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Abstract

Two sulfated zirconia catalysts were prepared via sulfation and calcination of zirconium hydroxide at 873 K; the zirconium hydro
been aged at room temperature for 1 h (SZ-1) or aged at 373 K for 24 h (SZ-2). SZ-1 was active forn-butane isomerization at 373 K; SZ
reached a similar performance level only at 473 K. Both materials contained about 9 wt% sulfate and were tetragonal. Because of a
surface area (105 vs. 148 m2/g) SZ-1 featured a higher sulfate density, and XRD and EXAFS analysis showed larger (ca. 10 nm) a
well ordered crystals than for SZ-2.n-Butane TPD on SZ-1 showed a butene desorption peak at low temperature, whereas no obviou
desorption was observed with SZ-2, suggesting that SZ-1 has a higher oxidizing power at low temperature than SZ-2. The numb
capable of dehydrogenation are less than 5 µmol/g, because the differential heats ofn-butane adsorption as measured by microcalorim
were 45–60 kJ/mol for higher coverages, indicating weak and reversible interaction. TAP experiments describe the adsorption and d
behavior ofn-butane at different activity states and are the basis for a simple adsorption model. Reactant pulses and purge experim
that the active species, presumably formed in an oxidative dehydrogenation step, are stable at the surface under reaction conditio
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Sulfated zirconia, capable of converting alkanes to t
isomers at low temperatures, attracted significant intere
recent years[1–4]. Even though numerous investigations
cused on the preparation of sulfated zirconia, the esse
procedure is still unclear, since many factors significantly
fect the resultant sulfated zirconia, such as the precurso
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E-mail address:papp@sonne.tachemie.uni-leipzig.de(H. Papp).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.11.045
l

sulfation[5–7], the sulfation agent[8,9], or the calcination
conditions[10–14].

It was claimed that an active sulfated zirconia can o
be prepared from amorphous zirconia hydroxide[15], ob-
tained from hydrolysis of zirconium salts, that is, ZrOC2,
ZrCl4, or ZrO(NO3)2. Sulfation of crystalline zirconia wa
claimed to result in inactive sulfated zirconia. Recently, ho
ever, the preparation of active sulfated zirconia by sulfa
of crystalline zirconia has also been reported[16,17]. The
calcination of sulfated amorphous zirconium hydroxide
the temperature range 723–923 K always yielded pred
nantly the metastable tetragonal zirconia phase, which

http://www.elsevier.com/locate/jcat
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believed to be the catalytically active phase[18–20]. In spite
of this, monoclinic sulfated zirconia was also recently sho
to be active forn−butane isomerization[21,22], but the ac-
tivity was lower than that of tetragonal zirconia.

When Arata et al.[2,14] discovered the property of su
fated zirconia for butane isomerization at room temperat
it was categorized as a superacid, since only superacid
claimed to activate light alkanes at such a temperature. H
ever, experiments using NMR[23,24], UV–vis [25], or IR
spectroscopy[26,27] revealed that the acidity of sulfate
zirconia is not higher than that of sulfuric acid. Altern
tively, alkane isomerization may be related to the genera
of olefins via oxidative processes[28–30]. In this context it
should be mentioned that several papers have demons
the promoting effect of butenes forn-butane isomerization
via formation of carbenium ions on the catalyst surfa
[31–33].

In general,n-butane skeletal isomerization on sulfat
zirconia or other sulfated metal oxide shows an induc
period at low temperature, which is assumed to be du
the formation of the active species[34]. After the activity
reaches its maximum, the catalyst deactivates, while co
being formed on the surface[35]. The rate constant of de
activation decreased dramatically when alkenes in the
were eliminated via a suitable trap[36,37].

Here we use two sulfated zirconia materials of very d
ferent activities, but both tetragonal and equal in sulfate c
tent, to discriminate on a finer scale between relevant
irrelevant properties. In addition to extensive structural
site characterization, we investigate the capacity of the
terials to generate butenes and the dynamics of the cata
behavior with variations in reaction temperature and f
composition on a minute to hour scale.

2. Experimental

2.1. Catalyst preparation

Zirconium hydroxide powders were prepared by prec
itation of ZrO(NO3)2 with NH4OH in water at pH 8.4 with
stirring. The resulting precipitate was aged in solution
room temperature for 1 h followed by filtering, washing, a
drying at 373–393 K, denoted as Z-1. Alternatively, the p
cipitate was aged at 373 K for 24 h and processed as ab
this sample is denoted Z-2. We obtained sulfated zirco
(SZ-1 and SZ-2) by sulfating the powders prepared ab
(Z-1 and Z-2) with (NH4)2SO4 (20 mol%) followed by cal-
cination at 873 K for 3 h in flowing air.

2.2. Catalyst characterization

The sulfate contents (SO42− wt%) of the catalysts were
determined by ion chromatography (IC) as described in
literature[38]. For this, 0.02 g of sulfated zirconia was su
pended in a 0.1 N solution of NaOH, and the solution was
e

d

;

tered with a 0.45-µm filter. The sulfate content was meas
by ion chromatography (Metrohm; 690 ion chromatogra
equipped with an IC anion column). The BET surface a
of sulfated zirconia was determined with a PMI automa
BET-sorptometer at 77.3 K with nitrogen as the analysis
X-ray diffractometry (XRD) of the catalysts was perform
in transmission geometry on a STOE STADI-P X-ray d
fractometer equipped with a primary monochromator
a curved position-sensitive detector with an internal res
tion of 0.01◦, with Cu-Kα radiation (λ = 1.542 Å). Samples
were mixed 1:1 with corundum, which was used as an
ternal standard. Nonsulfated samples were analyzed w
Philips X’Pert-1, also with Cu-Kα radiation. Scanning elec
tron microscopy (SEM) was conducted on a Hitachi S-4
microscope equipped with a cold field emission gun at an
celeration voltage of 5 kV. X-ray absorption spectra of the
K-edge (17.998 keV) were recorded at beamline X1 at
Hamburger Synchrotron Radiation Laboratory (HASYLA
with a Si(311) double crystal monochromator. The stor
ring was operated at 4.45 GeV with injection currents
150 mA. X-ray absorption fine structure (XAFS) analy
was performed with the software package WinXAS v2[39].

To estimate the concentration of Brønsted and Lewis
sites, IR spectra for pyridine adsorption tests were obta
at 373 K in vacuum with a Perkin–Elmer 2000 spectrop
tometer at 4 cm−1 resolution. Samples were pressed in
wafers, heated to 673 K at 10 K/min, kept at 673 K for
2 h (residual pressure of 10−6 hPa), and exposed to pyr
dine (0.1 hPa) at 373 K for 60 min, followed by evacuat
at this temperature for 30 min. The number of sites availa
for alkane adsorption was determined from measureme
adsorption isotherms of propane,n-butane, and isobutan
(all Messer–Griesheim, 99.5%) at 313 K after outgassin
723 K in vacuum. The differential heats of adsorption w
determined with a SETARAM MS-70 Calvet calorimet
The setup is described in detail in[40]. The error bars given
for the data result from the uncertainty in the heat gener
by valve opening, which contributes to the heat signal
each dosing step.

2.3. Temperature-programmed desorption ofn-butane

The temperature-programmed desorption ofn-butane
was performed with a vacuum system. The sulfated zi
nia sample was activated under vacuum at 673 K for 2 h
cooled to 323 K forn-butane adsorption.n-Butane (2 hPa
(Messer–Griesheim; 99.5%, purified with a H-Y zeolite tr
for alkene removal) was allowed to equilibrate with the sa
ple for 5 min. The sample was heated to 873 K at 10 K/min.
The desorbing species were analyzed with a mass spec
eter (QME 200, Pfeiffer vacuum).

2.4. Isomerization ofn-butane

n-Butane isomerization was carried out in a quartz mic
tube reactor (8 mm i.d.) under atmospheric pressure.
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fated zirconia pellets (0.2 g, 315–710 µm) were loaded
the reactor and activated in situ at 673 K for 2 h in flowing
(10 ml/min). The catalyst was cooled to the desired reac
temperature, and the reactant mixture (5%n-butane in He,
total flow of 20 ml/min) was passed through the catalyst b
We purifiedn-butane (Messer–Griesheim; 99.5%) of alke
impurities by flushing it through a trap containing H-Y ze
lite. Alkenes were not detected in the reactant mixture a
purification. The reaction products were analyzed with
on-line HP 5890 gas chromatograph (GC) equipped wi
capillary column (Plot Al2O3, 50 m× 0.32 mm× 0.52 mm)
connected to a flame ionization detector (FID). The rat
isobutane formation was taken as a measure of catalyti
tivity.

The influence of temperature on the catalytic beha
of both catalysts was studied. After reaction at 373 K o
60 h, when SZ-1 was deactivated completely and SZ-2
not shown any activity, 20 ml/min of He flow was passe
through the catalyst bed for 30 min. The reaction was t
restarted after the temperature had been increased to 4

Pulsing during the induction period of the reaction
SZ-1 at 373 K was performed by alternately changing
reactant (5%n-butane) and He flow every minute. A sto
restart experiment was conducted on the SZ-1 cataly
373 K during the deactivation phase. At the end of the
duction period, the catalyst bed was purged with He fo
certain time, and then the reaction was restarted. This pr
dure was repeated several times.

2.5. Temporal analysis of products switch experiments w
n-butane

We probed surface sites and their reactivity in a TA
II reactor [41] by pulsingn-butane over the fresh catalys
and over catalysts that had been used in isomerization
flow experiment at 423 K. Pulse responses were anal
with a quadrupole mass spectrometer (QMS) from HIDE
where single masses (m/e) of interest can be followed. Th
reactor was filled with a corundum/catalyst mixture ana
gous to one used in atmospheric flow experiments. For S
300 mg of catalyst was mixed with 700 mg of corundu
whereas for SZ-2, which is more voluminous, 258 mg
catalyst material was mixed with 604 mg of corundum. T
particle diameter for all materials was 0.1–0.315 mm. T
temperature was controlled by a thermocouple positione
the center of the bed.

Neon was used as the reference gas. Knudsen diffu
in the reactor during pulse experiments was ensured by
trol of the pulse intensity of the pulses. The shape of
response curves has to be independent from the pulse
Pulse sizes were then kept constant. Reactant mixtures
used at a constant pulse width of 130 µs and mixed in
blending tank with 200 hPa inert gas and 200 hPa reac
gas. A single experiment consisted of several cycles of p
ing with signal averaging (in general 10 pulses; form/e of
lower intensity up to 50) to improve the signal-to-noise ra
-

.

t

-

-

.
e

t

Samples were activated before use in TAP at 573 K
2 h in vacuum in the microreactor and then cooled do
at 10 K/min to the reaction temperature. The fresh sa
ples were exposed to single pulses ofn-butane (Messer
Griesheim; 99.5%) first. We conducted the flow experime
by closing the slide valve of the TAP reactor and exp
ing the microreactor to a constant flow of 2 mln-butane
(Messer–Griesheim; 99.95%) in 18 ml helium. The reac
products were analyzed by on-line GC (Shimadzu).

n-Butane was monitored for all possible fragments kno
for C4 alkanes. Only their main mass fragments (m/e = 27,
29, 41, 43, 58) and their ratios are discussed in detail he

Modeling of a simple first-order adsorption rate const
was performed with modeling software by Schuurman
Gleaves[41], which assumes a first-order Langmuir adso
tion for the reactant in a one-zone model.

3. Results

3.1. Catalyst characterization

BET surface areas, pore sizes, particle sizes, sulfate
tents, and acid concentrations of different samples are c
piled in Table 1. The zirconium hydroxide samples witho
thermal treatment exhibited the highest BET surface ar
uncalcined Z-1, 288 m2/g; uncalcined Z-2, 342 m2/g. Cal-
cination at 873 K for 3 h converted zirconium hydroxide
zirconia and caused a significant BET surface area decr
calcined Z-1, 49 m2/g; calcined Z-2, 76 m2/g. Calcination
at 873 K for 3 h of zirconium hydroxide doped with sulfa
also resulted in a loss of BET surface area. However, the
cined sulfate-doped samples had higher BET surface a
than the calcined undoped samples: SZ-1, 105 m2/g; SZ-2,
148 m2/g (twice that of calcined Z-1 and Z-2, respectivel
The pore and particle size distributions of the calcined s
ples indicate that the calcined sulfate-doped and undo
zirconia samples were all mesoporous materials with ir
ular pores. The difference in the morphologies of SZ-1
SZ-2 becomes evident from scanning electron microsc
(seeFig. 1). The SZ-1 particles were typically 5–20 µm
size; the surfaces exhibit smooth and stepped regions
often smaller particles were found to be adhering. SZ-2 c
sisted predominantly of particles 1–5 µm in diameter, wh
occasionally enveloped larger particles.

Fig. 2a shows the XRD patterns for SZ-1, SZ-2, Z-1, a
Z-2, which were all calcined at 873 K for 3 h in air. The c
cined Z-1 was monoclinic and calcined Z-2 was tetrago
which indicates that Z-1 was more sensitive to the ther
treatment than Z-2. Both calcined sulfated materials ex
ited only reflections of the tetragonal phase. Normaliza
to internal standard corundum demonstrates that the re
tions of SZ-2 are lower in intensity and broader than th
of SZ-1 (Fig. 2b). The sizes of the crystalline domains as
tained via the Scherrer equation were 9.9 nm for SZ-1
7.5 nm for SZ-2.
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Table 1
Preparation and properties of raw materials

Z-1 uncalcined SZ-1 uncalcined Z-2 uncalcined SZ-2 uncalci

Precursor Precipitation from ZrO(NO3)2 with NH4OH until pH 8.4
Aging 1 h at room temperature 24 h at 373 K
Drying After filtering and washing dried at 373–393 K
Sulfation – (NH4)2SO4 – (NH4)2SO4

20 mol% 20 mol%
SO4

2− (wt%) – 13.4 – n.d.
BET surface area (m2/g) 288 n.d. 342 n.d.

Z-1 calcined SZ-1 calcined Z-2 calcined SZ-2 calcined

Calcination Flowing air, 873 K, 3 h
BET surface area (m2/g) 49 105 76 148
Pore size (nm) 8.0 3.5 7.0 3.7
Crystallite size (nm) 12.6 9.9 11.0 7.5
SO4

2− (wt%) – 9.0 – 8.9
SO4

2− H2O leached (wt%) – 2.5 – 3.0
Brønsted acid sites

(mmol/g) n.d. 0.069 n.d. 0.047
(µmol/m2) 0.66 0.32

n-Butane adsorption
(mmol/g) at 1 kPa n.d. 0.062 n.d. 0.056
(µmol/m2) at 1 kPa 0.51 0.38

n.d.: not determined.

(a) (b)

Fig. 1. SEM images of (a) SZ-1 and (b) SZ-2.
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These findings are corroborated by Zr K edge XAFS (
Fig. 3). The radial distribution functions, consistent w
tetragonal or cubic zirconia, showed a lower intensity in
second and higher maxima for SZ-2 than for SZ-1. Th
higher shells are dominated by Zr–Zr contributions, and
decreased intensity may indicate a reduction in the Zr
coordination due to smaller crystal domains. In addition,
reduced intensity may indicate an increase in the diso
of the structure, caused by strain, a small amount of a
ordered crystalline, or amorphous ZrO2 phase.
3.2. Surface sites

The sulfate content of the uncalcined SZ-1 was 13.
whereas calcination at 873 K for 3 h in air resulted in
sulfate content of 9.0 wt%, which indicates that the hi
temperature treatment eliminated approximately 30% of
sulfate groups. The sulfate contents of the resulting two
cined sulfated zirconia samples, SZ-1 and SZ-2, were
9% in SO4

2− wt%. This is higher than a hypothetical mon
layer, if 0.31 nm2 is assumed to be the surface area occup
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Fig. 2. XRD patterns of (a) calcined Z-1, Z-2, SZ-1, and SZ-2 and (b)
cined SZ-1 and SZ-2 measured with internal standard. M, monoc
phase; T, tetragonal phase; *, internal standard corundum.

Fig. 3. Uncorrected radial distribution function for ZrK-edge of SZ-1,
SZ-2, and an yttria-stabilized reference material.

by a SO4
2− group based on its kinetic diameter[42]. The

water-soluble sulfate fractions were 2.5 and 3.0 wt% for
1 and SZ-2, respectively.
Fig. 4. Differential heats of adsorption ofn-butane on SZ-1 and SZ-2 as
function of coverage. Activation at 723 K in vacuum, adsorption at 313

The Brønsted acid site concentration (determined by
sorption of pyridine) of calcined SZ-1 was 0.069 mmol/g,
which is higher than the 0.047 mmol/g observed with cal
cined SZ-2. Thus, SZ-1 provides 1.5 times as many Brøn
sites as SZ-2. This ratio was also confirmed by impeda
spectroscopy, with which the relative concentrations of p
tonated pyridine molecules were also explored[43].

Alkane sorption sites on both materials were probed
adsorption of propane and butanes. Adsorption isothe
could be adequately described by a first-order Langm
model for low pressures. The curvature at higher press
could be reproduced with a higher order Langmuir mo
but a slightly better fit was obtained with a Freundl
model. The differential heats decline with coverage, wh
is considered in the Freundlich model, but the decline is v
gentle, so that the Langmuir model, which assumes unif
heats, is still a reasonable match. The Freundlich isothe
were used to estimate the number of sites covered at the
ical alkane partial pressure of 5 kPa. Typical C4 coverages
at 5 kPa were between 85 and 160 µmol g−1. The difference
in the concentration of sites between the two catalysts, h
ever, was not larger than differences arising through va
tion of the activation temperature. The heats of adsorp
decreased slightly with coverage. For all three alkane
both catalysts, differential heats of about 60 kJ mol−1 were
determined at a coverage of ca. 5 µmol g−1. The heats slowly
declined to about 45 kJ mol−1 at a coverage of 30 µmol g−1.
The presence of a small amount of sites (i.e.,< 5 µmol g−1)
with a different heat of adsorption cannot be exclud
however, data scatter considerably at coverages belo
5 µmol g−1. For the majority of sites, there were no sign
icant differences between SZ-1 and SZ-2 in the differen
heats (see, for example,n-butane adsorption,Fig. 4).

3.3. n-Butane temperature-programmed desorption

Figs. 5a and b shows the TPD aftern-butane was ad
sorbed at 323 K on sulfated zirconia samples SZ-1
SZ-2. Butene (m/e = 56) was the most abundant desorb
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Fig. 5. n-Butane TPD profiles (a) SZ-1 and (b) SZ-2, (Q) butene
(m/e = 56), (F) butane (m/e = 58).

species, with an intense peak at 430 K on SZ-1. Howeve
obvious butene desorption peak was observed inn-butane
TPD on SZ-2 at this temperature. Much lower intensit
of butene and butane were observed in the gas phase
700 K for both catalysts, SZ-1 and SZ-2.

3.4. Catalytic experiments at atmospheric pressure

3.4.1. Activity ofn-butane isomerization on SZ-1 and SZ
Fig. 6 shows then-butane isomerization activity versu

time on stream (TOS) of SZ-1 and SZ-2 at 373 K. SZ
showed a much higher catalytic activity than SZ-2, wh
was almost inactive at 373 K under the conditions used.
induction period characterized by a steady increase in
catalytic activity was observed duringn-butane reaction on
SZ-1, followed by deactivation. The maximum convers
for SZ-1 at 373 K was 0.9%. The product ofn-butane re-
o

Fig. 6.n-Butane reaction rate versus time on stream at 373 K on (F) SZ-1
and (2) SZ-2.

Fig. 7. Arrhenius profile ofn-butane isomerization on SZ-1 at temperatu
range of 333–393 K.

action is primarily isobutane with 95–96% selectivity. T
main by-products are propane and pentanes (n-pentane and
iso-pentane with a ratio of 1:4).

Fig. 7 shows the Arrhenius correlation ofn-butane iso-
merization on SZ-1 at the reaction temperature from 33
393 K, where the maximum reaction rates were used a
trinsic activity. The apparent activation energy forn-butane
conversion on SZ-1 of 41.5 kJ/mol is in agreement with re
sults reported previously[28,34,44].

Because SZ-2 showed no catalytic activity at 373 K
n-butane isomerization, we switched to He after 40 h
purged for 25 h; then we increased the temperature to
K and tested the catalytic performance again (seeFig. 8).
Even though SZ-2 is almost inactive at 373 K, it showed
tivity for n-butane isomerization at 473 K, and the rate w
on the same order as that of SZ-1 at 373 K. The select
for isobutane was 96–97% with SZ-2 at 473 K, and the m
jor by-products were propane and pentane. SZ-2 deactiv
only slowly.
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Fig. 8.n-Butane reaction rate on SZ-2 versus time on stream at (F) 373 K
followed by reaction at (2) 473 K.

Fig. 9. n-Butane reaction rate on SZ-1 at 373 K (2) continuous reaction
and (Q) pulse reaction during induction period (alternative pure helium
reactant per 1 min).

3.4.2. Pulsed reaction mode during the induction period
A pulse method was applied in this study to explore

catalytic behavior during the induction period. He and
actant were alternatively replaced every minute and pa
into the reactor for the first 60 min duringn-butane reaction
at 373 K on SZ-1 (seeFig. 9). The overall reaction behav
ior was identical to the reaction with continuous flow, wh
indicates that the 1-min He purge did not affect the form
tion of active species. After the pulse reaction, a continu
flow of reactant was used to test the catalytic behavior in
deactivation period. It was also identical to the conventio
continuous-flow reaction.

3.4.3. Stopping and restarting the reaction
We also investigated the stability of the active species

the catalytic surface by stopping and restarting the reac
during the deactivation phase.Fig. 10shows that even afte
Fig. 10.n-Butane reaction rate on SZ-1 at 373 K (Q) continuous reaction
and (F) stop-restart reaction during deactivation period.

20, 60, 300 min of He purging, the catalyst showed high
tivity for n-butane isomerization without signs of a period
increasing activity. The average activity was nearly ident
to that observed during the continuous-flow mode op
tion. It is obvious that the active species, the carbenium
(alkoxy group), is stable at 373 K on the catalyst surface
is removed by He purge. However, the initial activity af
the restart was always higher than that at steady state,
cating higher concentration of active species on the sur
which decreases to steady-state values after a short tim

3.5. TAP experiments on catalysts during continuous-flo
operation

TAP experiments were conducted intermittently w
flow experiments to investigate the adsorption and des
tion during various stages of the life cycle of sulfated zir
nia.

The TAP intensity profiles recorded at 423 K for fra
ment 43 (main fragment ofn- and isobutane) are present
in Fig. 11. All measured data represent the overall respo
which is determined by adsorption, desorption, and re
tion [41]. As a single mass unit that can be used to follow
formation of products does not exist, fragmentation ra
are compared. Differences in the fragmentation patterns
thought to represent different surface processes and ind
indirectly the formation of products. Side product detect
is also difficult because of the low intensities and the su
position of single mass fragments.

Relative to the inert materials corundum and unsulfa
zirconia, the profile for the fresh SZ-1 was lower in inte
sity (not shown here). This consistently points to a str
interaction ofn-butane and/or isobutane with SZ-1. The r
idence time (and hence the strength of interaction) incre
in the presence of surface sulfates, as indicated by a c
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Fig. 11. TAP response pulses forn-butane (m/e = 43) at 423 K for two
different reactivity states of the catalysts (a) SZ-1, (b) SZ-2.

parison of residence times between sulfated and nonsul
samples.

After pulsing in vacuum, the operation mode was switc
to flow conditions at atmospheric pressure for distinct ti
intervals. SZ-1 converted initially about 15%n-butane to
isobutane and traces of propane and pentanes. With
on stream, SZ-1 deactivated to about 2% conversion a
120 min. After 40 min, the flow was stopped, and it w
switched back to vacuum andn-butane pulses were adm
ted again. The residence times and fragmentation pat
discussed here are taken from pulsing after 40 min of tr
ment inn-butane flow, when SZ-1 is still active.

Table 2summarizes all calculated fragmentation rati
The comparison of the fragmentation ratios for SZ-1 (s
values as a reference) and SZ-1 (40 min) clearly shows
consistent with GC analysis, the conversion fromn-butane
to isobutane can be followed by changes in the main f
ments 43, 27, 29, 41, and 58 here. All measured intens
vary in their intensity/fragmentation ratios. Because of po
sible irreversible adsorption on the surface during puls
and flow, the mass balance is affected and may influenc
measured ratios as well.
,

Table 2
Fragmentation pattern for SZ-1 and SZ-2 for fresh and deactivated cata
(ratios of different mass fragments)

43/20 58/20 43/58 27/20 29/20 41/20 42/20

SZ-1, fresh 1.73 0.18 9.31 1.82 1.96 0.33 0.43
SZ-1, 40 min 2.55 0.31 8.09 2.07 2.27 1.15 0.48
SZ-2, fresh 1.18 0.13 9.12 1.13 1.24 0.58 0.28
SZ-2, 40 min 1.40 0.15 9.20 1.39 1.43 0.69 0.29

Table 3
Comparison of residence times [s] for SZ-1 and SZ-2 for fresh and 40
used catalysts (m/e = 43); over corundumτ = 0.08 s,T = 423 K

SZ-1 SZ-2

Fresh 0.52 0.84
40 min catalysis 0.46 0.83

In the TAP experiment, three trends were observed w
increasing deactivation of SZ-1: (i) the intensity of the pe
slowly recovered compared with the inert material and
creased (Fig. 11a), (ii) the residence times decreased, a
(iii) the ratio of them/e 43 to 58 fragments decreased (Ta-
ble 3).

It is now interesting to compare the observed fragme
tion ratios for SZ-2 with the same experimental setup. T
measured response curves for SZ-2 (inactive under the
ditions chosen) are shown inFig. 11b. The displayedm/e

43 responses were reduced in their intensities relative t
inert material, too (inert material not shown).n-Butane is
also strongly adsorbed to the surface of the material.
shape of the curves was broadened compared to SZ-1
the residence time for the alkane was much higher than
observed for SZ-1. Evaluation of the online GC data revea
that no significant conversion ofn-butane to isobutane wa
observed. This is also displayed by the constant fragme
tion ratios of SZ-2 for the start reference values and the
min fragmentation pattern. With time on stream the inten
of the main fragments also increased, but their relations
mained constant. Only adsorption and desorption determ
the observed fragmentation ratios.

Modeling of the first step of then-butane interaction with
the catalyst surface was done with a simple one-zone m
assuming first-order adsorption of the reactant. Compar
of the modeled adsorption rate constants for the fresh
used SZ-1 showed a significant decrease. As all para
ters in the modeling are the same, the only variable
causes this decrease is the number of available adsor
sites on the catalyst surface. Thus it can be concluded
after 40 min of treatment of SZ-1 under flow condition
nearly half of the available adsorption places are blocke
deactivated. It has to be noticed that in this simple mo
no term for reaction to the product is included. For SZ-2
trend was opposite to that observed for SZ-1. After 40 m
of treatment the adsorption rate constant was increased
factor of 2.5, which can only be interpreted by assuming
adsorption site centers have been created.
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4. Discussion

4.1. Prerequisites for active sites

It has been discussed for some time that an active
fated zirconia catalyst must consist of the tetragonal ph
which is metastable below 1300 K. Only a few authors h
claimed a monoclinic or a mixture of monoclinic and tetra
onal sulfated zirconia to be active forn-butane isomeriza
tion [21,22]. In this study, however, two tetragonal sulfat
zirconia samples prepared from zirconium hydroxides w
different aging conditions exhibited very different cataly
activities for then-butane reaction at low temperature. T
tetragonal phase can thus be seen as a necessary b
sufficient requirement for good catalytic activity, which
consistent with the findings by Yang et al.[45].

Recent investigations by Li et al.[30] suggest that th
isomerization reaction is initiated via oxidative dehyd
genation ofn-butane by a pyrosulfate group (S2O7

2−). Ac-
cording to DFT calculations by Hofmann and Sauer[46],
pyrosulfate is a possible and stable structure at the tetr
nal (101) face. Following this hypothesis, two explanati
emerge for the lower reactivity of SZ-2 in comparison w
SZ-1, both based on the question of which circumstan
will favor the formation of pyrosulfate.

SZ-1 and SZ-2 differ in the size of the crystalline doma
(XRD), and, moreover, the short-range order (< 8 Å) of their
structures is also decidedly different (ZrK-edge XAFS).
Such variations in the bulk structure may lead to variati
in the surface structure; more explicitly, the poorly cr
tallized, maybe highly defective tetragonal phase of S
may not be a suitable substrate for pyrosulfate. The p
sulfate configuration on the zirconia surface is tetraden
that is, the three oxygen atoms of the pyrosulfate are
nected to three surface zirconium atoms, and a fourth
gen is hydrogen-bridged to a water molecule adsorbed
fourth zirconium atom. While the fourth link can be co
sidered to be flexible, the other three bonds require t
zirconium atoms arranged in an isosceles triangle. The lo
intensity of the second shell in the EXAFS analysis of S
indicates that there are fewer zirconium atoms with the n
zirconium neighbor at a distance corresponding to thos
the tetragonal phase, implying that the described triang
configuration on the tetragonal (101) face is less abund
The pyrosulfate, which is already strained on a perfect (1
face, may not be able to accommodate aberrations in the
tances, whereas, for example, a bidentate monosulfate s
ture can.

The two samples SZ-1 and SZ-2 exhibit the same
fate content, but different surface areas, resulting in diffe
sulfate densities on the surface. The sulfate content is hi
than required for a hypothetical monolayer coverage, tha
5.2 and 7.2 wt% for SZ-1 and SZ-2, respectively, if we
sume that the SO42− group occupies an area of 0.31 nm2 cor-
responding to its kinetic diameter[42]. However, the mono
layer coverage depends on the assumed sulfate structu
,

ot

-

.

-
-

r

n

general, a higher sulfate density on the surface may
to more condensed structures, such as pyrosulfates. H
more pyrosulfate configurations may exist on the surfac
SZ-1 than on the surface of SZ-2, which would explain
higher activity of SZ-1.

The results confirm that highly active catalysts can be
tained with tetragonal materials; however, not all tetrago
materials are necessarily highly active. It is also required
the exposed facet planes be of the right type and right q
ity to allow the formation of certain sulfate structures. It
interesting in this respect that excellent promoters suc
manganese or iron are incorporated into the tetragonal p
causing a constriction of the lattice[47].

4.2. Dehydrogenation capacity of sulfated zirconia

The initial step of butane skeletal isomerization has b
proposed to be the formation of a surface carbenium ion
the mechanism of the formation of such an active spe
is still under debate. On a superacid catalyst, carbenium
can be formed directly by the protonation of alkanes thro
Brønsted superacid sites and subsequent decompositi
the alkanium ions under cleavage of H2 or by hydride ab-
straction from alkanes through Lewis superacid sites. H
ever, the superacidity of sulfated zirconia has been in d
recently, and the formation of carbenium ions was ascr
to the protonation of alkene impurities; the contribution
this pathway has been confirmed by the dramatic decrea
the isomerization activity after the removal of trace amou
of butenes in the feed.

In a preceding study, the dehydrogenation capacity of
fated zirconia was identified duringn-butane isomerizatio
at 373 K by the detection of butene (with TPD), water (
in situ IR spectroscopy), and SO2 [30]. The in situ genera
tion of butenes has been shown to be the initial step for
n-butane isomerization reaction. Such a step would be
catalytic if no pathways for reoxidation of the sulfur spec
existed and irreversible if sulfur were lost. However, on
an activate intermediate has been formed, the isome
tion proceeds in cycles, including rearrangement and hyd
transfer with generation of new intermediates. Given a h
number of cycles per generated butene, a pseudo-st
state behavior can be observed.

The results forn-butane TPD on SZ-1 indicate that it
able to oxidatively convertn-butane to butene at low tem
peratures. However, for the catalyst SZ-2, which is inac
for n-butane isomerization at low temperatures, a disc
butene desorption peak was not observed. Thus we con
that the dehydrogenation capacity of SZ-1, which lead
the in situ formation of butenes, is responsible for isom
ization activity at low temperatures.

Increasing the reaction temperature to 473 K can ef
tively overcome the catalytic inactivity of SZ-2, which th
shows an activity comparable to that of SZ-1 at 373 K. T
activity is related to the oxidative dehydrogenation on S
2 at 473 K, either as less active sites become active o
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surface sulfate structures rearrange with temperature. In
context it should be emphasized that the heterogeneit
sulfated zirconia could lead to a wide spectrum of active s
with only a few very active ones being responsible for the
action at low temperatures.

If the reaction is limited in the generation of alkene
we conclude that at 373 K SZ-2 is not producing a su
cient quantity of butene to start the reaction. Thus, the
ference in the generation of alkenes is responsible for
low activity of SZ-2. At 473 K the production of alkene
is sufficient for both materials, and, hence, catalytic activ
is found on both. However, the rates of reaction still d
fer for the two materials by one order of magnitude (SZ
r = 20× 10−2 µmol/(g s); SZ-2,r = 1× 10−2 µmol/(g s)).
In this context it should be emphasized that the concen
tion of Brønsted acid sites is 50% higher on SZ-1 than
SZ-2. This suggests that the dramatic differences betw
the two samples are the result of a number of subtle eff
rather than one effect.

4.3. Adsorption sites and the nature of interaction with
alkanes

The difference in catalytic activity between the two sa
ples is not reflected in the number of sites available
alkane adsorption or in the differential heats. The projec
coverage under our reaction conditions (5 kPa) forn-butane
is 85–160 µmol g−1. The sulfate content of both materials
9 wt% or about 938 µmol g−1. If a site consisted of a sin
gle sulfate group, only about 10–15% of all sulfate grou
would participate under our reaction conditions; for a py
sulfate group, about 20–30% of the sulfur would be involv
in adsorption of the reactant. This confirms that not all s
fates are active and that the catalyst can be destroyed b
removal of 40% of the sulfate[48], and it may explain why it
has been so difficult to identify any relevant sulfate struct
spectroscopically.

The differential heats of adsorption for all three alk
nes on the two catalysts did not deviate significantly fr
each other. Typically, about 60 kJ mol−1 evolved at low
coverages, and beyond 10 µmol g−1 the heats dropped t
45–50 kJ mol−1. These values correspond to only abo
2–3 times the heat liberated upon condensation of prop
(18.8 kJ mol−1), n-butane (22.4 kJ mol−1), and isobutane
(21.3 kJ mol−1) [49] and indicate a weak interaction.

The similarity of the heats of adsorption for C3 and C4
alkanes is explainable by an interaction with the surface
does not encompass the entire molecule. An adsorption
then-alkane flat on the surface appears unlikely becaus
the corrugated nature of the sulfated zirconia surface[46].
The pocket-like interstitial space between the surface su
groups may accommodate only part of an alkane in an
on-like fashion.

For the adsorption ofn-alkanes on the zeolite HSZM-5
the heat of adsorption increases with the chain length; 32
48 kJ mol−1 were reported for the adsorption of propane a
e

n-butane[50]. The range of 45–60 kJ mol−1 for the adsorp-
tion of propane and isobutane on sulfated zirconia indic
sites that interact more strongly with alkanes than thos
the zeolite HZSM-5. Data forn-butane and isobutane a
sorption on sulfated zirconia presented by González e
[51] show a more rapid decline of the heat with coverag
values below 40 kJ mol−1 at 30 µmol g−1 coverage. The sur
faces of SZ-1 and SZ-2 are obviously more homogene
than those of the catalysts in[51].

Heats of adsorption from calorimetry data can be co
pared with those accessible through TAP data and ca
used to validate the transferability of TAP results, which
obtained in the Knudsen regime (base pressure< 10−9 hPa),
to pressures in the hPa range. The heats of adsorptionn-
butane that result from van’t Hoff plots of the equilibriu
constants given by the ratios of the rate constants for
sorption and desorption were similar for the two cataly
namely, about 52–53 kJ mol−1. The TAP response curve
an average over all interactions of the molecules in the p
with the surface, and the obtained heat of adsorption sh
correspond to an average value. The average heat estim
from the calorimetric results is about 50 kJ mol−1, indicating
perfect agreement between the two techniques.

The heats of adsorption are relatively small, and ads
tion at 313 K is reversible within the detection limits of t
calorimeter (< 10%). The values obtained for the heats
dicate a weak type of interaction for the majority of t
alkane molecules, such as hydrogen bonding via induced
larization of the alkane. It has been reported thatn-alkanes
interact with the OH groups of pure[52] and sulfated zirco
nia [53]. The bands of sulfate were claimed not to be shif
appreciably aftern-butane adsorption[54]; after adsorption
of n-pentane the S=O band at 1416 cm−1 was decrease
without the formation of additional bands. Thus the role
sulfate in the adsorption process is not clear, but it app
that alkanes adsorb on OH-groups.

Our results do not reveal an obvious difference in
quality of the sites for reactant adsorption that would
low an explanation of the order-of-magnitude difference
catalytic activities. The small heats of adsorption are c
sistent with the observations made duringn-butane TPD,
which did not show much desorption of butane becaus
is mostly weakly and thus reversibly adsorbed and is
moved during evacuation before the TPD. However,
presence of a small number of sites with a different hea
adsorption cannot be excluded from calorimetry, and th
might be the sites that dehydrogenate butane during TP
give butene(s). The calorimetry results limit the number
sites capable of butane dehydrogenation to 5 µmol g−1 or
less.

4.4. Carbenium ions and/or alkoxy groups on the surfac
at low temperature

An induction period was always observed during then-
butane isomerization reaction on sulfated zirconia at
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temperatures. It was concluded that during this pe
alkoxy groups (carbenium ions) formed by protonation
butene generated by oxidative conversion accumulate
the catalytic surface (see also Ref.[30]). On sulfated zirco-
nia SZ-1, pulse and continuous-flown-butane reaction at low
temperature showed an identical induction period. The n
ber of molecules streaming through the catalyst bed in
pulse experiment is only half of that in the continuous-fl
experiment, indicating that the accumulation of a specie
adsorption from the gas phase is not rate determining
shown previously by Cheung et al.[55]. Rather, changes t
the surface or slow conversion of already adsorbed spe
must be relevant. Furthermore, purging with helium did
affect the transition of the surface to a more active st
We speculate that some of the adsorbedn-butane molecule
were retained on the surface because they have already
transformed and no longer interact merely by the weak
teraction seen in the calorimetry and TAP experiments;
is, they could be surface carbenium ions.

The stop-restart method was applied in the deactiva
period of n-butane isomerization. It is very clear that t
active species are stable on the catalyst surface durin
purge, even for 5 h. Thus, when the reaction was resta
the reaction rate in the first minute is much higher compa
with that of the continuous reaction, because a large f
tion has been converted totert-butyl carbenium ions, an
these undergo preferred hydride transfer in this initial st
of the reaction. This is also why the catalytic activity,
the first minute after the reaction was restarted after 20
60 min of He purge, is higher than the maximum activity
the continuous-flow reaction. During He purge, the surf
sec-butyl carbenium ion undergoes skeletal isomerizatio
its isomer, the tert-butyl carbenium ion, in the absence
n-butane. This suggests also that the skeletal isomeriz
and not the hydride transfer step is the rate-determining
After the reaction was restarted following He purge for 5
the reaction showed an induction period, although the ac
species is still on the surface, indicating that the purge
ried out over a long time can remove a very small fraction
the surface alkoxy groups/carbenium ions, probably via
decomposition of carbenium ion to its corresponding ol
and a proton.

In the deactivation period, without any butane flow,
deactivation rate of the stop-restart reaction was nearly i
tical to the continuous-flow reaction (at least for 20 a
60-min purges), which implies that the deactivation is d
to the decay of the active species. The most plausible r
tion is the reaction between olefins desorbing and sur
carbenium ions forming larger surface intermediates, wh
hamper the accessibility to the active sites. The larger
face species also undergo slower hydride transfer. The r
deactivation limits the use of bare sulfated zirconia in
dustry applications. Thus, usually a noble metal functio
additionally introduced, and the reaction is carried out
der hydrogen to control the olefin concentration in the re
tor.
n

,

.

-

5. Conclusions

Two sulfated zirconia samples with different catalytic
tivities were fully characterized and investigated with
spect ton-butane skeletal isomerization. The sulfated zir
nia prepared from zirconium hydroxide aged in a solut
at room temperature for 1 h showed much higher acti
than that prepared from zirconium hydroxide aged at 37
for 24 h. The stoichiometric oxidation (of butane to bute
of these two samples is concluded to be the critical
ference determining the variations in catalytic activity. T
SZ-2 sample exhibits catalytic activity when the react
temperature is raised to 473 K, which indicates that the d
drogenation property of sulfated zirconia was dramatic
promoted by the higher temperature.

Since the two materials are tetragonal and have the s
sulfate content, the difference in reactivity is speculate
originate from the difference in sulfate density on the surf
(consequence of the BET surface areas), from the differ
in the size and the defect structure of the zirconia crys
(revealed by XRD and EXAFS), or from a combination
these properties. The number of sites for butane oxida
dehydrogenation must be very small (less than 5 µmo/g),
because microcalorimetry experiments prove the interac
with C3 and C4 alkanes to be weak for the majority of site
Heats of adsorption forn-butane determined by calorimet
were about 45–60 kJ/mol, consistent with estimations fro
TAP data.

By analysis of the catalytic behavior of the surface
tive species, the surface alkoxy group/surface carbenium
with pulse and stop-restart methods on SZ-1 at 373 K, it
clearly shown that the carbenium ion is very stable unde
conditions used, and the deactivation of sulfated zircon
due to the decay of carbenium ion species.
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