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The H/D exchange reaction between methane and deuterated SZ,
SZ/Al2O3, and SZA catalysts was studied. The apparent activation
energy on SZ/Al2O3 and SZA catalysts is the same as that on SZ,
but substantially smaller than that on HZSM-5 zeolite, indicating
that the acid strengths of Al2O3-promoted SZ catalysts are identi-
cal to that of SZ, but stronger than that of HZSM-5. The catalytic
properties of unpromoted and Al2O3-promoted SZ for the isomer-
ization of n-butane and isobutane at 250◦C in the presence of H2

were investigated. These catalysts deactivate more slowly during
isobutane isomerization than during n-butane isomerization. The
rate of isobutane conversion is lower than that of n-butane iso-
merization for the same sulfated zirconia-based catalyst. The rates
of n-butane and isobutane conversion are all in the sequence of
SZA> SZ/Al2O3> SZ, the same as that for the H/D exchange of
methane over these catalysts. c© 2001 Academic Press

Key Words: H/D exchange; methane; Al2O3-promoted SZ; strong
acids; superacids; isomerization of n-butane and isobutane; alkane
activation.
1. INTRODUCTION

Acid-catalyzed hydrocarbon conversions, such as cata-
lytic cracking, isomerization, and alkylation, are large-scale
industrial processes that play a key role in the petrochemi-
cal industry (1). To overcome the chemical inertness of the
starting material, high-temperature and/or strongly acidic
catalysts are generally employed. Sulfated zirconia (SZ)
and related materials have often been assigned superacidic
(2) properties due to their unique catalytic activity and se-
lectivity for light n-alkanes isomerization at low tempera-
ture. Therefore, a considerable number of reports dealing
with SZ and its analogues have appeared since the original
report by Hino et al. (3), and significant interest in this new
type of catalytic material is well reflected in the regularly
published reviews (4–9).

In the early 1990s, Hsu et al. (10, 11) first discovered
that, at low temperature, sulfated zirconia promoted with
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Fe and Mn (SFMZ) is 2–3 orders of magnitude more active
in n-butane isomerization than unpromoted SZ. Follow-
ing this observation, recent studies on sulfated oxides have
concentrated on the transition-metals-promoted SZ cata-
lysts. However, these catalysts deactivate rapidly during the
isomerization of n-butane, e.g., the Fe- and Mn-promoted
catalyst deactivates quickly at 60◦C in the presence of N2

or at 250◦C in the presence of H2 (12, 13). More recently,
Gao et al. (14, 15) have found that the addition of Al into
SZ (SZA) or supporting SZ over γ -Al2O3 (SZ/Al2O3) en-
hances significantly the activity and stability of the catalysts
for n-butane isomerization at 250◦C in the presence of H2.
The promoting mechanism of the main group element Al
is different from that of transition metals.

For the understanding of catalytic hydrocarbon conver-
sion over acidic catalysts, there is, however, a strong con-
trast between the general agreement on the role of car-
bocations as intermediates and the lack of information on
their mode of formation. Among saturated hydrocarbons
methane is the weakest base and the most thermodynami-
cally stable alkane. Recently, Schoofs et al. (16) have studied
the H/D exchange reaction between methane and acidic
FAU- and MFI-type zeolites. Structural (FAU vs MFI)
and chemical (Si/Al ratio) effects on the reaction kinetics
were established. In the present paper we report our in-
vestigation of the H/D exchange reaction of methane over
unpromoted and Al2O3-promoted SZ catalysts in compari-
son with HZSM-5 (Si/Al= 39) zeolite. n-Butane and isobu-
tane isomerization over these catalysts at high temperature
in the presence of hydrogen have also been studied and
compared.

2. EXPERIMENTAL

Catalysts

2.1. Catalyst Preparation

SO2−
4 /ZrO2, SO2−

4 /Al2O3-ZrO2, and SO2−
4 /ZrO2/γ -Al2O3

were previously described in the literature (14, 15, 17, 18).
We have slightly modified their preparation as follows:
6
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SO2−
4 /Al2O3-ZrO2. An aqueous solution of ammonia

was added dropwise under vigorous stirring at room
temperature to a mixed solution of ZrOCl2 · 8H2O and
Al(NO3)3 · 9H2O up to a pH of 9–10. The precipitate was
then filtered and washed with deionized water until there
were no detectable chlorine ions in the washing water. Af-
ter the mixed hydroxide was dried at 110◦C for 24 h, it was
immersed in a 1 N H2SO4 solution at a ratio of 15 ml/g of
hydroxide and left for 1 h with continuous stirring at room
temperature to reach equilibrium. The sulfated Al(OH)3–
Zr(OH)4 was then filtered without washing, drying at 110◦C
for 24 h, and calcined at 650◦C under static air for 3 h. The
obtained catalyst containing 3.0 mol% Al2O3 was desig-
nated SZA.

SO2−
4 /ZrO2. This catalyst which was labelled as SZ was

prepared in the same way as SZA by immersing Zr(OH)4

in a 1 N H2SO4 solution, followed by calcination at 650◦C
under static air for 3 h.

SO2−
4 /ZrO2/γ -Al2O3. A solution of ammonia in deion-

ized water was added dropwise under vigorous stirring at
room temperature to a solution of ZrO(NO3)2 containing
γ -Al2O3 (>400 mesh) as a core matrix in suspension. The
obtained precipitate was then treated as described above.
The catalyst containing 90 wt% ZrO2 was named SZ/Al2O3.

HZSM-5 zeolite (Si/Al= 39) was from P.Q. Corp.
CBV8020. Prior to use, this ammonium form zeolite was
calcinated at 500◦C for 8 h to obtain the proton form.

2.2. Surface Area and Sulfur Content

BET surface areas of the samples were performed on
a Micromeritics ASAP 2000 system. The sulfur content in
the catalysts was measured at Service Central d’Analyse du
CNRS, Vernaison, Lyon.

Experimental Procedures

All reactions, such as deuteration of the catalyst,
Brønsted acid sites titration, the H/D exchange reaction
between the catalyst and methane, and activity test were
performed in an all-glass grease-free flow system described
earlier (19).

2.3. Deuteration of the Catalyst

The catalyst was first activated under dry air at 450◦C
for 2 h to eliminate hydrocarbon contamination. Then, it
was pretreated with dry He at the same temperature for an
additional 1 h. The temperature was lowered to 200◦C, and
the catalyst was deuterated by sweeping D2O with He (40 ml
min−1, ca. 3 mol% D2O in He) for 1.5 h. Excess D2O was

◦
then removed by flushing the catalyst at 450 C with dry He
for 1 h.
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2.4. Procedure for H/D Exchange

The H/D exchange reaction between methane and the
deuterated catalyst was performed in a recirculation reac-
tor. The loading for sulfated zirconia-based catalysts was
2 and 1 g for HZSM-5. In each run 2 ml of methane was
injected into the closed system containing the deuterated
catalyst and helium to keep the amount of methane hydro-
gen atoms and deuterium atoms present on the catalyst in
the same order of magnitude. The reactor was first recir-
culated in bypass mode without contact between methane
and the catalyst to ensure a good mixing of the gases. The
methane fragmentation pattern was measured to correct
the m/z signals of isotopomers of methane. After stabiliza-
tion of the temperature in the desired range 325 to 450◦C,
methane was contacted with the catalyst, and deuteration
was followed by GC-MS as a function of time.

2.5. Acid Site Density

The above deuterated catalyst (1 g) was contacted at
200◦C for 1.5 h with He (40 ml min−1, ca. 3 mol% H2O
in He) bubbled through a U tube containing distilled H2O
at room temperature. Excess water was then removed by
flushing the catalyst at 450◦C for 1 h with dry He. During the
H/D exchange and flushing, the partially exchanged water
(H2O/HDO/D2O mixture, named HxODy) was collected in
a cold trap. An excess of trifluoroacetic anhydride was then
added to HxODy trapped. The acid solution thus obtained
was analyzed by 400 MHz 1H and 2H NMR after addition of
a CDCl3/CHCl3 mixture used as the internal standard. The
acid site density was then calculated based on the H/D ratio
determined by NMR and the weight of HxODy condensed.

2.6. Activity Test

A gas mixture of n-butane and H2 (1 : 10 molar ratio)
or isobutane and H2 (1 : 10 molar ratio) was passed at a
rate of 22.8 ml min−1 over the catalyst (0.4 g) at 250◦C
under ambient pressure. Prior to the reaction, the catalyst
was pretreated in situ in dry air at 450◦C for 3 h. Analysis
of the effluent gas from the reactor was performed on a
Girdel 300 with an FID detector using a 2-m packed column
HAYESED R, and the temperature of the oven was kept
at 130◦C.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization

The surface area, sulfur content, and Brønsted acid sites
of the catalysts are compiled in Table 1. BET surface areas
of both SZ/Al2O3 and SZA are identical within the exper-
imental deviation, which are ca. 30% greater than that of

the SZ catalyst, showing that addition of Al2O3 helps to pre-
serve the surface area of SZ. The sulfur content of SZ/Al2O3



408 HUA, GOEPPERT

TABLE 1

Properties of Various Catalysts

Surface area Sulfur content Brønsted sites
Catalyst (m2 g−1) (wt%) (mmol g−1)

SZ 96.9 1.03 0.0645
SZ/Al2O3 128.9 1.62 0.136
SZA 134.4 1.47 0.121
HZSM-5 450.0 — 0.417a

a Corresponding to the number of Al atoms.

is slightly higher than that of SZA, and both catalysts pos-
sess significantly higher sulfur content than SZ, indicating
that the addition of Al2O3 into or onto SZ helps to stabi-
lize the surface sulfate complexes remarkably. The above
results are analogous to those reported in the literature (14,
15). In the case of Brønsted acid sites on sulfated zirconia-
based catalysts, they are very much similar to the feature
for sulfur content.

Damyannova et al. (20) prepared silica- and alumina-
supported zirconia samples by a modified impregnation
method. A strong interaction was observed between zir-
conia and the support due to the formation of Zr–O–Al
and Zr–O–Si bonds on the surface of ZrO2/Al2O3 and
ZrO2/SiO2 binary oxides. Djuricic and co-workers (21)
studied the influence of Zr dopant on the thermal stability
of alumina. In this ZrO2–Al2O3 chemical mixed oxide syn-
thesized by the coprecipitation method, Al–O–Zr bridges
are believed to exist resulting from the incorporation of Zr
dopant into the lattice structure of alumina. Referring to
the above reported results, we think that the formation of
Zr–O–Al bonds in both SZ/Al2O3 and SZA samples may
help to stabilize more surface sulfate complexes, as seen in
Table 1. Consequently, much more Brønsted acid sites are
produced over SZ/Al2O3 and SZA than over SZ.

3.2. H/D Exchange of Methane over Unpromoted
and Al2O3-Promoted SZ Catalysts

The concentration of methane isotopomers (CHxD4−x

with x= 0–4) must be related to the intensity of their respec-
tive molecular ion peaks analyzed by GC-MS. To estimate
the contribution of each methane isotopolog to the mass
spectra, a correction is needed due to the superposition
of various fragmentation peaks. The correction method is
based on the work of Schoofs and co-workers (16), viz., the
degree of fragmentation for all the methane isotopomers is
supposed to be the same. The fragmentation pattern of un-
reacted methane can be determined when the recirculation
reactor was run in bypass mode.

For an experiment on a SZ catalyst at 450◦C, after the
mass spectral corrections the real distribution of methane
isotopomers (mol%) is obtained, and the results are pre-

sented in Fig. 1. It can be seen from Fig. 1 that the mono-,
, AND SOMMER

FIG. 1. Distribution of the methane isotopomers (mol%) as a func-
tion of time for an experiment on a SZ catalyst at 450◦C.

bis-, ter-, and per-deuterated isotopomers of methane are
formed in a consecutive way: CH4→CH3D→CH2D2→
CHD3→CD4. The concentration of CH4 decreases grad-
ually with time, whereas the concentration of deuterated
products increases. The mono-deuterated product is first
formed. As the catalyst is gradually depleted of deuterium,
the more deuterated products are generated. Similar fea-
tures are observed on SZ/Al2O3 and SZA samples (not
shown). For comparison, HZSM-5 zeolite was investigated,
and it was found that the deuterated products were formed
also in a consecutive way (not shown), which is in good
agreement with the results of Schoofs et al. (16). In sum-
mary, the H/D exchange of methane over both sulfated
zirconia-based catalysts and HZSM-5 zeolite is stepwise via
the exchange of one H/D atom at a time.

The rate of H/D exchange between methane and deuter-
ated catalysts is determined from the slope of the straight
line that is obtained when the amount of deuterium incor-
porated into methane is plotted versus time, and the H/D
exchange data of the initial reaction period are taken to
be linearly fitted, as shown in Fig. 2. As expected, the H/D
FIG. 2. H/D exchange rate of methane over a deuterated SZ catalyst
at different temperatures.
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FIG. 3. Arrhenius plot for the H/D exchange of methane on deuter-
ated catalysts.

exchange rate over SZ increases with the reaction temper-
ature. Based on the kinetic data in Fig. 2, the apparent
activation energy can be estimated from the slope of the
Arrhenius plot. Figure 3 presents the Arrhenius plot of the
exchange rate versus temperature for both sufated zirconia-
based catalysts and HZSM-5, and the H/D exchange kinetic
parameters are summarized in Table 2.

Since the H/D exchange between alkanes and solid acids
is an acid-catalyzed reaction, the experimental H/D ex-
change results must be related to solid acidities. It can
be seen from Table 2 that the exchange rate of methane
over sulfated zirconia-based catalysts is in the order of
SZA> SZ/Al2O3> SZ. Both SZA and SZ/Al2O3 catalysts
have much more Brønsted acid sites than SZ. The former
two catalysts are, therefore, much more active than the lat-
ter for the H/D exchange of methane. The difference be-
tween the H/D exchange rate of methane and Brønsted acid
site density on SZA and SZ/Al2O3 samples may be caused
by the different acid strength distributions over these two
samples. Based on microcalorimetric results (14), it has
been observed that the total number of acid sites on SZA
is 1.6 times larger than that on SZ, whereas the number
of intermediate strong acid sites of the former is 4.3 times

TABLE 2

Kinetic Parameters of H/D Exchange between Methane
and Deuterated Catalysts

Exchange ratea Eapparent Temp. region
Catalyst (10−9 mol (gcat)−1 s−1) (kJ mol−1) (◦C)

SZ 1.44 93 375–450
SZ/Al2O3 3.22 96 375–450
SZA 9.58 94 325–400
HZSM-5b 3.95 129 375–450
a At 375◦C.
b Si/Al= 39.
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greater than that of the latter. The lower H/D exchange rate
of methane over HZSM-5 in contrast to its much larger
number of Brønsted acid sites implies that the acidity of
HZSM-5 may be less than those of SZ, SZ/Al2O3, and SZA
samples.

Theoretical calculations have also shown that the hydron
exchange rate between methane and a zeolite cluster was
directly related to the proton donating ability of the cata-
lyst (41). Within experimental error, the apparent activa-
tion energy is identical to that of SZ, SZ/Al2O3, and SZA
samples. That is around 95 kJ mol−1. On HZSM-5 zeolite,
it is ca. 130 kJ mol−1, 35% higher than that on sulfated
zirconia-based catalysts. To obtain the absolute activation
energy, the adsorption heat of methane over these sam-
ples has to be accounted for. On MFI-type zeolites this
adsorption heat is around 22 kJ mol−1 as reported by Eder
et al. (22), leading to an absolute activation energy of 151 kJ
mol−1 on HZSM-5. In zeolite micropores, the larger ener-
getic interactions between the adsorbed alkane molecules
and the force field of the zeolite depend strongly on the pore
shape and diameter, and the adsorption heat of a particu-
lar alkane increases with decreasing the pore size of zeolite
(22–26). Although the adsorption heat of methane over un-
promoted and Al2O3-promoted SZ catalysts is not known,
it should be negligible or at least much lower than that on
HZSM-5 under the experimental conditions selected in this
work due to much larger irregular pores and relatively much
lower surface area of the catalysts. That means that the
absolute activation energy for H/D exchange of methane
on HZSM-5 will exceed 35% that of SZ, SZ/Al2O3, and
SZA.

The similarity in absolute activation energy for the H/D
exchange of methane on SZ, SZ/Al2O3, and SZA indicates
that the acid strengths of unpromoted and Al2O3-promoted
SZ samples are of the same order of magnitude. Based
on the S=O stretching frequency shift of IR band before
and after water or pyridine adsorption, Gao et al. (14, 15)
claimed that the acid strengths of SZ/Al2O3 and SZA cata-
lysts are almost the same as that of SZ. The larger absolute
activation energy on HZSM-5 in comparison with SZ-based
samples seems to imply that the acid strength of HZSM-5
is weaker than those of the latter samples. According to
the next nearest neighbour (NNN) theory stating that the
intrinsic acid strength of an acid site is dependent on the
number of Al atoms in the NNN position, decreasing the Al
content is thought to increase the acidity of the bridging hy-
droxyl groups. Therefore, HZSM-5 (Si/Al= 39) employed
for comparison in this contribution has the maximum acid
strength among the HZSM-5 series samples with different
Si/Al ratios (16, 27). Nevertheless, the true nature of the
transition state, in particular its ionicity, is very much de-
pendent on the environment of the active site, especially
in a concerted process. Ab initio calculation at the highest

level on the H/D exchange process between methane and
the strongest liquid superacids shows that, even in these
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media, the mechanism is concerted and the environmental
factor is important (28).

Sulfated zirconia possesses unique acid catalytic activity,
and its low-temperature activity for hydrocarbon isomer-
ization is well documented, especially for the isomerization
of n-butane to isobutane, a hydrocarbon used in the produc-
tion of oxygenates and alkylates. However, the acid strength
of sulfated zirconia is still open to debate. On one hand, it
has been claimed that SZ has superacidic acid sites or very
strong acid sites (29–32). On the other hand, earlier use of
Hammett indicators (“the visual method”), making SZ a
strong solid superacid having Ho of −14.5 to −16.0, is con-
sidered to be unreliable (33). Some reports have concluded
that SZ is not a superacid and that its acidity is similar to
that of HY but less than that of HZSM-5 (34–37). Our re-
sults, based on the H/D exchange of methane, indicate that
the acidity of SZ is greater than that of HZSM-5. There-
fore, we suggest that SZ may possess very strong acid sites.
More recently, based on the kinetics of catalytic conversion
of isobutane, Fraenkel (38) proposed that SZ may be a very
strong solid superacid. Another study reported that the acid
strength of SZ is higher than those of Cs2.5H0.5PW12O40 het-
eropolyacid and zeolites such as HY, HZSM-5, and HMOR
based on the activation energy of Ar desorption from these
solid acids determined by TPD at lower temperatures (39).
However, the point is that there is no clear definition of solid
superacidity, and we have recently shown that due to the
large scale of superacidity (−22≤Ho≤−12) even different
liquid superacids may behave differently toward alkanes
(40).

An absolute activation energy of 151 kJ mol−1 for the
H/D exchange of methane on HZSM-5 obtained in this
work is in good accordance with both the findings of Schoofs
et al. (16) and the previously reported theoretical value of
150± 20 kJ mol−1 that was calculated based on a concerted
reaction mechanism (41). It has been suggested in the theo-
retical model that the transition state for the H/D exchange
between methane and acidic zeolites at higher temperatures
is a “penta-coordinated carbonium ion” (41–45). Consider-
ing that the time dependence of isotopolog distribution is
similar on both HZSM-5 and sulfated zirconia-based cata-
lysts, we suppose that the transition state for the H/D ex-
change of methane over unpromoted and Al2O3-promoted
SZ catalysts may also be a “penta-coordinated carbonium
ion”, as shown in Scheme 1. The bisulfate species (HSO−4 )
on the surface of sulfated zirconia-based samples are con-
sidered to act as strong Brønsted acid sites. In fact, this
structural model of surface sulfate was proposed by vari-
ous authors (29, 46–49).

3.3. Isomerization Reaction of n-Butane and Isobutane

In our earlier paper (50) we showed the stabilizing effect
of hydrogen on the activity of SZ for n-butane isomeriza-

tion. If the hydrogen pressure is high enough, the presence
, AND SOMMER

SCHEME 1. Transition state for the H/D exchange of methane over
SZ-based catalysts.

of platinum is not necessary to maintain the catalyst activity.
To limit the deactivation of the catalysts, we have investi-
gated n-butane and isobutane isomerization over our cata-
lysts under a H2 atmosphere, keeping the hydrogen partial
pressure at 690 Torr.

Table 3 shows the product selectivity of unpromoted and
Al2O3-promoted SZ catalysts for n-butane isomerization at
250◦C after the initial 10 min and after 360 min on stream.
The main reaction product is isobutane, and the main by-
products are propane and pentane. There is also a small
quantity (≤1.7%) of methane and ethane produced during
the isomerization of n-butane at high temperature. It is well
known that sulfated zirconia-based catalysts can isomerize
n-butane to isobutane with high selectivity. During the re-
action the selectivity to isobutane for all catalysts is higher
than 84% and exceeds 90% in the period of steady state.
The small increase in selectivity to isobutane during the
steady state compared with the initial period is related to
the decrease in catalytic activity. n-Butane conversion over
HZSM-5 gives only 25.0% selectivity to isobutane after
10 min on stream (not shown). The main reaction is crack-
ing, yielding C2 and C3 fragments.

Figure 4 depicts the n-butane isomerization activity of
unpromoted and Al2O3-promoted SZ catalysts with time
on stream at 250◦C. Fast deactivation is observed during

TABLE 3

Product Selectivity for n-Butane Isomerization at 250◦C
over Unpromoted and Al2O3-Promoted SZ Catalysts

Total rate Selectivity (%)
Time (10−7 mol

Catalyst (min) (gcat)−1 s−1) C1 C2 C3 i-C4 i-C5 n-C5

SZ 10 8.46 0.2 0.7 4.0 91.5 2.6 1.0
360 7.19 0.2 0.8 2.9 93.5 1.8 0.8

SZ/Al2O3 10 13.54 0.4 0.9 5.3 89.6 2.9 0.9
360 9.56 0.3 1.1 3.2 93.0 1.9 0.5

SZA 10 16.93 0.5 1.2 9.2 84.2 3.7 1.2

360 12.27 0.4 1.3 5.0 89.4 2.8 1.1
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FIG. 4. Activity of unpromoted and Al2O3-promoted SZ catalysts for
n-butane isomerization as a function of time at 250◦C.

the initial 2 h on stream, after which all catalysts deacti-
vate much more slowly and tend to reach steady activity.
More recently, Kim et al. (51) suggested the possible pres-
ence of two types of active sites for n-butane isomeriza-
tion on SZ. Taking into account the results published by
other authors (14, 52), we think that the strong acid sites
on sulfated zirconia-based catalysts contribute to the ini-
tial high activity for the isomerization of n-butane, whereas
the intermediate strong acid sites are responsible for the
steady activity. In view of both the initial and steady state
activities of the catalyts, we can rate the catalyst acitivity as
SZA> SZ/Al2O3> SZ. The initial rate of n-butane conver-
sion on HZSM-5 (not shown) is only 5.3× 10−9 mol (gcat)−1

s−1 (corresponding to 0.15% conversion), which is 0.3 to
0.6% as large as those of unpromoted and Al2O3-promoted
SZ catalysts.

Table 4 shows the product selectivity of unpromoted and
Al2O3-promoted SZ catalysts for isobutane isomerization
at 250◦C after the initial 10 min and after 360 min on stream.
The selectivity to n-butane for all catalysts during isobutane
isomerization is also high (≥84.8%), but slightly lower than
the selectivity to isobutane during n-butane isomerization
at a comparable conversion level. Propane and pentane are

TABLE 4

Product Selectivity for Isobutane Isomerization at 250◦C
over Unpromoted and Al2O3-Promoted SZ Catalysts

Total rate Selectivity (%)
Time (10−7 mol

Catalyst (min) (gcat)−1 s−1) C1 C2 C3 n-C4 i-C5 n-C5

SZ 10 5.61 0.4 0.1 5.9 88.8 4.8 0
360 6.59 0.4 0.2 6.1 88.4 4.9 0

SZ/Al2O3 10 7.86 0.5 0.3 6.0 87.7 4.6 0.9
360 7.83 0.5 0.3 5.9 88.8 4.5 0

SZA 10 11.78 0.6 0.5 7.5 84.8 5.3 1.3

360 11.18 0.5 0.4 6.1 87.2 4.6 1.2
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FIG. 5. Activity of unpromoted and Al2O3-promoted SZ catalysts for
isobutane isomerization as a function of time at 250◦C.

the main by-products, and traces of methane and ethane
(≤1.1%)) are also observed during isobutane isomerization
on sulfated zirconia-based catalysts at high temperature in
the presence of hydrogen. In the case of isobutane conver-
sion over HZSM-5 (not shown), the main reaction products
are propane and pentane, and the selectivity to n-butane is
only 15.0% (10 min on stream).

Figure 5 presents the isobutane isomerization activity of
unpromoted and Al2O3-promoted SZ catalysts with time on
stream at 250◦C. Interestingly, different from the feature
during n-butane isomerization, the activity for isobutane
isomerization over all catalysts first declines with time on
stream and then increases to a steady value. The steady state
rate of isobutane conversion is close to the initial one. At
this point, the rate of catalyst deactivation is much slower
during isobutane isomerization than during n-butane iso-
merization under the selected conditions, which may be
due to the fact that during the isomerization of isobutane
the coke precursors are more difficult to form (53). More-
over, the removal of coke precursor species is more ef-
fective since isobutane is known to be a better hydride
transfer agent. Both the initial and steady state activities
of the catalysts for isobutane isomerization are in the or-
der of SZA> SZ/Al2O3> SZ, showing the same sequence
as those during n-butane isomerization. The higher rates of
n-butane and isobutane conversion over Al2O3-promoted
SZ catalysts than over SZ are caused by an enhancement
of strong and intermediate strong acid sites (14, 15). In this
study, we found that the rate of isobutane conversion is
lower than that of n-butane conversion for the same cata-
lyst, especially in the initial period of the reaction. A similar
feature was observed by Fogash et al. (53) on SZ catalyst
in the presence of helium. On the other hand, HZSM-
5 zeolite (not shown) is much less active for the iso-
merization of isobutane than sulfated zirconia-based cata-

−8 −1 −1

cat

(corresponding to 0.62% conversion). Different from the
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behavior over unpromoted and Al2O3-promoted SZ cata-
lysts, HZSM-5 zeolite is more active for isobutane conver-
sion than for n-butane conversion. This is consistent with
the results reported by Bearez et al. (54) over mordenites
and by Engelhardt (55) over mordenites and Y zeolites.

The much higher selectivity for the isomerization of n-
butane and isobutane over sulfated zirconia-based catalysts
than over HZSM-5 zeolite may be related to the stronger
acid character of the former catalysts. The sequence of
the H/D exchange rate of methane over unpromoted and
Al2O3-promoted SZ catalysts is the same as that of n-butane
and isobutane conversion. Therefore, for the sulfated
oxide catalysts one can use the rate of H/D exchange of
methane to predict their activities for the isomerization of
n-butane and isobutane. The difference between the H/D
exchange rate of methane and the activities for n-butane
and isobutane isomerization over HZSM-5 zeolite indicates
that the acid sites participating in the former reaction are
weaker than those taking part in the latter reactions.

4. CONCLUSION

In the present work we have shown that the apparent
activation energy for the H/D exchange reaction between
methane and unpromoted or Al2O3-promoted SZ catalysts
is identical within the experimental error, but substantially
lower than that on HZSM-5 zeolite. Considering that the
adsorption heat of methane on these sulfated zirconia-
based catalysts should be negligible or at least much less
than that on HZSM-5 under the experimental conditions
employed, we conclude that the acidity of Al2O3-promoted
SZ catalysts is the same as that of SZ, but greater than that
of HZSM-5. However, the relationship of acidity with ex-
change rate should also take into account the environment
of the active site and further work on a variety of catalysts
might bring more information on this point.

A comparison of the behavior between the isomeriza-
tion of n-butane and isobutane over unpromoted and
Al2O3-promoted SZ catalysts shows that these catalysts
deactivate more slowly during isobutane isomerization
than during n-butane isomerization. The rate of isobu-
tane conversion over SZ, SZ/Al2O3, and SZA catalysts fol-
lows the same order as that of n-butane conversion, i.e.,
SZA> SZ/Al2O3> SZ. For the same catalyst, it is more ac-
tive during n-butane isomerization than during isobutane
isomerization, especially in the initial period of the reaction.
The agreement between the variation of the rates of H/D
exchange of methane and the isomerization of n-butane
and isobutane with the samples suggests that the H/D ex-
change reaction of methane may be useful as a probe to

assess the relative acidity and reactivity of sulfated oxide
catalysts.
AND SOMMER
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