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Due to the increasingly stringent regulation by the EPA of
toxic aromatics in motor fuel, there has been a sharp rise in
the demand for processes that can boost the octane value of
non-aromatic hydrocarbons.[1] This is particularly true for C7+

paraffins (i.e. n-C7 and higher paraffins), whose straight-chain
counterparts have very low octane values. Skeletal isomer-
ization of these hydrocarbons into high-octane branched
paraffins has been found to be the most effective route to
compensate for the octane value loss associated with removal
of aromatics.[1–4] However, the isomerization of C7+ paraffins
is very different from the isomerization of light paraffins (i.e.
n-C4 and n-C5) as cracking becomes increasingly competitive
with isomerization as the carbon chain length increases.[2,5]

Furthermore, the yield of multibranched paraffins is more
critical for the economics of the process than the yield of total
branched paraffins since the monobranched C7+ paraffins do
not have high enough octane numbers to be blended directly
into the octane pool. Thus, minimizing cracking while
achieving high yields of multibranched paraffins has been a
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major challenge for the development of C7+ isomerization
catalysts.[2,4, 6–12]

Here we report the development of a highly active and
selective multicomponent nanocomposite catalyst, Pt/WO3/
M-ZrOx. This system involves highly dispersed WO3 domains
and Pt clusters supported on heteroatom-substituted ZrO2

nanocrystals (M-ZrOx). This nanocomposite material enables
the efficient isomerization of C7+ paraffins at a remarkably
low temperature of 125 8C. This highly active catalyst is very
selective for branched paraffins, especially multibranched
paraffins, and demonstrates long-term stability and excellent
tolerance to feed impurities. Unlike conventional isomer-
ization catalysts, which are designed as strong solid acids, the
superior catalytic performance of Pt/WO3/M-ZrOx is associ-
ated with an unusually high surface density of spilt-over H2

and a facile reverse process of H2 spillover.
[13–15]

Nanocomposite processing can be used to develop unique
catalysts with superior surface areas, ultrahigh dispersion of
components, and excellent stability.[16,17] In this study, an
easier method of simultaneously precipitating different metal
cations, such as Al3+ with Zr4+, under controlled pH
conditions is employed to obtain metal hydroxides that are
mixed at an atomic level. Ultrahigh dispersions ofWO3 and Pt
on the M-ZrOx support are then obtained by sequential
impregnation. The resulting Pt/WO3/M-ZrOx nanocomposite
catalyst exhibits significantly greater activity than the bench-
mark Pt/WO3/ZrO2 and Pt/Beta catalysts and is able to
successfully convert various paraffins with boiling points close
to that of n-C7 at a relatively low temperature with superb
isomerization selectivity.

n-Heptane isomerization was chosen as a model reaction
to evaluate the catalyst performance. Figure 1 shows that Pt/
WO3/Al-ZrOx is about six times as active as Pt/WO3/ZrO2 and
twice as active as Pt/Beta at 200 8C after about 2 h. The
dopant also improves the catalyst=s isomerization selectivity
substantially. At 80% conversion of n-heptane, an isomer-
ization selectivity of 86% was maintained over Pt/WO3/Al-
ZrOx, whereas selectivities of 81% and 76% were obtained
with Pt/WO3/ZrO2 and Pt/Beta, respectively.

The superior activity of Pt/WO3/Al-ZrOx allows this
nanocomposite catalyst to operate at a lower reaction
temperature, which is favorable for greater isomerization
selectivity. As shown in Figure 2, an isomerization selectivity

of more than 80% is attained even at 90% conversion of n-
heptane at 150 8C. Remarkably, multibranched heptanes
account for over 45% of the isomers obtained, thus providing
an unprecedented boost in octane value. At 150 8C, the Pt/
WO3/Al-ZrOx nanocomposite catalyst also efficiently con-
verts other paraffins that are typically present with n-C7 in the
refinery stream, such as n-hexane (0.22 mmols�1 g�1) and n-
octane (9.9 mmols�1 g�1), again with excellent isomerization
selectivities. At 80% conversions of n-hexane and n-octane,
isomerization selectivities of 98% and 82%, respectively,
were attained (see Supporting Information).

The reaction temperature over Pt/WO3/Al-ZrOx could be
lowered further at elevated pressures, as commonly practiced
in commercial processes. For example, at a total pressure of
100 psig, a H2/n-C7 feed molar ratio of 1.0, and a volume hour
space velocity of 1 h�1, 30% conversion of n-C7 with greater
than 99% isomerization selectivity was obtained over this
nanocomposite catalyst at 125 8C under trickle-bed condi-
tions. Such a low reaction temperature would further boost
the formation of highly branched isomers while simultane-
ously reducing cracking.

Pt/WO3/Al-ZrOx also demonstrates good tolerance
against feed impurities and excellent long-term stability. Pt/
chlorided-alumina catalysts can be rapidly deactivated by
trace amounts of aromatics or cyclohexane in the feedstock
due to the strong adsorption of these electron-rich molecules
at acidic sites.[5] Pt/zeolite catalysts are also sensitive to
aromatics and cyclohexane; additionally, they cannot isomer-
ize n-hexane effectively without significantly cracking the
heavier paraffins present in the feed stream.[2] Thus, compli-
cated separation and purification processes are needed for the
isomerization of light reformate over traditional bifunctional
catalysts. The performance of Pt/WO3/Al-ZrOx under realistic
conditions was examined using a simulated feedstock of light
reformate, which contained 19.4 mol% of n-pentane,

Figure 1. n-Heptane isomerization activities (A) over Pt/WO3/Al-ZrOx,
Pt/Beta, and Pt/WO3/ZrO2 at 200 8C and atmospheric pressure;
t= reaction time, H2/n-C7 feed molar ratio=16. The contact time was
adjusted to obtain n-C7 conversions of 15–30%.

Figure 2. Isomerization selectivity (S ; &) and percentage of multi-
branched paraffins in total isomers (M ; &) versus n-C7 conversion (X)
over Pt/WO3/Al-ZrOx at 150 8C and atmospheric pressure; H2/n-C7
feed molar ratio=16. The contact time was adjusted to obtain the
different levels of n-C7 conversions noted.
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28.0 mol% of n-hexane, 37.8 mol% of cyclohexane,
13.1 mol% of n-heptane, and 1.7 mol% of benzene. The
nanocomposite catalyst successfully converted all the differ-
ent components in a single process at 150 8C without
substantial deactivation (Figure 3). n-Heptane and n-hexane

were efficiently converted into their branched isomers, while
a lower conversion of n-pentane was obtained. Cyclohexane
was isomerized to methylcyclopentane, which has a higher
octane value than cyclohexane. Benzene was completely
hydrogenated to cyclohexane, followed by partial isomer-
ization to methylcyclopentane. The overall octane number of
the light reformate feedstock was increased by about 13 (from
54 to 67), with less than 0.85%mass loss due to cracking. This
significant upgrade in octane value is very attractive consid-
ering that current premium gasoline with an octane number of
89 is generally US$ 0.10–0.20 more expensive per gallon than
regular gasoline with an octane number of 87.

The catalytic performance of Pt/WO3/M-ZrOx nanocom-
posite is critically related to the doping of the support, unlike
other doped oxide catalysts, where the support=s surface area
or crystal phase play a more important role.[11, 18,19] In our
nanocomposite system, the heteroatom is truly substituted as
a dopant for Zr4+ in the ZrO2 crystal lattice instead of forming
a separate phase. This was confirmed by changes in the ZrO2

unit cell volume (Figure 4) produced by the introduction of
dopants of different ionic radii. The most significant increases
in catalytic activity were observed when Al3+ and Ga3+ were
used as the dopants; these trivalent cations also lead to
substantial decreases in the ZrO2 unit cell volume. In contrast,
a lower reduction in the ZrO2 unit cell volume was observed
when Si4+ was introduced. This is because only part of the Si4+

is incorporated in the ZrO2 lattice—most of the Si4+

introduced is segregated into a separate silica phase on the
zirconia surface. This could weaken the interaction between
WO3 and the zirconia support and give rise to the severe
reduction in catalyst activity observed in Figure 4.

The method of introducing dopants into ZrO2 has a
significant impact on the successful heteroatom substitution

in the ZrO2 lattice, and consequently on the catalyst
performance. Straightforward co-precipitation by adding the
base solution to a mixed solution containing both dopant and
Zr4+ salts has frequently been used in the preparation of
doped oxide catalysts.[18,20,21] However, this method has
serious drawbacks when an ultrahigh dispersion of dopants
is required because the dopant and Zr4+ might precipitate at
different points and different rates under a variable pH
environment. An Al3+-doped catalyst prepared by this direct
method also consists of irregularly shaped oxide particles with
a broad size distribution of 5–25 nm (see Supporting Infor-
mation). This limitation of Al3+ substitution and the poor
control of nanoparticle precipitation lead to an Al3+-doped
catalyst that is only slightly more active than the undoped
catalyst.[20] In contrast, our Al3+-doped zirconia nanocrystals
were prepared at a constant pH of 9, whereby the Zr4+ and
Al3+ cations are simultaneously precipitated from their mixed
salt solution. This constant-pH precipitation ensures an
ultrahigh dispersion of Al3+ and Zr4+, and a high level of
Al3+ substitution in the ZrO2 lattice. It also leads to spherical
oxide particles with a very narrow size distribution of 10–
12 nm (see Supporting Information).

Generally, the increase in activity in conventional isomer-
ization catalysts can be correlated to changes in their acidic
properties.[11,18,21] In our case, the distribution of Brønsted and
Lewis acid sites in the Pt/WO3/Al-ZrOx nanocomposite was
found to be very similar to that in Pt/WO3/ZrO2, according to
the IR spectra of samples subjected to pyridine chemisorp-
tion. The total acid amount is actually slightly lower in Pt/
WO3/Al-ZrOx (0.13 mmol NH3 per gram) than in Pt/WO3/
ZrO2 (0.15 mmol NH3 per gram). Thus, factors other than
acidity must be responsible for the superior catalytic perfor-
mance of Pt/WO3/Al-ZrOx. As the H2 atmosphere is impor-
tant and necessary for the isomerization reaction, the amount
of H2 adsorbed on the different catalysts under a flowing
stream of H2 was measured by thermogravimetric analysis
(TGA). All samples were reduced at 350 8C in H2 prior to H2

adsorption at room temperature. It was found that the H2

uptake by Pt/WO3/Al-ZrOx is more than twice that of Pt/

Figure 3. Isomerization of simulated light reformate feedstock over Pt/
WO3/Al-ZrOx at 150 8C and atmospheric pressure; X= conversion,
t= time on stream. Reaction conditions: infuse rate of the mixed
feed=0.44 mLh�1; H2 flow rate=21.1 mLmin

�1; WHSV=3.1 h�1; cat-
alyst loading=1.0 g.

Figure 4. Catalytic activity of Pt/WO3/M-ZrOx (A) versus the unit cell
volume of M-ZrOx (V), where M represents the cation introduced (M/
Zr cation ratio=0.05). Reaction conditions: 200 8C, 1 atm, H2/n-C7
feed molar ratio=16. The contact time was adjusted to obtain n-C7
conversions of 15–30%.
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WO3/ZrO2 (Figure 5a). The remarkably high H2/Pt molar
ratio over both catalysts indicates that H2 is adsorbed not only
by Pt but also byWO3 and/or Al-ZrOx through H2 spillover.

[14]

It has been reported that H2 spillover takes place very readily
in the Pt/WO3 system.

[15] However, the large difference in H2

uptake between Pt/WO3/Al-ZrOx and Pt/WO3/ZrO2 can be
best explained by the role of Al-ZrOx in H2 storage, which
would typically occur only at very high temperatures in
undoped ZrO2.

[22]

Hydrogen desorption from the catalysts was measured in
temperature-programmed desorption (TPD) studies. As
shown in Figure 5b, H2 desorption in Pt/WO3/Al-ZrOx

occurs at a temperature about 150 8C lower than in Pt/WO3/
ZrO2, and the amount of H2 desorbed from Pt/WO3/Al-ZrOx

is about 69% higher than from Pt/WO3/ZrO2. Substitution of
Zr4+ by a lower valence cation, such as Al3+, would generate
oxygen vacancies in the ZrO2 crystal structure to preserve the
electroneutrality. These oxygen vacancies could increase the
ionic conductivity of ZrO2 significantly.

[23] As a result, the rate
of reverse H2 spillover could be increased in Pt/WO3/Al-ZrOx,
thus allowing for a more facile H2 desorption.

[24] In an
isomerization reaction, the higher surface density of spilt-over
H2, which might exist in the form of an H+/H� pair, and the
rapid H+/H� migration in the catalyst could substantially
facilitate the hydrocarbon conversion and inhibit the cracking
of intermediates arising from long residence times at the
acidic sites.[4, 5]

In conclusion, our Pt/WO3/Al-ZrOx nanocomposite
allows for the highly efficient and selective conversion of
C7+ paraffins at a remarkably low temperature of 125 8C. This
novel catalyst provides a competitive alternative to tradi-
tional zeolites and liquid acids in oil refinery and petrochem-
ical production. The superior catalytic performance of Pt/
WO3/Al-ZrOx is attributed to the much higher surface density

of spilt-over H2 and a more facile reverse process of H2

spillover. The significant differences in H2 adsorption and
desorption behavior in Pt/WO3/Al-ZrOx compared to Pt/
WO3/ZrO2 are related to the uniform and successful sub-
stitution of Zr4+ by Al3+ in ZrO2, which produces a large
number of oxygen vacancies and significantly increases the
ionic conductivity of ZrO2. This structure–property relation-
ship might have a broad impact on the rational design of
complex oxide catalysts and multifunctional nanocomposites.

Experimental Section
The incorporation of Al3+ into ZrO2 was
achieved by co-precipitation of Zr4+ and
Al3+ salts (Al3+/Zr4+ atomic ratio= 0.05) at a
constant pH value of 9.0 by adding an
aqueous solution of ammonium hydroxide.
The precipitate was washed thoroughly with
deionized water and dried at 120 8C. Am-
monium metatungstate hydrate (99.9+%,
Strem Chemicals) was then loaded onto the
precipitate by the incipient-wetness impreg-
nation technique at a tungsten concentration
of 20–25 wt% (based on the hydroxides).
The resulting material was calcined at 800 8C
for 3 h to yield WO3/Al-ZrOx with a surface
area of 56 m2g�1. It was then loaded with
1.0 wt% of Pt by impregnation with [Pt-
(NH3)4](NO3)2 (99%, Strem Chemicals),
and calcined at 450 8C for 1.5 h to yield the
Pt/WO3/Al-ZrOx nanocomposite.

Pt/WO3/ZrO2 (containing 16 wt% W
based on zirconium hydroxide) and Pt/Beta
were prepared as benchmark catalysts. The
former was synthesized according to the
literature procedure;[4,10] WO3/ZrO2 was

obtained with a surface area of 63 m2g�1. Pt/Beta was obtained by
calcining NH4

+-Beta zeolite (Si/Al= 12.5, Zeolyst International) at
500 8C for 3 h to produce H+-Beta, followed by loading with 1.0 wt%
of Pt.

n-Heptane isomerization was conducted in a tubular reactor at
atmospheric pressure. Prior to the reaction, the catalyst was treated in
situ at 450 8C in air for 1.5 h to purge its surface, followed by reduction
in H2 at 350 8C for 1.5 h to reduce PtII to Pt metal. n-Heptane was
introduced into the feed stream by flowing H2 through an n-heptane
saturator at 25 8C, which gave a H2/n-heptane molar ratio of 16. The
catalyst was tested at variable weight hour space velocities (WHSV)
to obtain the desired n-C7 conversion. For example, to compare the
activities of different catalysts, the conversion was controlled from
15% to 30%. In the selectivity versus conversion studies, the
conversion of n-C7 was varied from 10% to 90% systematically by
changing the WHSV.

H2 uptake was measured by TGA. The catalyst was treated first in
an air stream at 450 8C for 1.5 h, followed by reduction in 5.2% H2 in
helium for 3 h. It was then flushed with pure helium at 450 8C for 12 h
to remove the adsorbed H2 and cooled to room temperature in
helium. When the catalyst weight became stable, the gas flow was
switched from pure helium to 5.2% H2 in helium, and the weight gain
at room temperature due to H2 adsorption was recorded as the
amount of H2 uptake.

TPD studies of H2 was conducted in a tubular reactor. The
catalyst was reduced at 350 8C in H2 for 1.5 h and then cooled to room
temperature in H2. It was then flushed with argon to remove the
weakly adsorbed H2. H2 desorption upon heating the catalyst bed

Figure 5. a) Uptake and b) TPD of H2 over Pt/WO3/Al-ZrOx and Pt/WO3/ZrO2. m=weight;
t=adsorption time; C=H2 desorbed; T=desorption temperature.
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from 30 8C to 750 8C at a rate of 5 Kmin�1 was analyzed with an HP
6890 GC equipped with a thermal conductivity detector (TCD).
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