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Abstract 
Two sulfated zirconia catalysts were prepared via sulfation and calcination at 873 K of zirconium hydroxide aged at room temperature for 

1 h (SZ-1) or aged at 373 K for 24 h (SZ-2). SZ-1 was active for n-butane isomerisation at 373 K; SZ-2 reached similar performance only at 
473 K. Both materials contained about 9 wt% sulfate and were tetragonal. Due to a BET lower surface area (105 m2/g vs. 148 m2/g) SZ-1 fea-
tured a higher sulfate density, and XRD and EXAFS analysis showed larger (ca. 10 nm) and more well ordered crystals than for SZ-2. n-Butane 
TPD on SZ-1 showed a butene desorption peak at low temperature, whereas, no obvious butene desorption was observed with SZ-2, suggesting 
that SZ-1 has a higher oxidizing power at low temperature than SZ-2. The number of sites capable of dehydrogenation are less than 5 µmol/g, 
because the differential heats of n-butane adsorption as measured by microcalorimetry were 45–60 kJ/mol for higher coverages, indicating weak 
and reversible interaction. TAP experiments describe the adsorption and desorption behavior of n-butane at different activity states and are the 
basis for a simple adsorption model. Reactant pulses and purge experiments show that the active species, presumably formed in an oxidative 
dehydrogenation step, are stable at the surface under reaction conditions.) 
 
 
 
1.Introduction 
 
 

Sulfated zirconia, capable of converting alkanes to 
their isomers at low temperatures, attracted significant inter-
est in recent years [1, 2, 3, 4]. Even though numerous inves-
tigations focused on the preparation of sulfated zirconia, the 
essential procedure is still unclear, since many factors sig-
nificantly affect the resultant sulfated zirconia, e.g., the pre-
cursor for sulfation [5,6,7], the sulfation agent [8, 9], or the 
calcination conditions [10, 11, 12, 13, 14]. 

It was claimed that an active sulfated zirconia can 
only be prepared from amorphous zirconia hydroxide [15], 
obtained from hydrolysis of zirconium salts, i.e., ZrOCl2, 
ZrCl4 or ZrO(NO3)2. Sulfation of crystalline zirconia was 
claimed to result in inactive sulfated zirconia. Recently, 
however, also the preparation of active sulfated zirconia by 

sulfation of crystalline zirconia has been reported [16, 17]. 
The calcination of sulfated amorphous zirconium hydroxide 
in the temperature range 723 to 923 K always yielded pre-
dominantly the metastable tetragonal zirconia phase, which 
was believed to be the catalytically active phase [18, 19, 20]. 
In spite of that, recently, monoclinic sulfated zirconia was 
also shown to be active for n-butane isomerization [21, 22], 
but the activity was lower than that of tetragonal zirconia. 

When Arata et al. [2, 14] discovered the property of 
sulfated zirconia for butane isomerization at room tempera-
ture, it was categorized to be a superacid, since only super-
acids are claimed to activate light alkanes at such a 
temperature. However, experiments using NMR [23, 24], 
UV-vis [25], or IR spectroscopy [26, 27] revealed that the 
acidity of sulfated zirconia is not higher than that of sulfuric 
acid. Alternatively, the alkane isomerization may be related 
to the generation of olefins via oxidative processes [28, 29, 
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30]. In this context it should be mentioned that several pa-
pers demonstrated the promoting effect of butenes for n-
butane isomerization, via formation of carbenium ions on 
the catalyst surface [31, 32, 33]. 

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

Here we use two sulfated zirconia materials of very 
different activity, but both tetragonal and equal in sulfate 
content, to discriminate on a finer scale between relevant 
and irrelevant properties. Besides extensive structural and 
site characterization we investigate the ability of the materi-
als to generate butenes and the dynamics of the catalytic 
behavior with variations in reaction temperature and feed 
composition on a minute to hour scale. 
 
 
2. Experimental 
 
2.1 Catalyst preparation 
 

Zirconium hydroxide powders were prepared by pre-
cipitation of ZrO(NO3)2 with NH4OH in water at pH 8.4 
with stirring. The resulting precipitate was aged in solution 
at room temperature for 1 h followed by filtering, washing, 
and drying at 373~393 K, denoted as Z-1. Alternatively, the 
precipitate was aged at 373 K for 24 h and processed as 
above; this sample is denoted as Z-2. Sulfated zirconias (SZ-
1 and SZ-2) were obtained by sulfating the powders pre-
pared above (Z-1 and Z-2) with (NH4)2SO4 (20 mol %) 
followed by calcination at 873 K for 3 h in flowing air. 
 
 
2.2 Catalyst characterization 

 
The sulfate contents (SO4

2- wt%) of the catalysts were 
determined using ion chromatography (IC) as described in 
the literature [38]. For this, 0.02 g of sulfated zirconia was 
suspended in a 0.1 N solution of NaOH and the solution was 
filtered with a 0.45 µm filter. The sulfate content was meas-
ured by ion chromatography (Metrohm, 690 ion chromato-
graph equipped with an IC anion column). The BET surface 
area of sulfated zirconia was determined using a PMI auto-
mated BET-sorptometer at 77.3 K using nitrogen as analysis 
gas. X-ray diffractometry (XRD) of the catalysts was per-
formed in transmission geometry on a STOE STADI-P X-
ray diffractometer equipped with a primary monochromator 
and a curved position sensitive detector with an internal 
resolution of 0.01°, using Cu Kα radiation (λ=1.542 Å). 
Samples were mixed 1:1 with corundum, which was em-
ployed as internal standard. Non-sulfated samples were ana-
lyzed with a Philips X’Pert-1, also using CuKα radiation. 
Scanning electron microscopy (SEM) was conducted on a 

Hitachi S-4000 microscope equipped with a cold field emis-
sion gun at an acceleration voltage of 5 kV. X-ray absorp-
tion spectra of the Zr K edge (17.998 keV) were recorded at 
beamline X1 at the Hamburger Synchrotron Radiation Labo-
ratory, HASYLAB, using a Si(311) double crystal mono-
chromator. The storage ring operated at 4.45 GeV with 
injection currents of 150 mA. X-ray absorption fine structure 
(XAFS) analysis was performed using the software package 
WinXAS v2 [39]. 

To estimate the concentration of Brønsted and Lewis 
acid sites, IR spectra for pyridine adsorption tests were car-
ried out at 373 K in vacuum with a Perkin–Elmer 2000 spec-
trophotometer at 4 cm-1 resolution. Samples were pressed 
into wafers, heated to 673 K at 10 K/min, held at 673 K for 
2 hours (residual pressure of 10-6 hPa), and exposed to pyri-
dine (0.1 hPa) at 373 K for 60 min, followed by evacuation 
at this temperature for 30 min. The number of sites available 
for alkane adsorption was determined by measuring adsorp-
tion isotherms of propane, n-butane, and isobutane (all 
Messer-Griesheim, 99.5 %) at 313 K following outgassing at 
723 K in vacuum. The differential heats of adsorption were 
determined using a SETARAM MS-70 Calvet calorimeter. 
The setup is described in detail in [40]. The error bars given 
for the data result from the uncertainty in the heat generated 
by valve opening, which contributes to the heat signal of 
each dosing step. 
 
 
2.3 Temperature programmed desorption (TPD) of 
n-butane 
 

The temperature programmed desorption of n-butane 
was performed using a vacuum system. The sulfated zirco-
nia sample was activated under vacuum at 673 K for 2 h and 
cooled to 323 K for n-butane adsorption. 2 hPa of n-butane 
(Messer-Griesheim, 99.5 %, purified using a H-Y zeolite 
trap for alkene removal) was allowed to equilibrate with the 
sample for 5 min. The sample was heated to 873 K at 10 
K/min. The desorbing species were analyzed using a mass 
spectrometer (QME 200, Pfeiffer vacuum). 
 
 
2.4. Isomerization of n-butane 
 

n-Butane isomerization was carried out in a quartz 
micro tube reactor (8 mm i.d.) under atmospheric pressure. 
Sulfated zirconia pellets (0.2 g, 315~710 µm) were loaded 
into the reactor and activated in situ at 673 K for 2 h in flow-
ing He (10 ml/min). The catalyst was cooled to the desired 
reaction temperature and the reactant mixture (5 % n-butane 
in He, total flow of 20 ml/min) was flown through the cata-
lyst bed. n-Butane (Messer-Griesheim, 99.5 %) was purified 
from alkene impurities by flushing it through a trap contain-
ing H-Y zeolite. Alkenes were not detected in the reactant 
mixture after purification. The reaction products were ana-
lyzed using an on-line HP 5890 gas chromatograph (GC) 
equipped with a capillary column (Plot Al2O3, 50 m × 0.32 
mm × 0.52 mm) connected to a flame ionization detector 



Interaction between Sulfated Zirconia and Alkanes: Prerequisites for Active Sites – Formation and Stability of Reaction Intermediates, X. Li et al., J.Catal.,230 (1), 2005, 214-255   
 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

3
 
(FID). The rate of isobutane formation was taken as a meas-
ure of catalytic activity. 

The influence of temperature on the catalytic behavior 
of both catalysts was studied. After reaction at 373 K over 
60 h, when SZ-1 was deactivated completely while SZ-2 had 
not shown any activity, 20 ml/min of He flow was flown 
through the catalyst bed for 30 min. The reaction was then 
restarted after the temperature had been increased to 473 K. 

Pulsing during the induction period of the reaction on 
SZ-1 at 373 K was performed by alternatively changing the 
reactant (5% n-butane) and He flow every 1 min. A stop-
restart experiment was conducted on the SZ-1 catalyst at 
373 K during the deactivation phase. At the end of the in-
duction period, the catalyst bed was purged with He for a 
certain time, and then the reaction was restarted. This proce-
dure was repeated several times. 
 
 
2.5. TAP- Temporal Analysis of Products - switch 
experiments with n-butane 
 

Surface sites and their reactivity were probed in the 
TAP-II reactor [40] by pulsing n-butane over the fresh cata-
lysts and over catalysts that had been operated in isomeriza-
tion in a flow experiment at 423 K. Pulse responses were 
analyzed using a quadrupole mass spectrometer (QMS) from 
HIDEN, where single masses (m/e) of interest can be fol-
lowed. The reactor was filled with a corundum/catalyst mix-
ture analogous to atmospheric flow experiments. For SZ-1, 
300 mg of catalyst were used, filled up with 700 mg corun-
dum whereas for SZ-2, which is more voluminous, 258 mg 
catalyst material was mixed with 604 mg corundum. The 
particle diameter for all materials was 0.1-0.315 mm. The 
temperature was controlled by a thermocouple positioned in 
the center of the bed. 

Neon was taken as reference gas. Knudsen diffusion 
in the reactor during pulse experiments was ensured by con-
trolling the pulse intensity of the pulses. The shape of the 
response curves has to be independent from the pulse size. 
Pulse sizes were then kept constant. Reactant mixtures were 
used at a constant pulse width of 130 µs mixed up in the 

blending tank with 200 hPa inert gas and 200 hPa reactant 
gas. A single experiment consisted of several cycles of puls-
ing with signal averaging (in general 10 pulses; for m/e of 
lower intensity up to 50) to improve the signal-to-noise ra-
tio. 

Samples were activated before use in TAP at 573 K 
for 2 h in vacuum in the microreactor and then cooled down 
with 10 K/min to the reaction temperature. The fresh sam-
ples were exposed to single pulses of n-butane (Messer-
Griesheim 99.5 %) first. The flow experiments were con-
ducted by closing the slide valve of the TAP reactor and 
exposing the microreactor to a constant flow of 2 ml n-
butane (Messer-Griesheim 99.95 %) in 18 ml helium. The 
reaction products were analyzed with on line GC (Shima-
dzu).  

n-Butane was monitored at all possible fragments 
known for C4 alkanes. Only their main mass fragments m/e 
= 27, 29, 41, 43, 58 and their ratios will be discussed in de-
tail here. 

Modeling of a simple first order adsorption rate con-
stant was performed with help of the modeling software by 
Schuurman and Gleaves [41] which assumes a first order 
Langmuir adsorption for the reactant in a one zone model. 
 
 
3. Results 
 
3.1. Catalyst characterization 
 
BET surface areas, pore sizes, particle sizes, sulfate contents 
and acid concentrations of different samples are compiled in 
Table 1. The zirconium hydroxide samples without thermal 
treatment exhibited the highest BET surface areas, i.e. un-
calcined Z-1, 288 m2/g and uncalcined Z-2, 342 m2/g. Calci-
nation at 873 K for 3 h converted zirconium hydroxide to 
zirconia and caused a significant BET surface area decrease, 
i.e., calcined Z-1, 49 m2/g and calcined Z-2, 76 m2/g. Calci-
nation at 873 K for 3 h of zirconium hydroxide doped with 
sulfate also resulted in a loss of BET surface area decrease, 
 
 

 
Table 1 (a) Preparation and properties of raw materials 

 
Sample name Z-1 

uncalcined 

SZ-1 uncalcined Z-2  

uncalcined 

SZ-2 uncalcined 

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

20 mol% 

- (NH4)2SO4

20 mol% 

SO4
2- (wt%) - 13.4 - n.d. 

BET surface area (m2/g) 288 n.d. 342 n.d. 
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(b) BET surface area, pore size, crystallite size, sulfate content and acid concentration 

 
Sample name  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) 

(µmol/m2) 

 

n.d. 

 

0.069 

0.66 

 

n.d. 

 

0.047 

0.32 

n-butane adsorption 

(mmol/g) at 1 kPa 

(µmol/m2) at 1 kPa 

 

n.d. 

 

0.062 

0.51 

 

n.d. 

 

0.056 

0.38 

 
 

i.e., calcined Z-1, 49 m2/g and calcined Z-2, 76 m2/g. Cal-
cination at 873 K for 3 h of zirconium hydroxide doped 
with sulfate also resulted in a loss of BET surface area. 
However, the calcined sulfate doped samples had higher 
BET surface areas than the calcined undoped samples, i.e. 
SZ-1, 105 m2/g and SZ-2, 148 m2/g, (twice that of calcined 
Z-1 and Z-2, respectively). The pore and particle size dis 
 

 
 

 
 

Figure 1: SEM images of (a) SZ-1 and (b) SZ-2. 
 

tributions of the calcined samples indicate that the calcined 
sulfate-doped and undoped zirconia samples were all 
mesoporous materials with irregular pores. The difference 
in morphology of SZ-1 and SZ-2 becomes evident from 
scanning electron microscopy, see Figure 1. The SZ-1 par-
ticles were typically 5–20 µm in size; the surfaces exhibit 
smooth and stepped regions, and often smaller particles 
were adhering. SZ-2 consisted predominantly of particles 
1–5 µm in diameter, which occasionally enveloped larger 
particles. 

Figure 2a shows the XRD patterns for SZ-1, SZ-2, Z-
1 and Z-2, which were all calcined at 873 K for 3 h in air. 
The calcined Z-1 was monoclinic and calcined Z-2 was 
tetragonal, which indicates that Z-1 was more sensitive to 
the thermal treatment than Z-2. Both calcined sulfated ma-
terials exhibited only reflections of the tetragonal phase. 
Normalization to internal standard corundum demonstrates 
that the reflections of SZ-2 are lower in intensity and 
broader those of SZ-1 (Figure 2b). The sizes of the crystal-
line domains as obtained via the Scherrer equation were 9.9 
nm for SZ-1 and 7.5 nm for SZ-2.  

These findings are corroborated by Zr K edge XAFS 
(see Figure 3). The radial distribution functions, consistent 
with tetragonal or cubic zirconia, showed a lower intensity 
in the second and higher maxima for SZ-2 than for SZ-1. 
These higher shells are dominated by Zr-Zr contributions, 
and the decreased intensity may indicate a reduction in the 
Zr-Zr coordination due to smaller crystal domains. Addi-
tionally, the reduced intensity may indicate an increase in 
the disorder of the structure, caused by strain, a small 
amount of a less ordered crystalline or amorphous ZrO2 
phase. 
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Figure 2: XRD patterns of (a) calcined Z-1, Z-2, SZ-1 and 
SZ-2 and (b) calcined SZ-1 and SZ-2 measured with inter-
nal standard. M, monoclinic phase; T, tetragonal phase; *, 
internal standard corundum 

Figure 3: Uncorrected radial distribution function for Zr K 
edge of SZ-1, SZ-2 and an yttria-stabilized reference mate-
rial. 
 
 
3.2 Surface Sites 
 

The sulfate content of the uncalcined SZ-1 was 
13.4 %, while calcination at 873 K for 3 h in air resulted in 
a sulfate content of 9.0 wt. %, which indicates that the high 

temperature treatment eliminated approximately 30 % of 
the sulfate groups. The sulfate contents of the resulting two 
calcined sulfated zirconia samples, SZ-1 and SZ-2, were 
both 9 % in SO4

2- wt %. This is higher than a hypothetical 
monolayer, if 0.31 nm2 is assumed to be the surface area 
occupied by a SO4

2- group based on its kinetic diameter 
[42]. The water-soluble sulfate fractions were 2.5 and 3.0 
wt% for SZ-1 and SZ-2, respectively. 
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0.069 mmol/g, which is higher than 0.047 mmol/g observed 
with calcined SZ-2. Thus, SZ-1 provides 1.5 times as many 
Brønsted sites as SZ-2. This ratio was also confirmed with 
impedance spectroscopy, with which the relative concentra-
tions of protonated pyridine molecules were also explored 
[43].  
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Figure 4: Differential heats of adsorption of n-butane on 
SZ-1 and SZ-2 as a function of coverage. Activation at 
723 K in vacuum, adsorption at 313 K. 
 

Alkane sorption sites on both materials were probed 
by adsorption of propane and butanes. Adsorption iso-
therms could be adequately described by a first order 
Langmuir model for low pressures. The curvature at higher 
pressures could be reproduced by using a higher order 
Langmuir model, but a slightly better fit was obtained with 
a Freundlich model. The differential heats decline with 
coverage, which is considered in the Freundlich model; but 
the decline is very gentle so that the Langmuir model, 
which assumes uniform heats, is still a reasonable match. 
The Freundlich isotherms were used to estimate the number 
of sites covered at the typical 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, however, was not larger than 
differences arising through variation of the activation tem-
perature. The heats of adsorption decreased slightly with 
coverage. For all three alkanes on both catalysts, differen-
tial heats of about 60 kJ mol-1 were determined at ca. 5 
µmol g-1 coverage. The heats slowly declined to about 45 
kJ mol-1 at 30 µmol g-1 coverage. The presence of a small 
amount of sites (i.e. < 5 µmol g-1) with a different heat of 
adsorption cannot be excluded; however, data scatter con-
siderably at coverages below 2–5 µmol g-1. For the major-
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ity of sites, there were no significant differences between 
SZ-1 and SZ-2 in the differential heats (see example n-
butane adsorption, Figure 4). 
 
 
3.3. n-Butane temperature programmed desorp-
tion (TPD) 
 

Figure 5 (a, b) shows the TPD after n-butane 
was adsorbed at 323 K on sulfated zirconia samples 
SZ-1 and SZ-2. Butene (m/e=56) was the most abun-
dant desorbing species with an intense peak at 430 K 
on SZ-1. However, no obvious butene desorption 
peak was observed in n-butane TPD on SZ-2 at this 
temperature. Much lower intensities of butene and 
butane were observed in the gas phase up to 700 K 
for both catalysts, SZ-1 and SZ-2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: n-Butane TPD profiles (a) SZ-1 and (b) SZ-2, 
( ) butene (m/e=56), ( ) butane (m/e=58). 
 
 

3.4. Catalytic experiments at atmospheric pres-
sure 
 
3.4.1 Activity of n-butane isomerization on SZ-1 
and SZ-2 
 

Figure 6 shows the n-butane isomerization activity 
versus time on stream (TOS) of SZ-1 and SZ-2 at 373 K. 
SZ-1 showed a much higher catalytic activity than SZ-2, 
which was almost inactive at 373 K and the conditions 
used. An induction period characterized by a steady in-
crease in the catalytic activity was observed during n-
butane reaction on SZ-1, followed by deactivation. The 
maximum conversion for SZ-1 at 373 K was 0.9%. The 
product of n-butane reaction is primarily isobutane with 
95–96 % selectivity. The main byproducts are propane and 
pentanes (n-pentane and iso-pentane with a ratio of 1:4). 
 
 

 0                 20                 40               60     

A
ct

iv
ity

 (*
10

2  µ
m

ol
/g

 · s
ec

) 

5 

4 

3 

2 

1 

0 

 
Time on stream (h)     

 

--
--

--
--

--
--

--
--

--
--

--
--

 

300                 500                 700                  900 
Temperature (K) 

430 K 

M
.S

. i
nt

en
si

ty
 (a

.u
.) 

(a) 

300                 500                 700                  900 
Temperature (K) 

M
.S

. i
nt

en
si

ty
 (a

.u
.) 

(b) 

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

Figure 7 shows the Arrhenius correlation of n-butane 
isomerization on SZ-1 at reaction temperature from 333 K 
to 393 K, where the maximum reaction rates were used as 
intrinsic activity. The apparent activation energy for n-
butane conversion on SZ-1 of 41.5 kJ/mol is in agreement 
with results reported previously [28, 34, 44] 
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Figure 7:Arrhenius profile of n-butane isomerization on 
SZ-1 at temperature range of 333–393 K. 
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Because SZ-2 showed no catalytic activity at 373 K 
for n-butane isomerization, we switched to He after 40 h 
and purged for 25 h, then we increased the temperature to 
473 K and tested again the catalytic performance (see Fig-
ure 8). Even though SZ-2 is almost inactive at 373 K, it 
showed activity for n-butane isomerization at 473 K, and 
the rate was in the same order as that of SZ-1 at 373 K. The 
selectivity to isobutane was 96–97 % with SZ-2 at 473 K 
and the major by-products were propane and pentane. SZ-2 
deactivated only slowly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: n-Butane reaction rate on SZ-2 versus time on 
stream at ( ) 373 K followed by reaction at ( ) 473 K. 
 
 
3.4.2 Pulsed reaction mode during the induction 
period 
 

A pulse method was applied in this study to explore 
the catalytic behavior during the induction period. He and 
reactant were alternatively replaced every 1 min and flown 
into the reactor for the first 60 min during n-butane reaction 
at 373 K on SZ-1 (see Figure 9). The overall reaction be- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: n-Butane reaction rate on SZ-1 at 373 K ( ) 
continuous reaction and ( ) pulse reaction during induc-
tion period (alternative pure helium and reactant per 1 min). 

havior was identical to the reaction with continuous flow, 
which indicates that the 1 min He purge did not affect the 
formation of active species. After the pulse reaction, a con-
tinuous flow of reactant was used to test the catalytic be-
havior in the deactivation period. It was also identical to the 
conventional continuous flow reaction. 
 
 
3.4.3 Stopping and restarting the reaction 
 

The stability of the active species on the catalytic 
surface was also investigated with stopping and restarting 
the reaction during the deactivation phase. Figure 10 shows 
that even after 20, 60, 300 min He purge, the catalyst 
showed high activity for n-butane isomerization without 
signs of a period of increasing activity. The average activity 
was nearly identical to that observed during the continuous 
flow mode operation. It is obvious that the active species, 
the carbenium ion (alkoxy group) is stable at 373 K on the 
catalyst surface and is removed by He purge. However, the 
initial activity after the restart was always higher than that 
at steady state indicating higher concentration of active 
species on the surface, which decreases to steady state val-
ues after a short time. 
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Figure 10: n-Butane reaction rate on SZ-1 at 373 K ( ) 
continuous reaction and ( ) stop-restart reaction during 
deactivation period. 
 
 
3.5. TAP experiments on catalysts during con-
tinuous flow operation 
 

TAP experiments were conducted intermittently with 
flow experiments to investigate the adsorption and desorp-
tion during various stages of the life cycle of sulfated zir-
conia.  

The TAP intensity profiles recorded at 423 K for the 
43 (main fragment of n- and isobutane) are presented in 
Figure 11. All measured data represent the overall re-
sponse, which is determined by adsorption, desorption and 
reaction [41]. As a single mass unit to follow the formation  
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of products does not exist, fragmentation ratios are com-
pared. Differences in the fragmentation patterns are thought 
to represent different surface processes and indicate indi-
rectly the formation of products. Side product detection is 
also difficult due to the low intensities and the superposi-
tion of single mass fragments. 

Relative to the inert materials corundum or unsulfated zir-
conia, the profile for the fresh SZ-1 was lower in intensity 
(not shown here). This consistently points towards a strong 
interaction of n-butane and/or isobutane with SZ-1. The 
residence time (and hence the strength of interaction) in-
creased in the presence of surface sulfates, as evidenced by 
comparison of residence times between sulfated and non-
sulfated samples. 

 

After pulsing in vacuum, the operation mode was 
switched to flow conditions at atmospheric pressure for 
distinct time intervals. SZ-1 converted initially about 15 % 
n-butane to isobutane and traces of propane and pentanes. 
With time on stream, SZ-1 deactivated to about 2 % con-
version after 120 min. After 40 min, the flow was stopped 
and it was switched back to vacuum and n-butane pulses 
were admitted again. The residence times and fragmenta-
tion patterns discussed here are taken from pulsing after 40 
min treatment in n-butane flow, when SZ-1 is still active. 
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Table 2 summarizes all calculated fragmentation ra-
tios. The comparison of the fragmentation ratios for SZ-1 
(start values as reference) and SZ-1 (40 min) clearly shows 
that consistent with GC analysis the conversion from n-
butane to isobutane can be followed by changes of the main 
fragments 43, 27, 29, 41 and 58 here. All measured intensi-
ties vary in their intensities and fragmentation ratios. Due 
to possible irreversible adsorption on the surface during 
pulsing and flow the mass balance is affected and may 
influence the measured ratios as well. 
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In the TAP experiment, three trends were observed 
with increasing deactivation of SZ-1: (i) the intensity of the 
peaks slowly recovered compared to the inert material and 
increased (Figure 11a), (ii) the residence times decreased, 
and (iii) the ratio of the m/e 43 to 58 fragments decreased 
(Table 3). 
 

Figure 11: TAP response pulses for n-butane (m/e = 43) at 
423 K for two different reactivity states of the catalysts (a) 
SZ-1, (b) SZ-2. 

 
 

 
 
 

Table 2: Fragmentation pattern for SZ-1 and SZ-2 for fresh and deactivated catalysts (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 min used catalysts (m/e =43); over corundum 
τ= 0.08 s, T = 423 K 

 
 SZ-1 SZ-2 
fresh 0.52 0.84 
40 min catalysis 0.46 0.83 
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It is now interesting to compare the observed frag-
mentation ratios for the SZ-2 with the same experimental 
setup. The measured response curves for SZ-2 (inactive 
under the conditions chosen) are shown in Figure 11b. The 
displayed m/e 43 responses were reduced in their intensities 
relative to an inert material, too (inert material not shown). 
n-Butane is also strongly adsorbed on the surface of the 
material. The shape of the curves was broadened compared 
to SZ-1 and the residence time for the alkane was much 
higher than observed for SZ-1. Evaluation of the online GC 
data revealed that no significant conversion of n-butane to 
isobutane was observed. This is also displayed by the con-
stant fragmentation ratios of SZ-2 for the start reference 
values and the 40 min fragmentation pattern. With time on 
stream the intensity of the main fragments also increased 
but their relations stay constant. Only adsorption and de-
sorption determine the observed fragmentation ratios.  

Modeling of the first step of the n-butane interaction 
with the catalyst surface was done with a simple one zone 
model assuming first order adsorption of the reactant. Com-
parison of the modeled adsorption rate constants for the 
fresh and used SZ-1 showed a significant decrease. As all 
parameters in the modeling are the same, the only variable, 
which causes this decrease, is the number of available ad-
sorption sites on the catalyst surface. Thus, it can be con-
cluded that after 40 min treatment of SZ-1 under flow 
conditions nearly half of the available adsorption places are 
blocked or deactivated. It has to be noticed that in that sim-
ple model no term for reaction to the product is included. 
For SZ-2 the trend was opposite to that observed for SZ-1. 
After 40 min treatment the adsorption rate constant was 
increased by a factor of 2.5, which can only be interpreted 
such that adsorption sites centers have been created. 
 
 
4. Discussion 
 
4.1. Prerequisites for active sites 
 

It has been discussed for some time that an active 
sulfated zirconia catalyst must consist of the tetragonal 
phase, which is metastable below 1300 K. Only a few ex-
ceptions claimed a monoclinic or a mixture of monoclinic 
and tetragonal sulfated zirconia to be active for n-butane 
isomerization [21, 22]. In this study, however, two tetrago-
nal sulfated zirconia samples prepared from zirconium 
hydroxides with different aging conditions exhibited very 
different catalytic activity for n-butane reaction at low tem-
perature. The tetragonal phase can, thus, be seen as a nec-
essary but not as a sufficient requirement for good catalytic 
activity, which is consistent with the findings by Yang et al. 
[45]. 

Recent investigations by Li et al. [30] suggest that 
the isomerization reaction is initiated via oxidative dehy-
drogenation of n-butane by a pyrosulfate group (S2O7

2-). 
According to DFT calculations by Hofmann and Sauer 
[46], pyrosulfate is a possible and stable structure at the 
tetragonal (101) face. Following this hypothesis, two ex-

planations emerge for the lower reactivity of SZ-2 in com-
parison to SZ-1, both based on the question as to which 
circumstances will favor the formation of pyrosulfate. 

SZ-1 and SZ-2 differ in the size of the crystalline 
domains (XRD) and, moreover, the short-range order (< 8 
Å) of their structures is also decidedly different (Zr K edge 
XAFS). Such variations in the bulk structure may lead to 
variations in the surface structure; more explicitly, the 
poorly crystallized, maybe highly defective tetragonal 
phase of SZ-2 may not be a suitable substrate for pyrosul-
fate. The pyrosulfate configuration on the zirconia surface 
is tetradentate, i.e., the three oxygen atoms of the pyrosul-
fate are connected to three surface zirconium atoms, and a 
forth oxygen is hydrogen-bridged to a water molecule ad-
sorbed on a forth zirconium atom. While the fourth link can 
be considered as flexible, the other three bonds require 
three zirconium atoms arranged in an isosceles triangle. 
The lower intensity of the second shell in the EXAFS 
analysis of SZ-2 indicates that there are fewer zirconium 
atoms with the next zirconium neighbor at a distance corre-
sponding to those of the tetragonal phase, implying that the 
described triangular configuration on the tetragonal (101) 
face is less abundant. The pyrosulfate, which is already 
strained on a perfect (101) face, may not be able to accom-
modate for aberrations in the distances, while, e.g., a biden-
tate monosulfate structure can. 

The two samples SZ-1 and SZ-2 exhibit the same 
sulfate content, but different surface areas, resulting in 
different sulfate densities on the surface. The sulfate con-
tent is higher than required for a hypothetical monolayer 
coverage, i.e. 5.2 wt % and 7.2 wt % for SZ-1 and SZ-2, 
respectively, if we assume that the SO4

2- group occupies an 
area of 0.31 nm2 corresponding to its kinetic diameter [42]. 
However, the monolayer coverage depends on the assumed 
sulfate structure. In general, a higher sulfate density on the 
surface may further more condensed structures as, e.g., 
pyrosulfates. Hence, on the surface of SZ-1 more pyrosul-
fate configurations may exist than on the surface of SZ-2, 
which would explain the higher activity of SZ-1.  

The results confirm that highly active catalysts can 
be obtained with tetragonal materials; however, not all 
tetragonal materials are necessarily highly active. It is addi-
tionally required that the exposed facet planes are of the 
right type and right quality to allow the formation of certain 
sulfate structures. Interesting in this respect is that excellent 
promoters such as manganese or iron are incorporated into 
the tetragonal phase causing a constriction of the lattice 
[47]. 
 
 
4.2. Dehydrogenation ability of sulfated zirconia 
 

The initial step of butane skeletal isomerization has 
been proposed to be the formation of a surface carbenium 
ion, but the mechanism of the formation of such an active 
species is still under debate. On a superacid catalyst, car-
benium ions can be formed directly by protonation of al-
kanes through Brønsted superacid sites and subsequent 
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decomposition of the alkanium ions under cleavage of H2, 
or by hydride abstraction from alkanes through Lewis su-
peracid sites. However, the superacidity of sulfated zirconia 
has been doubted recently and the formation of carbenium 
ions was ascribed to protonation of alkene impurities; con-
tribution of this pathway has been confirmed by the 
dramatical decrease of the isomerization activity after re-
moval of trace amounts of butenes in the feed. 

In a preceding study, the dehydrogenation ability of 
sulfated zirconia was identified during n-butane isomeriza-
tion at 373 K by detection of butene (with TPD), water (by 
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 non-
catalytic if no pathways for re-oxidation of the sulfur spe-
cies existed and irreversible if sulfur was lost. However, 
once an activate intermediate has been formed, the isomeri-
zation proceeds in cycles including rearrangement and hy-
dride transfer with generation of new intermediates. Given 
a high number of cycles per generated butene, a pseudo-
steady state behavior can be observed. 

The results of n-butane TPD on SZ-1 indicate that it 
is able to oxidatively convert n-butane to butene at low 
temperatures. However, for the catalyst SZ-2, which is 
inactive for n-butane isomerization at low temperature, a 
discrete butene desorption peak was not observed. Thus, we 
conclude that the dehydrogenation ability of SZ-1, which 
leads to the in situ formation of butenes, is responsible for 
isomerization activity at low temperatures. 

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

If the reaction is limited in the generation of alkenes 
we conclude that at 373 K SZ-2 is not producing a suffi-
cient quantity of butene in order to start the reaction. Thus, 
the difference in the generation of alkenes is responsible for 
the low activity of SZ-2. At 473 K the production of al-
kenes is sufficient for both materials and, hence, catalytic 
activity is found on both. However, the rates of reaction 
differ for the two materials still by one order of magnitude 
(SZ-1 r = 20*10-2 µmol/(g.s) and SZ-2 r = 1*10-2 
µmol/(g.s). In this context it should be emphasized that the 
concentration of Brønsted acid sites on SZ-1 is 50 % higher 
than on SZ-2. This suggests that the dramatic differences 
between the two samples add up from a number of subtle 
effects rather than from one effect. 
 
 
 

4.3 Adsorption sites and nature of interaction with 
alkanes 

 
The difference in catalytic activity between the two 

samples is neither reflected in the number of sites available 
for alkane adsorption, nor in the differential heats. The 
projected coverage under our reaction conditions (5 kPa) n-
butane is 85–160 µmol g-1. The sulfate content of both 
materials is 9 wt% or about 938 µmol g-1. If a site consisted 
of a single sulfate group, only about 10–15% of all sulfate 
groups would participate under our reaction conditions; for 
a pyrosulfate group, about 20–30% of the sulfur would be 
involved in adsorption of the reactant. This confirms that 
not all sulfates are active and the catalyst can be destroyed 
by removal of 40% of the sulfate [48], and it may explain 
why it has been so difficult to spectroscopically identify 
any relevant sulfate structure. 

The differential heats of adsorption for all three used 
alkanes on both catalysts did not deviate significantly from 
each other. Typically, about 60 kJ mol-1 evolved at low 
coverages and beyond 10 µmol g-1, the heats dropped to 
45–50 kJ mol-1. These values correspond to only about 2–3 
times the heat liberated upon condensation of propane 
(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 
that does not encompass the entire molecule. An adsorption 
with the n-alkane flat on the surface appears unlikely be-
cause of the corrugated nature of the sulfated zirconia sur-
face [46]. The pocket-like interstitial space between the 
surface sulfate groups may accommodate only part of an 
alkane in an end-on like fashion. 

For the adsorption of n-alkanes on the zeolite 
HSZM-5, the heat of adsorption increases with the chain 
length; 32 kJ mol-1 and 48 kJ mol-1 were reported for the 
adsorption of propane and n-butane [50]. The range of 45–
60 kJ mol-1 for adsorption of propane and isobutane on 
sulfated zirconia indicates sites that interact more strongly 
with alkanes than those of the zeolite HZSM-5. Data of n- 
and isobutane adsorption on sulfated zirconia presented by 
González et al. [51] show a more rapid decline of the heat 
with coverage to values below 40 kJ mol-1 at 30 µmol g-1 
coverage. The surfaces of SZ-1 and SZ-2 are obviously 
more homogeneous than those of the catalysts in [Heats of 
adsorption from calorimetry data can be compared to those 
accessible through TAP data, and can be used to validate 
the transferability of TAP results, which are obtained in the 
Knudsen regime (base pressure < 10-9 hPa), to pressures in 
the hPa range. The heats of adsorption of n-butane that 
result from van't Hoff plots of the equilibrium constants 
given by the ratios of the rate constants for adsorption and 
desorption were similar for both catalysts, namely, about 
52–53 kJ mol-1. The TAP response curve is an average over 
all interactions of the molecules in the pulse with the sur-
face, and the obtained heat of adsorption should correspond 
to an average value. The average heat estimated from the 
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calorimetric results is about 50 kJ mol-1, indicating perfect 
agreement between the two techniques. 

The heats of adsorption are relatively small and ad-
sorption at 313 K is reversible within the detection limits of 
the calorimeter (<10 %). The values obtained for the heats 
indicate a weak type of interaction for the majority of the 
alkane molecules, such as, e.g., hydrogen bonding via in-
duced polarization of the alkane. It has been reported that 
n-alkanes interact with the OH groups of pure [52] and 
sulfated zirconia [53]. The bands of sulfate were claimed 
not to be shifted appreciably after n-butane adsorption [54]; 
after adsorption of n-pentane the S=O band at 1416 cm-1 
was decreased without formation of additional bands. The 
role of sulfate in the adsorption process is thus not clear, 
but it appears that alkanes adsorb on OH-groups. 

Our results do not reveal an obvious difference in the 
quality of the sites for reactant adsorption that would allow 
explanation of the one order of magnitude different cata-
lytic activities. The small heats of adsorption are consistent 
with the observations made during n-butane TPD, which 
did not show much desorption of butane because it is 
mostly weakly and thus reversibly adsorbed and is removed 
during evacuation prior to the TPD. However, the presence 
of a small amount of sites with a different heat of adsorp-
tion cannot be excluded from calorimetry, and these might 
be the sites that dehydrogenate butane during TPD to give 
butene(s). The calorimetry results limit the number of sites 
capable of butane dehydrogenation to 5 µmol g-1 or less. 
 
 
4.4 Carbenium ions and/or alkoxy groups on the 
surface at low temperature 
 

An induction period was always observed during n-
butane isomerization reaction on sulfated zirconia at low 
temperature. During this period alkoxy groups (carbenium 
ions) formed by protonation of butene generated by oxida-
tive conversion are concluded to be accumulated on the 
catalytic surface (see also ref. [30]). On sulfated zirconia 
SZ-1, pulse and continuous flow n-butane reaction at low 
temperature showed an identical induction period. The 
amount of molecules streaming through the catalyst bed in 
the pulse experiment is only half of that in the continuous 
flow experiment, indicating that the accumulation of a spe-
cies by adsorption from the gas phase is not rate determin-
ing, as shown previously by Cheung et al. [55]. Rather, 
changes to the surface or slow conversion of already ad-
sorbed species must be relevant. Furthermore, purging with 
helium did not affect the transition of the surface into a 
more active state. We speculate that some of the adsorbed 
n-butane molecules were retained on the surface because 
they have already been transformed and do no longer inter-
act merely by the weak interaction seen in the calorimetry 
and TAP experiments; i.e. they could be surface carbenium 
ions. 

The stop-restart method was applied in the deactiva-
tion period of n-butane isomerization. It is very clear that 
the active species are stable on the catalyst surface during 

He purge even for 5 h. Thus, when the reaction was re-
started, the reaction rate in the first minute is much higher 
compared to that of the continuous reaction, because a large 
fraction has been converted to tert-butyl carbenium ion and 
these undergo preferred hydride transfer in this initial stage 
of the reaction. This is also the reason why the catalytic 
activity in the first minute when restarting the reaction after 
20 and 60 min He purge, is higher than the maximum activ-
ity of the continuous flow reaction. During He purge, the 
surface sec-butyl carbenium ion undergoes skeletal isom-
erization to its isomer, the tert-butyl carbenium ion, in the 
absence of n-butane. This suggests also that the skeletal 
isomerization not the hydride transfer step is the rate de-
termination step. After restarting the reaction following to 
He purge for 5 h, the reaction showed an induction period, 
although the active species is still on the surface, indicating 
that the long time purge can remove a very small fraction 
of the surface alkoxy groups/carbenium ions, probably via 
the decomposition of carbenium ion to its corresponding 
olefin and a proton.  

In the deactivation period, without any butane flow, 
the deactivation rate of the stop-restart reaction was nearly 
identical with the continuous flow reaction (at least for 20 
and 60 min purge), which implies that the deactivation is 
due to the decay of the active species. The most plausible 
reaction is the reaction between olefins desorbing and sur-
face carbenium ions forming larger surface intermediates, 
which hamper the accessibility to the active sites. The lar-
ger surface species also undergo slower hydride transfer. 
The rapid deactivation limits the application of bare sul-
fated zirconia in industry application. Thus, usually a noble 
metal function is additionally introduced and the reaction is 
operated under hydrogen in order to control the olefin con-
centration in the reactor. 
 
 
5. Conclusions 
 

Two sulfated zirconia samples with different cata-
lytic activity were fully characterized and investigated with 
respect to n-butane skeletal isomerization. The sulfated 
zirconia prepared from zirconium hydroxide aged in the 
solution at room temperature for 1 h showed much higher 
activity than that prepared from zirconium hydroxide aged 
at 373 K for 24 h. The stoichiometric oxidation (of butane 
to butene) of these two samples is concluded to be the criti-
cal difference determining the variations in catalytic activ-
ity. The SZ-2 sample exhibits catalytic activity when the 
reaction temperature is raised to 473 K, which indicates the 
dehydrogenation property of sulfated zirconia was dramati-
cally promoted by the higher temperature. 

Since both materials are tetragonal and have the 
same sulfate content, the different reactivity is speculated 
to either originate from the difference in sulfate density on 
the surface (consequence of the BET surface areas), or 
from the difference in the size and the defect structure of 
the zirconia crystals (revealed by XRD and EXAFS), or 
from combination of these properties. The number of sites 
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for butane oxidative dehydrogenation must be very small 
(less than 5 µmol/g), because microcalorimetry experi-
ments prove the interaction with C3 and C4 alkanes to be 
weak for the majority of sites. Heats of adsorption for n-
butane determined by calorimetry were about 45–
60 kJ/mol, consistent with estimations from TAP data. 

By analysis of the catalytic behavior of the surface 
active species, the surface alkoxy group/surface carbenium 
ion, with pulse and stop-restart methods on SZ-1 at 373 K, 
it was clearly shown that the carbenium ion is very stable 
under the conditions employed, and the deactivation of 
sulfated zirconia is due to the decay of carbenium ion spe-
cies. 
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