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Introduction
In many industrial processes catalyst deactivation is caused by formation of 
carbonaceous deposits (“coke”) on the catalyst surface. Development of catalysts 
that are less prone to deactivation requires understanding the nature of the 
carbonaceous species and the formation routes. In situ spectroscopic methods could 
be very informative in this respect, as they give information about the state of the 
surface including adsorbates and allow correlations with catalytic performance.
Sulfated zirconia (SZ) materials are active catalysts for hydrocarbon transformation at 
low temperatures but often deactivate rapidly. Many authors suggested that the 
reason for the deactivation of SZ catalysts is the formation of “coke” at the active 
sites [1-3].
In our present work we sought to identify the surface species formed during n-butane 
isomerization on SZ catalysts by in situ UV–vis–NIR spectroscopy using three types 
of experiments: 1) Changes during reaction were monitored. 2) Deposits were 
transformed in a post-reaction treatment with different reactants. 3) Reference 
spectra were recorded. Specifically butene was adsorbed, which has been proposed 
as an intermediate in n-butane isomerization over SZ [4], but is also considered 
responsible for catalyst deactivation [5].

Experimental
SZ was prepared from a commercial precursor (MEL Chemicals XZO 682/01) by 
calcination at 823 K for 3 h. Mn-promoted SZ (0.5 or 2 wt% Mn) was obtained from 
the same precursor via the incipient wetness method and calcination at 923 K. In situ 
UV–vis–NIR spectroscopy was performed in diffuse reflectance using a PerkinElmer 
Lambda 9 equipped with an integrating sphere and a reactor of in-house design, or a 
PerkinElmer Lambda 950 equipped with a Harrick Praying Mantis™ DRP-P72
accessory and HVC-VUV reaction chamber.
Reaction conditions were 5 kPa n-butane at 323–378 K or 1 kPa 1-butene at 303 K, 
all balanced in inert gas. Effluent gases were monitored by on-line GC. Post-reaction 
treatment with O2, H2O vapor and He was carried out in situ in the UV-vis reactor cell.

Results
During n-butane isomerization over SZ a band at 300 nm was registered in the UV-
vis spectra. The band appeared when the catalyst reached its highest activity and 
lowest selectivity, and grew with TOS. This is in agreement with earlier reports in 
which the band has been assigned to allylic cations [1,7]. An additional band formed 
at 390 nm. In the NIR range bands at 1695, 1715 and 1756 nm correspond to the 
overtones of CH vibrations at 2950, 2915 and 2850 cm-1, suggesting the presence of 
saturated hydrocarbons. A band at 1910 nm resulted from water. Mn-promoted SZ is 
orders of magnitude more active than SZ and deactivates within hours under our 
conditions. However, no corresponding band at 300 nm could be observed, indicating 
that in this case deactivation must have other causes.



The post-reaction treatment of the deactivated SZ catalyst showed the surface 
species to be very reactive. Upon exposure to water vapor, the band at 300 nm 
weakened and well-defined bands at 390, 455 and 550 nm appeared (Fig. 1).
SZ catalyzed the transformation of 1-butene into cis- and trans-2-butene. The 
conversion decreased over several hours. During the first 3 min on stream, surface 
species absorbing at about 350 and 510–690 nm were formed (Fig. 2). According to 
the literature, the band at shorter wavelengths could be assigned to allylic cations 
[1,6]. With increasing TOS, the intensity of the band at 350 nm decreased and two 
new absorption bands at 330 and 385 nm grew. In the NIR range overtones of CH 
vibrations of saturated and unsaturated hydrocarbons were recorded.
The UV-vis spectrum of SZ, first exposed to 1-butene for 16 h and then purged with 
He at 373 K, showed an increased intensity of the band at 385 nm and new bands at 
470 and 570 nm (Fig. 1). Interestingly, their positions are very close to those of the 
bands in the spectra of SZ first exposed to n-butane and then to water. Bands at 
430–455 nm have been assigned to quinone-type compounds previously [7], the 
other bands are not yet identified.
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Fig. 1: UV-vis spectra during treatment (a) in 
water vapour of SZ first exposed to n-butane and 
(b) in He of SZ first exposed to 1-butene.

Fig. 2: UV-vis spectra during isomerization, 1 kPa 
1-butene, 303 K.

In summary, the investigations of SZ catalysts during n-butane and 1-butene 
isomerization revealed:

- surface species absorbing so far in the vis range that they must be highly 
unsaturated or conjugated

- deactivation without formation of such species in case of Mn-promoted SZ
- reaction of surface deposits with water at room temperature; hence surface 

species may be highly reactive and can only be analyzed in situ
- in situ UV–vis–NIR spectroscopy is a helpful technique in this respect because 

it simultaneously delivers information on electronic and vibrational transitions 
and can be applied in situ.
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