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The effect of illumination with visual and near-UV light on the
isomerization and cracking of n-pentane and formation of radical
cations from benzene and its derivatives over sulfated zirconia has
been studied. Sulfated zirconia proved to have very strong accep-
tor sites capable of ionizing benzene and methylbenzenes to cor-
responding radical cations. The ionization of aromatic molecules
could be initiated with visual light. The presence of oxygen in the gas
phase appeared to strengthen the acceptor sites and shift the pho-
toreaction red edge to longer wavelengths. Electron donor–acceptor
complexes are shown to be key intermediates in the ionization of
aromatic molecules on sulfated zirconia. A qualitative correlation
between the presence of the strongest acceptor sites and the isomer-
ization activity was observed. Illumination with visual light signifi-
cantly increased the pentane cracking selectivity with little effect on
the isomerization activity. Pentane cracking is proposed to proceed
via dimerization initiated by the charge transfer with the formation
of unstable radical cations. c© 1998 Academic Press

INTRODUCTION

Skeletal isomerization of light normal paraffins is an im-
portant industrial reaction. It is known to require very
strong acidity and is usually catalyzed by liquid superacids
or Pt on chlorinated alumina. It is often used to test the
strength of superacid catalysts (1). Despite a lot of effort,
the isomerization mechanism remains disputable. The re-
action is usually supposed to follow an ionic mechanism
involving carbonium or carbenium ions formed by H+ ad-
dition or H− abstraction, respectively. However, radical
cations are also often discussed as possible intermediates
(2–6).

Sulfated zirconia has attracted considerable attention of
researchers as a potential isomerization catalyst (5–16).
It is more environmentally friendly and is more active at
low temperatures than the systems currently in use (8).
Brönsted (8, 16) and Lewis (9, 17) acid sites, their com-
bination (10), as well as one-electron acceptor (oxidizing)
sites (5, 6, 11) have been claimed responsible for its unique
activity.

Until recently, high-silica zeolites were the only materials
capable of ionizing adsorbed benzene (ionization potential

1 Corresponding author. E-mail: A.F.Bedilo@catalysis.nsk.su.

9.25 eV) to its radical cations (18–20). Sulfated zirconia
has been also shown to initiate radical cation reactions of
benzene (11, 21). However, primary benzene radical cations
stabilized on surface active sites have never been observed
by ESR. It can be explained by their high reactivity and lack
of diffusion difficulties in sulfated zirconia pores, compared
to zeolite channels.

Earlier, we have studied thermal and light-induced for-
mation of benzene radical cations on ZSM-5 zeolites (19, 20,
22, 23). The reactions were shown to involve either thermal
or photo-excitation of intermediate donor–acceptor com-
plexes between molecular benzene and surface acceptor
sites.

Photochemical generation proved to be an efficient way
for the formation and investigation of primary radical
cations. They can be stabilized at sufficiently low temper-
atures when subsequent reactions are hindered. In such a
case one can eliminate thermal reactions, whereas the en-
ergetics of the photoreactions can be very informative for
understanding the nature of primary adsorption complexes
responsible for the light absorption.

An effect of visual light on the alkane isomerization over
sulfated zirconia, if observed, would become strong evi-
dence of the participation of strong surface acceptor sites
in this reaction. To our knowledge, no photoreactions on
sulfated zirconia catalysts have been reported to date.

In the present paper we report the results of our in-
vestigation of the effect of visual light on reactions over
sulfated zirconia. Two processes have been studied: crack-
ing and isomerization of n-pentane at room temperature
and formation of radical cations from benzene and its
derivatives.

METHODS

Two different samples of sulfated zirconia were used in
this study. The first sample was prepared by a traditional
method according to (10). Zirconium hydroxide was pre-
cipitated from aqueous solution of Zr(NO3)2 with aqueous
ammonia, filtered, thoroughly washed with distilled water,
and dried at 100◦C overnight. The solid was treated with
0.2 N H2SO4 solution (5 cm3/g) for 1 h at room temper-
ature. Then the solid was filtered, dried without washing
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overnight at 100◦C, and calcined at 550◦C for 3 h in air. The
sample will be denoted below as SZ-1.

The second sample (hereafter denoted as SZ-2) was pre-
pared as follows (24). Hydrous zirconia was precipitated
from a ZrOCl2 solution with aqueous ammonia, thoroughly
washed with distilled water, dried overnight at 100◦C, and
calcined at 500◦C for 3 h. The resulting zirconium oxide
(60 m2/g) was impregnated with aqueous (NH4)2SO4 to
give nominal sulfur loading equivalent to 2.5 sulfur atoms
per nm2, dried without washing, and calcined at 500◦C for
3 h.

Benzene, toluene, and p-xylene of “pure” degree were
purified by a freeze-pump-thaw procedure. Pentane
(“pure” degree) was purified from olefins and aromatic
compounds according to (25). Then it was stored over a
zeolite.

ESR experiments were conducted in our ESR in situ in-
stallation described elsewhere (23). One-tenth gram of a
catalyst was placed in a quartz ampoule connected to a
high-vacuum system. The standard sample pretreatment in-
cluded alternating oxygen–vacuum treatments at 500◦C in
a vacuum line with a trap cooled by liquid nitrogen. The fi-
nal pretreatment step was a 2-h heating in oxygen (10 Torr)
with subsequent cooling to room temperature and evacu-
ation for 20 min. Desired amounts of hydrocarbons were
adsorbed from the gas phase.

A monochromator used made it possible to study spectral
characteristics of the photoreactions in the energy range of
1–5 eV. The ESR samples were subjected to the illumination
directly in the spectrometer cavity. A 1-kW mercury lamp
served as the irradiation source.

Isomerization was conducted in sealed glass reactors con-
taining 200 mg of the catalyst and 5 ml of pentane at 30◦C
under argon or oxygen atmosphere. The reaction mixture
was vigorously stirred with a magnetic stirrer. Before the
reaction, the catalyst was evacuated at 300◦C for 2 h.

When desired, the reaction mixture was quickly cooled to
77 K. Then it was analyzed by gas–liquid chromatography
(3 m 5% Apieson L on Chromosorb PAW—DMCS) and
GC-MS.

Textural characterization of the samples was performed
on a NOVA 1200 gas sorption analyzer (Quantachrome
Corp.). Prior to the analysis, the samples were outgassed at
180◦C for 1 h. Seven point BET surface areas, total pore
volumes, and pore size distributions (BJH method) were
calculated from 40 point nitrogen adsorption–desorption
isotherms.

X-ray powder diffraction experiments were conducted
on a Scintag-XDS-2000 spectrometer with Cu Kα radiation.
Scans were made in the 22 range 20–80◦ with a scanning
rate 1◦ per minute. Crystallite sizes were determined from
the X-ray line broadening using Scherrer’s equation. Vol-
ume fractions of zirconia tetragonal and monoclinic phases
were calculated from integrated peak intensities.

Thermogravimetric analysis (TGA) was performed on a
Shimadzu TGA-50 instrument. The samples were heated
in platinum crucibles up to 1000◦C with a heating rate 10◦C
per minute in 30 ml/min dry air flow.

RESULTS

Characterization of Samples

It is generally believed that active sulfated zirconia cata-
lysts can be prepared only by the impregnation of amor-
phous zirconia. The use of a crystallized support usually
does not lead to samples with appreciable activity. A cou-
ple of major important exceptions (12, 13) only support the
rule. The first sample studied in the present article (SZ-1)
was prepared following the original preparation technique
(7). It was interesting to compare its properties with those of
the other sample prepared by impregnation of crystalline
ZrO2 (SZ-2), which also possesses relatively high acidity
and has a similar chemical composition.

Figure 1 presents XRD spectra of the samples studied.
SZ-1 shows only a pattern typical to the tetragonal phase
of ZrO2 (12). This result is consistent with most studies of
active sulfated zirconia. The introduction of sulfate species
is known to stabilize the metastable tetragonal phase up
to 700◦C. The average crystallite size was determined from
the reflex width to be 95 Å.

SZ-2 shows a superposition of monoclinic and tetragonal
phases of ZrO2. The most intensive peaks of these phases
are marked as m and t, respectively (Fig. 1). Their ratio

FIG. 1. XRD spectra of the catalysts.
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may be evaluated from the relative integral peak intensi-
ties (26) as 4 : 1. The zirconia support had been precalcined
at 500◦C—high enough to convert most of the tetragnoal
phase to the thermodynamically stable monoclinic phase
(27, 28). Sulfation of such mixture hardly has any influence
on the phase composition. Definitely it cannot reverse the
process of transition from the tetragonal to the monoclinic
phase and sometimes (12) is even believed to facilitate it.
The average particle size determined for the monoclinic
phase was larger than that of SZ-1—140 Å.

Characterization of the samples by BET has shown that
the samples have the porous structure typical for respective
types of sulfated zirconia. The surface area of SZ-1 is more
than twice as high as that of SZ-2—135 and 60 m2/g, re-
spectively. These data correspond well with those reported.
Total pore volumes of the samples are 0.15 and 0.10 cm3/g,
respectively.

TGA spectra of the samples in the region above 500◦C
are shown in Fig. 2. Below 500◦C only a peak of physisorbed
water is observed at T < 100◦C. The high temperature peak
has been shown to correspond to the decomposition of
sulfate species (29). According to MS studies, only SO2 and
O2 are usually evolved during the thermal decomposition
under oxidizing conditions. As most of the water is lost
at lower temperatures, it is reasonable to assume that the
overall decomposition reaction in air at high temperatures
corresponds to the evolution of SO3, which is subjected
to further decomposition (29). Furthermore, the molar
amount of sulfur calculated with this assumption practi-
cally matches the amount introduced into SZ-2 during the

FIG. 2. Derivative TGA spectra in the temperature range of 500–
1000◦C.

sulfation procedure—2.1 wt% (of SO3). The SO3 loading
in SZ-1 was determined from the weight loss as 4.6 wt%.
Both correspond to the same surface concentration of 2.5
sulfur atoms per nm2.

If we assume that each sulfate group occupies 25 Å (10),
the concentration of sulfates in our samples would be about
60% of a nominal monolayer. Previously, close to mono-
layer loadings were found necessary to obtain the maximum
isomerization activity (10, 30) and the maximum concen-
tration of paramagnetic species formed after adsorption of
aromatic molecules (24).

The difference in the positions of the decomposition ma-
xima of the samples is another interesting feature of the
TGA spectra. In SZ-1 the decomposition peak is centered at
825◦C, whereas in SZ-2 it has a maximum at 870◦C. This ef-
fect cannot be ascribed only to the difference in the amount
of sulfates. First, both correspond to almost the same sur-
face concentration. Second, one would expect the appar-
ent decomposition peak to shift to higher temperatures
with an increase in the sulfate concentration if the heating
is too fast. Obviously, in SZ-1 the bonding energy of sul-
fates with the zirconia surface is substantially lower than in
SZ-2. Active sulfated zirconia catalysts are known to con-
tain covalent sulfates (9). It is very likely that covalent sul-
fates of SZ-1 decompose around 825◦C, whereas sulfates in
SZ-2 decomposing at higher temperatures are more ionic.
Our scanning of a wide selection of sulfated zirconia cat-
alysts prepared by different methods have shown that the
most active samples have a monolayer sulfur loading with
the decomposition peak around 830◦C (30).

Formation of Radical Cations from Adsorbed
Aromatic Molecules

Trained outgassed samples of both catalysts exhibited
only a weak axial spectrum with g⊥ = 1.98 and g‖ = 1.95
which can be assigned to Zr3+ ions, as in (11). The signal
could be reversibly broadened by oxygen indicating that
the ions are located on the surface and not in the bulk. The
same regards all the other radicals discussed below. The
signal was not observed to change in the hydrocarbon
adsorption process.

The formation of radical species during adsorption of
aromatic hydrocarbons on catalytic surfaces is often used
as a test of the strongest acceptor sites (11, 31). Often only
broad poorly resolved spectra are observed. Sometimes it
is questioned if they result from transformations of pri-
mary radical cations (32). Therefore, it is important to
identify primary particles and to study their graduate trans-
formations to elucidate their input into the overall param-
agnetism.

To detect primary particles formed in the course of
benzene adsorption on sulfated zirconia, experiments at
low temperature and adsorbate coverage were conducted.
These conditions hinder secondary reactions and are
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FIG. 3. ESR spectra registered after adsorption of benzene vapor on
SZ-1 at 243 K (1) and in 30 min after heating up to room temperature (2).

favorable for registration of primary radical cation inter-
mediates.

Benzene adsorption on SZ-1 in the amount of 0.5 mmol/g
of the catalyst at 233 K resulted in the formation of benzene
dimer radical cations (Fig. 3, Spectrum 1) with a character-
istic hyperfine constant a = 2.2 G. They are formed due to
a close interaction of benzene radical cations with neutral
molecules and are known for benzene adsorbed on zeo-
lites (33). Upon heating to room temperature they quan-
titatively transformed into biphenyl radical cations with
a = 3.3 G (Fig. 3, Spectrum 2). Naturally, only these par-
ticles were observed when the adsorption was performed
at room temperature (11, 24). The ESR parameters of the
radical cations practically coincide with the parameters of
analogous particles formed from benzene on a ZSM-5 ze-
olite (20).

Only secondary radicals were observed during toluene
adsorption on SZ-1 even at 200 K. In this case, we did
not manage to register primary radical cations. They
are known to be even less stable than benzene radical
cations. Only products of their oxidative dimerization—
4,4-dimethylbiphenyl radical cations—were registered
after toluene adsorption on a mordenite zeolite (33).
In our system, even these particles were not observed.
The radicals stabilized (Fig. 4, Spectrum 1) are likely to
result from the deprotonation of the above radical cations.
A simulated spectrum of these radicals is also shown in
Fig. 4 (Spectrum 2). The spectrum was simulated with
the following reasonable parameters g = 2.00365, a1

⊥ =
8.2 G, a1

‖ = 8.85 G, a2 < 0.2 G, a3
⊥ = 2.5 G, a3

‖ = 2.8 G,
a4

⊥ = 2.7 G, a4
‖ = 2.8 G. A proposed scheme of this process

is shown below.

At room temperature it took several hours for the rad-
icals to transform into particles with poorly resolved hy-
perfine structure (Fig. 4, Spectrum 3). These particles are
likely to result from polycondensation of the radicals with
toluene molecules. The reactions proceeded much faster if
toluene was present in the gas phase.

The concentration of the radicals was observed to de-
pend on the amount of toluene adsorbed (Fig. 5). As on
ZSM-5 zeolites (19), the process was completely reversible.
The radical concentration reversibly decreased if the sam-
ple was pumped out. The plateau on the curve seems to
reflect the total concentration of surface sites capable of
ionizing toluene.

Earlier electron donor acceptor complexes have been
proposed to be key intermediates in the formation of

FIG. 4. ESR spectra registered after adsorption of toluene vapor on
SZ-1 at 243 K (1), in 30 min after heating up to room temperature (3) and
a spectrum simulated with parameters listed in the text (2).
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FIG. 5. Dependence of the concentration of radicals on the amount
of toluene adsorbed on SZ-1 at 243 K.

aromatic radical cations (Ar+) on surface acceptor sites
(As) (20, 24):

Ar + AsÀ [Ar • As] À [Ar+ • A−
s ]∗ → Ar+ + A−

s

Reversible disappearance of the radical cations must result
from the shift in the equilibrium caused by desorption of
adsorbed molecules under continuous evacuation.

Earlier, acceptor sites of H-ZSM-5 zeolites were shown
to incorporate chemisorbed oxygen (19). Here oxygen also
appeared to strengthen the acceptor sites. Introduction of
oxygen to any sample described above led to a fast forma-
tion of intensive spectra of polycondensed aromatics. With-
out oxygen, they are formed only at higher temperatures in
excess of aromatic molecules (21).

The effect of oxygen is even more pronounced for SZ-
2. This sample appeared to have weaker acceptor sites. No
radicals were formed after adsorption of benzene or toluene
on SZ-2 in the absence of oxygen. Its presence in the gas
phase is required to initiate their ionization with the forma-
tion of the same radicals as described above. The concen-
tration of the radicals appeared to depend on the amount
of oxygen introduced (Fig. 6).

SZ-2 proved to be a convenient sample for the investi-
gation of radical cations formed on its surface. First, its ac-
ceptor sites are much stronger than those of conventional
solid acids and comparable with those of high-silica zeolites.
Second, these sites are accessible to large molecules. Third,
the radical species formed are much more stable than on a
stronger SZ-1.

We observed the formation of secondary radical parti-
cles derived from primary radical cations after adsorption

of different benzene derivatives on its surface. Sometimes,
primary radical cations were reasonably stable, and well-
resolved spectra could be observed.

In the case of p-xylene no oxygen was required for the for-
mation of radical cations. The adsorption of pure p-xylene
gave spectra with hardly resolvable hyperfine structure. But
we managed to observe a well-resolved spectrum by adsorb-
ing its diluted solutions in benzene and toluene. As radi-
cal cations of substances with lower ionization potentials
are known to substitute those of compounds with higher
ionization potentials, only p-xylene radical cations were
observed.

A typical ESR spectrum of p-xylene radical cations
is presented in Fig. 7, Spectrum 1. One can see a well-
resolved hyperfine structure attributable to two groups
of equivalent protons (a1 = 15.8 G; a2 = 2.0 G). Like the
other particles presented above, they quickly transformed
at room temperature into a broad (1H = 6–10 G) line
without any detectable hyperfine structure, its form being
typical for heavier oligomers known to be coke precursors.
The radical-cationic oligomerization proved to be very
favorable for benzene from the energetic point of view
(34) and seems to proceed quickly in these cases as well.
In contrast to zeolites, no steric difficulties exist here.

Hexamethylbenzene (HMB) radical cations proved to
be stable for several days even at room temperature as the
oligomerization is unlikely for them (Fig. 7, Spectrum 2).
The parameters of their spectrum are g = 2.0028, a = 6.30 ±
0.05 G, 1H = 0.50 ± 0.05 G. Only 15 of 19 lines were ob-
served, their relative intensities correlating well with the
expected ones. Small deviations result from the A-tensor
anisotropy. The figures are close to those reported by
Hulme and Symons (35), who were the first to observe
HMB radical cations in sulfuric acid under irradiation. The
fact that only HMB radical cations were observed in all the

FIG. 6. Dependence of the concentration of radicals after toluene
adsorption on SZ-2 at 243 K on the amount of oxygen introduced.
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FIG. 7. ESR spectra registered on SZ-2 at 293 K after adsorption of
a 100 : 1 gaseous benzene-para–xylene mixture without oxygen (1) and a
10−2 M hexamethylbenzene solution in benzene in air (2).

solvents even at its concentration as low as 10−4 M, when
the number of HMB adsorbed is close to the number of
radical cations generated, confirms the radical cation ori-
gin of the particles resulting from the benzene and toluene
adsorption.

Side by side with primary radical cations and products
of their chemical transformations, O−

2 radical anions (gxx =
2.003; gyy = 2.010; gzz = 2.031) were observed if oxygen was
present in the system. The gzz value of the radical anions
suggests that they are localized on tetravalent ions, certainly
Zr4+ (11, 36). Without a hydrocarbon no radical anions were
detected. These particles might result from the electron
transfer from the hydrocarbon. However, no straightfor-
ward dependence between the concentrations of the oxygen
radical anions and aromatic radical cations was observed.

Light-Induced Formation of Radical Cations

It is well known that electron donor–acceptor complexes
can be excited not only thermally but also by illumination.
Earlier we showed that benzene radical cations could be
generated with blue light on a ZSM-5 zeolite (23). Illumi-
nation with visual light proved to be an efficient way of
generating radical cations on sulfated zirconia as well.

As stated above, benzene adsorption on SZ-2 did not re-
sult in the formation of any paramagnetic species. In an
attempt to register primary benzene radical cations, we
pumped out excess benzene at 0◦C. A thermal desorption
experiment showed that sufficient amount of benzene re-

mained adsorbed on the surface. The visual light illumina-
tion was conducted at 103 K. Radical cations formed under
illumination proved to be stable at this temperature under
vacuum for at least several hours.

A weak spectrum of benzene radical cations could be ob-
served after a 5-min illumination with green light (546 nm)
(Fig. 8, Spectrum 1). This concentration could be increased
by an order of magnitude by a prolonged irradiation with
λ = 365 nm (Fig. 8, Spectrum 2). The radical cations ob-
served have a visible anisotropy of g and a tensors. The
spectra can be simulated as 6 equivalent protons with
g⊥ = 2.0029, g‖ = 2.0024, a⊥ = 4.2, a‖ = 5.0 (Fig. 8, Spec-
trum 3). These parameters differ from those observed on
H-ZSM-5 (22, 23), where no anisotropy is detected, but they
are close to those of benzene radical cations formed on HY
zeolites under γ irradiation (37). The anisotropy could re-
sult from the stabilization of the radical cations on Zr4 +

ions.
Introduction of oxygen did not lead to the formation

of paramagnetic particles at a low benzene coverage.
However, it did change the spectral characteristics of
the photoprocess. Figure 9 presents the concentration of
radicals formed after illumination of the same sample for
1 min with the selected light at different oxygen pressures.
The concentration appeared to increase with an increase
of the oxygen pressure up to several torr. It is notable
that a detectable concentration of radicals was generated
with yellow light (579 nm) only when some oxygen was

FIG. 8. ESR spectra registered after benzene adsorption on SZ-2 at
room temperature, evacuation for 30 min at 273 K and illumination at
103 K with λ = 546 nm for 5 min (1) and with λ = 365 nm for 30 min (2);
and a simulated spectrum of benzene radical cations (3).
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FIG. 9. Concentration of benzene radical cations formed after ben-
zene adsorption on SZ-2 at room temperature, evacuation for 30 min at
273 K and illumination with selected light for 1 min at 103 K in the absence
of oxygen and with 0.1 and 1 Torr of oxygen.

present. Oxygen seems to strengthen the surface acceptor
sites, resulting in the thermal ionization of benzene
and toluene on SZ-2 and red shift of the light-induced
ionization.

The amount of adsorbed benzene was also found to af-
fect the spectral characteristics of the light-induced forma-
tion of radical cations. If the sample was not evacuated as
in the above experiments, benzene dimer radical cations

FIG. 10. ESR spectra observed at 103 K after benzene adsorption on
SZ-2 (1) and illumination for 1 min with λ = 546 (2) and 436 (3) nm.

FIG. 11. Concentration of benzene radical cations formed during il-
lumination with selected light for 1 min at 103 K on SZ-2 with adsorbed
benzene and after evacuation for 30 min at 273 K.

were generated under illumination (Fig. 10). It is important
that their concentration was higher than that of benzene
radical cations formed during illumination of the evacuated
sample under the same conditions, and the red edge of the
photoprocess was obviously shifted to longer wavelengths
(Fig. 11). This effect is analogous to the influence of the
amount of adsorbed hydrocarbons on the concentration of
the radical cations generated thermally and is one more ev-
idence of the similarity between thermal and light-induced
processes in this system.

Photoionization could be effectively used for the gen-
eration of radical cations on SZ-1 as well. In this case we
could not realize the situation when no radicals are ob-
served after adsorption of benzene derivatives. However,
difference spectra unambiguously show the formation of
radical cations under illumination. Figure 12 presents in a
real scale spectra of benzene dimer radical cations formed
after adsorption (1) and difference spectra after a 2 min
illumination with λ = 436 nm (2) and 365 nm (3).

Two facts are notable. First, the visual light illumination
gives rise to the same benzene dimer radical cations as those
formed thermally. Second, the concentration of the radical
cations generated in this case is significantly higher than in
the case of SZ-2.

An analogous effect was observed with other aromatic
molecules studied. Figure 13 exemplifies it for a p-xylene–
benzene mixture in the absence of oxygen. The concen-
tration of p-xylene radical cations both thermal and light-
induced was higher than in the case of benzene. This effect
is reasonable in view of a lower ionization potential of p-
xylene.

Thus, both sulfated zirconia samples are shown to pos-
sess very strong one-electron acceptor sites. However, the
fact that oxygen is required for ionization of benzene and
toluene on SZ-2 marks a significant difference in their ac-
ceptor strength. In general, the strength of the strongest
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FIG. 12. ESR spectra observed at 233 K after benzene adsorption on
SZ-1 and evacuation at 273 K (1) and difference ESR spectra correspond-
ing to radical species added by illumination for 2 min with λ = 436 nm (2)
and λ = 365 nm (3).

acceptor sites of SZ-2 seems to be close to that of high-silica
zeolites, whereas SZ-1 appears to possess the strongest one-
electron acceptor sites among all oxide materials known.
Aromatic molecules and the acceptor sites are shown to
form surface donor–acceptor complexes, which can be ex-
cited both thermally and by illumination to yield radical
cations.

Effect of Light on the Isomerization and Cracking Activity

To check if the strong surface acceptor sites discussed
above play an important role in the isomerization catalytic
activity of sulfated zirconia, we decided to examine an influ-
ence of the visual light illumination on the catalytic activity.
As shown above, benzene radical cations could be gener-
ated on the surface by the illumination with visual light.
Although pentane is not an aromatic compound and has
a higher ionization potential, there was a certain chance
that its donor–acceptor complexes with the surface accep-
tor sites would absorb in the visual spectral region. There-
fore, if the visual light illumination had a significant effect
on the catalytic activity, this would become a strong sup-
port of the idea (5, 6) that alkane radical cations formed
on strong surface acceptor sites of sulfated zirconia are key
intermediates in the isomerization reaction pathway.

SZ-1 catalyzed isomerization of n-pentane to isopentane
at 30◦C in Ar with a 98–99% selectivity at a 23% conver-
sion in 2 h (Fig. 14A). The isomerization reaction kinetics

in conversion versus time coordinates can be easily approx-
imated by a straight line passing through the origin. Hence,
the reaction rate did not change much during the whole 2-h
run with the total conversion to isopentane about 10 mmol.
Then, the reaction rate can be estimated to be 25 mmol g−1

h−1. Isobutane and isomeric hexanes with the molar ratio
[i-C4]/

∑
[i-C6] ≈ 1 were formed as by-products.

When the reactor was filled with oxygen instead of ar-
gon, no apparent changes in the activity or selectivity were
observed. Illumination in argon also had little effect on
the reaction rate. However, interesting results were ob-
tained during illumination of n-pentane with sulfated zir-
conia in the oxygen atmosphere. The isomerization activity
did not significantly depend on the illumination. Its slight
increase was observed only in the near-UV region (365 nm)
(Fig. 14A). However, the amount of isobutane and isomeric
hexanes increased considerably already under yellow light
(579 nm) (Fig. 14B). An obvious induction period was ob-
served. Then the reaction rate appeared to increase with
time. For example, the average isobutane formation rate
under green light illumination (546 nm) between 1.5 and
2 h was about 1.0 mmol g−1 h−1. The isobutane selectivity
after 2 h under the 365 nm irradiation was six times higher
than in the dark. Meanwhile, the isobutane/i-hexanes ratio
remained unchanged.

SZ-2 showed a significantly lower activity, with pentane
conversion about 1% after 2 h under the same conditions.

FIG. 13. ESR spectrum observed at 293 K after adsorption of a
100 : 1 gaseous benzene-p-xylene mixture (1) and difference ESR spec-
tra corresponding to radical species added by illumination for 2 min with
λ = 436 nm (2) and λ = 365 nm (3).
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FIG. 14. Effect of light on the isomerization (A) and cracking (B) activity of SZ-1.

Therefore, the effect of illumination was not studied for this
sample.

DISCUSSION

Sulfated zirconia is shown to possess very strong acceptor
sites capable of ionizing benzene and its derivatives to their
radical cations. As on zeolites, the process involves the exci-
tation of intermediate surface donor–acceptor complexes,
which can occur thermally or under illumination with vi-
sual light. Their formation results in a decrease of energy
required for the ionization of small aromatic molecules, al-
lowing their thermal ionization and significantly shifting the
photoionization red edge to the visual spectral region.

The concentration of radical cations formed thermally
appears to depend on such factors as strength of sur-
face acceptor sites, ionization potential (donor ability) of
aromatic molecules, the amount of hydrocarbon adsorbed
and the presence of molecular oxygen in the system. The
latter seems to participate in the donor–acceptor complexes
and strengthen the acceptor sites.

It is notable that only a small portion of adsorbed
molecules (less than 0.02%) is ionized. An analogous situa-
tion was observed on H-ZSM-5 zeolites (19). It seems that
an “island” of liquid phase of a certain size is required for
the generation of radical cations. The presence of the “liq-
uid island” may decrease the energetic ionization barrier
due to solvating effects and facilitate the charge separation
by providing better transport conditions.

The red edge of the light-induced processes is well be-
yond the limits of any adsorption band of the catalyst or

adsorbates. In fact, lower light energies were required in
this system than in the case of similar processes on zeo-
lites (22, 23), proving that sulfated zirconia has stronger ac-
ceptor sites. The red edge and the concentration of radical
cations generated under illumination with a certain wave-
length appear to depend on the same factors as the ther-
mal formation of radical cations. All these factors taken
separately and all together prove that electron donor–
acceptor complexes are key intermediates in the thermal
and light-induced formation of radical cations on sulfated
zirconia:

D + As
−−→←−− |D • As| [1]

[D • As]
kT,hν−−→←−− [D+ • A−

s ]∗ [2]

[D+ • A−
s ]∗ D+ + A−

s . [3]

The above scheme generally describes the process of
generation of radical cations via the excitation of surface
donor–acceptor complexes. The first stage represents the
formation of an electron donor–acceptor complex between
an organic donor molecule (D) and a surface acceptor site
(As). On the second stage the complex undergoes thermal
or photo excitation, with the charge separation and stabi-
lization of a radical cation (D+) on the third stage. The
scheme assumes that all the stages are reversible, and the
whole process can be completely reversed, for example, by
an evacuation of the sample.

Oxygen is not required for the generation of the pho-
toactivity, but it does shift the absorption band to lower
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energies. This fact marks a significant difference between
our system sensitive to the visual-light illumination and
those studied by Frei et al. (38, 39). Their investigations of
electron donor–acceptor complexes between oxygen and
hydrocarbons in zeolites present the only other examples
where charge-transfer bands in complexes with participa-
tion of small hydrocarbons could be so significantly shifted
to lower energies by the presence of a catalyst. However,
in their system oxygen is the only acceptor, and the band
energies are shifted due to the stabilizing effect of zeolite
supercages. In our case, oxygen only strengthens acceptor
sites already present on the surface of sulfated zirconia.
Also, as sulfated zirconia does not have a zeolite channel
system, it is very unlikely that it could have a similar
stabilizing effect on donor–acceptor complexes. The nature
of its effect must be different.

As on zeolites and in the majority of homogeneous sys-
tems (40), the counter ion (A−

s ) is not observed by ESR.
Therefore, its exact nature remains unclear. In the case of
zeolites, there is a common opinion that oxidation occurs
on Lewis sites (20, 40). Brönsted acidity itself is usually
believed to be not sufficient for the generation of radical
cations, the presence of an oxidizer being required. How-
ever, aromatic molecules with low ionization potentials,
e.g. anthracene or perylene, are readily oxidized in con-
centrated sulfuric acid or in strong Brönsted acids in the
presence of such weak electron acceptor as atmospheric
oxygen (40).

The formation of donor–acceptor complexes presumes
that a Lewis acid site is a part of the acceptor site. But nu-
merous IR studies have shown that Lewis acid sites of sul-
fated zirconia are only slightly stronger than those of pure
zirconia (41, 42). It is a simultaneous presence of strong
Brönsted acid sites that makes sulfated zirconia different.
Therefore, we believe that an acceptor site contains a strong
Lewis site, a strong Brönsted site, and an electron trap lo-
cated close to each other. The exact localization of elec-
trons abstracted from the donor is unknown. Near-surface
defects, surface low-coordinated zirconium ions, hydroxyl
groups, and partly reduced sulfate groups can serve as such
electron traps, which are not observed by ESR. When oxy-
gen is present in the gas phase, ESR spectra of O−

2 radical
anions stabilized on Zr4+ ions are observed, together with
the aromatic radical cations. Adsorbed oxygen seems to be
a better electron trap facilitating the charge transfer process
and changing its energetics.

The effect of light on the pentane cracking in the presence
of oxygen suggests that this process also might be initiated
by the charge transfer in surface donor–acceptor complexes
with the formation of very unstable radical cations. The
induction effect observed suggests successive isomerization
and cracking reactions:

n-pentane → i-pentane → i-butane +
∑

i-hexanes.

In the case of near UV irradiation (365 nm) the induction
period was less evident. Together with the observed slight
increase of the isomerization activity, this suggests that pen-
tane can be directly involved in the transformations via the
radical cation mechanism under UV irradiation.

The formation of isobutane and isomeric hexanes in close
amounts proves that the light-induced cracking process pro-
ceeds via C10 intermediates and should be better referred
to as disproportionation. The formation of analogous inter-
mediates has been suggested for the n-butane isomerization
on sulfated zirconia promoted with iron and manganese (43,
44). In our case, this mechanism seems to play a secondary
role in the pentane isomerization, which is likely to follow
a traditional ionic mechanism. The lack of the illumination
effect on the pentane isomerization makes the involvement
of radical cation intermediates in this reaction unlikely, but
not completely excluded.

To prove that the isomerization and disproportionation
reactions observed are true catalytic reactions and not
just surface stoichiometric ones, it is necessary to evaluate
turnover numbers. As we did not observe pentane radi-
cal cations or immediate radical products of their chemical
transformations, the concentration of strong surface accep-
tor sites involved in light-induced disproportionation has
to be evaluated from the maximum concentration of ben-
zene dimer radical cations in the absence of oxygen. This
concentration on the active sample is 2.9 × 1016 spins/g, and
such sites are not present on the inactive sample. Using this
number, the turnover number for the formation of isobu-
tane under illumination with green light can be estimated
to be about 17000. This value is high enough to consider
this reaction photocatalytic even despite the roughness in
the evaluation of the number of active sites.

As discussed above, strong surface acceptor sites are
hardly directly responsible for the isomerization activity.
For evaluation of the number of active sites, we can use, for
example, literature data on selective poisoning of butane
isomerization over sulfated zirconia with ammonia (16).
In that study ammonia adsorption in the concentration of
about 50 µmol/g was sufficient to lower the isomerization
activity of a sulfated zirconia catalyst prepared by a similar
procedure by more than an order of magnitude. If we use
this value as an estimation of the number of active sites,
we shall obtain the turnover number of 1000. This is high
enough to consider the reaction catalytic. It is also impor-
tant to mention that in both cases there was no trend to a
decrease of the reaction rate. Thus, the turnover number
reached could be significantly increased.

The observed existence of a qualitative correlation be-
tween the presence of the strongest acceptor sites and the
isomerization activity suggests that the acceptor sites may
still be important for the activity generation. A more de-
tailed investigation of this correlation is currently under
way. We have not managed so far to detect any alkane
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radical cations, which are very unstable, in our system. At-
tempts to stabilize them will be continued.

Further studies on Fe and Mn-promoted sulfated zirconia
also seem to be very important. Extensive studies of this
system proved that a unique enhancement of the catalytic
activity by the promotion is not related to acidity (42, 44).
A potential role of strong acceptor sites and radical cation
intermediates has to be elucidated.
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