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The ratio of multibranched to monobranched isomers varied
ithin a narrow range for different n-heptane conversions and

eaction temperatures, indicating similar cracking rate for multi-
ranched and monobranched isomers. Due to the complexity of the
eaction system and the possibility of methyl shift in n-C4

+ to form
-C4

+, the n-butane yield was often lower than that of i-butane.

. Conclusions

It has been proven that the Pt/HPW/Zr-MCM-41 catalysts
xhibit superior isomerization catalytic properties in the n-heptane
ydroisomerization reaction at atmospheric condition. The iso-
erization selectivity reaches 100% until 260 ◦C. In the products,

-methylhexane is dominant in the monobranched isomers and
,3-dimethylpentane is the main compound accounting for more
han 50% of the multibranched products. The formation of multi-
ranched isoheptanes has a close relation with the pore diameter
f the mesoporous catalysts. The ratio of multibranched to mono-
ranched isoheptanes varies within a narrow range between
.8 and 1.2, which is independent of the reaction temperature
r conversion and is much higher than zeolite-containing cat-
lysts, showing the superiority of our mesostructured catalysts.
his important result reveals the possibility to obtain high-
ctane-number gasoline by n-heptane hydroisomerization by using
esoporous catalysts.
In the cracking products, only butane (isobutane and n-butane)

nd propane are detected. The yield of isobutane is higher than n-
utane. The former appears in a wide reaction range and the latter

s formed only at higher temperatures. They are formed through
ither �-scission of methylhexyl or dimethylpentyl intermediates.

A new parameter, SP, defined as the comprehensive function
f acidity density, metal dispersion and pore diameter of the cata-

ysts, has been proposed as a criterion to estimate the isomerization
electivity. For the mesoporous catalysts, the bigger the SP value of
catalyst, the higher the selectivity to isoheptane is.
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