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1. Introduction
Isomerization of straight chain alkanes to their branched isomers is of great industrial 

importance. The isoproducts are used themselves as fuel components, or in the making of 
gasoline components such as methyl t-butyl ether (MTBE),1,* or as intermediates for more 
valuable hydrocarbons.

The skeletal isomerization reaction is challenging in that the alkanes are not very reactive 
molecules while the thermodynamic equilibrium becomes less favorable at higher 
temperatures. Thermodynamic data for the two reactant molecules of interest in this thesis, 
i.e. n-butane and n-pentane, and their isomers are presented in Table 1-1. The target reactions 
are given below.

Table 1-1: Thermodynamic data (T=298 K) of butanes and pentanes2

Isomerization of n-butane
11

104104 3.2;7 −− −=°∆−=°∆−− molkJGmolkJHHCiHCn rr

Isomerization of n-pentane
11

125125 6.6;8 −− −=°∆−=°∆−− molkJGmolkJHHCiHCn rr

The equilibrium composition for butane as a function of temperature is given in Figure 1-
1. It can be seen that a low reaction temperature is desirable. A primary demand on the 
catalyst is thus that it be active a low temperature. In liquid phase, alkane isomerizations are 
catalyzed by strong acids such as HF/SbF5, RSO3H/SbF5, CF3SO3H, and HSO3F.3 These acids
cause corrosion, handling, separation, and disposal problems and are undesirable for large 
scale chemical processing.

  
* MTBE has become a subject of debate in the USA because of its poor biodegradability. It is being distributed 

in the environment through leaks in fuel storage and transport facilities. The fuel delivery system in Germany 

and Europe is based on double-walled containers, which largely avoids such a spread. The typical MTBE content 

in gasoline in Europe varies between 0.1 and 9.2 wt%.

Compound ΔfH°, kJ∙mol-1 S°, J∙mol-1∙K-1 ΔfG°, kJ∙mol-1 Cp°, J∙mol-1∙K-1

n-Butane (g) –125 310 –15.7 98.8
Isobutane (g)

2-Methyl propane
–132 295 –18.0 96.8

n-Pentane (g) –146 348  –8.11 123
Isopentane (g)

2-Methyl butane
–154 343 –14.7 121

Neopentane (g)
2,2-Dimethyl propane

–166 306 –15.2 122
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Therefore, strongly acidic solid catalysts 
have been developed in order to benefit from 
the advantages of a heterogeneously 
catalyzed reaction and to avoid the 
disadvantages of the mineral acids. It should 
be mentioned though that liquid acids still 
play a major role as alkylation catalysts.4

Many other reactions are catalyzed by solid 
acids and bases.5 Solid catalysts that are 
currently employed industrially in alkane 
isomerization are listed in Table 1-2.

Table 1-2: Catalysts in use for commercial alkane isomerization6-9

The sulfated zirconia catalyst has only been industrially implemented for several years, 
and there is no written information on the catalyst beyond it being a sulfated metal oxide with 
platinum added. It has been said in public by UOP affiliates that the oxide is zirconia.10 The 
history of this catalyst goes back to 1962, when Holm and Bailey11 discovered that platinum-
doped sulfated zirconia is active for isomerization and filed a patent (assigned to Phillips 
Petroleum). The catalyst did not draw much attention until the years 1979 and 1980 when two 
publications12,13 by Hino and Arata prompted great interest in the field. Their catalyst was 
made by hydrolysis of zirconyl nitrate, and sulfation of the dried precipitate with sulfuric acid, 
and subsequent calcination at 773 K. The catalyst was active for the isomerization of n-butane 
at room temperature, offering unique possibilities for low-temperature isomerization. Because 
of this exceptional activity, which is usually only observed for liquid superacids, the material 
was deemed a solid superacid by the authors. This hypothesis was supported by the catalyst’s 
Hammett constant, which was determined to be –14.52. Many articles classify sulfated 
zirconia as a solid superacid.14-16

Soon the claim that sulfated zirconia should be a solid superacid was challenged by a 
number of authors17-19 which was the beginning of an ongoing debate. The point of origin of 
the debate was that the classical characterization techniques of acidic sites on surfaces fail to 
detect superacidic sites on sulfated zirconia.17,18

In 1990, Hollstein et al.20 (Sun Refining and Marketing Company) patented a modified 
catalyst containing transition metals in cationic form as promoters. Soon thereafter, Hsu et 
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Figure 1-1:  Equilibrium composition for n-
butane/isobutane isomerization as a function of 
temperature. The temperature dependence of the 
reaction enthalpy was neglected.

Catalyst Operating temperature / K Comments
Chlorided alumina 393–453 Organic chloride must be added 

constantly, catalyst is water sensitive: 
feed and makeup must be dried 

Zeolite 533 Contains Pt
Sulfated zirconia 353 Contains Pt
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al.21 reported on a sulfated zirconia catalyst promoted with 1.5 wt% iron and 0.5 wt% 
manganese, which was two orders of magnitude more active for n-butane isomerization than 
non-promoted sulfated zirconia.

Based on a temperature-programmed 
desorption experiment with substituted 
benzenes, this catalyst was claimed to be 
even more acidic than sulfated zirconia.22

Later on, more elaborate experiments23-26

showed that the benzenes decompose during 
the heating and desorption process and were 
unsuitable as probe molecules.

A comparison of the catalytic 
performance of sulfated zirconia and an iron-
and manganese-promoted sulfated zirconia, 
both materials from our laboratory, is shown 
in Figure 1-2. Despite the lower reaction 
temperature—338 vs. 358 K—the promoted 
catalyst produced isobutane at a much higher rate. The graph also shows some characteristics 
of the reaction profile, i.e. the changing catalytic performance with time on stream. First, for 
both materials, an induction period during which the activity slowly increases is observed. For 
the promoted catalyst the activity then reaches a maximum. The following deactivation is 
only partial with a long term activity remaining. The unpromoted sulfated zirconia displays a 
steady activity under the conditions selected above. However, a profile as obtained for the 
promoted catalyst will also be obtained for sulfated zirconia, if the reaction temperature or the 
n-butane partial pressure is raised.

To date, the nature of the active sites on sulfated zirconia catalysts has not been 
satisfactorily identified and correlated with the catalytic performance. The structure of the 
sulfate and the acidity of the catalyst have been extensively studied as will be shown in 
Chapter 2, but therein lies no conclusive explanation for the extraordinary activity. The role of 
the promoters is unknown as are the reasons for the observed reaction profile.

The goal of this work was to reveal the nature and the number of the active sites on 
sulfated zirconia, and iron-promoted or manganese-promoted sulfated zirconia, and to 
understand the method of operation of the material. Hence, the work does not focus as much 
on acidity as the previous work in this field, but on the structure of the zirconia and the role of 
the promoters. Several model systems are prepared to study the influence of the zirconia bulk 
and to allow successful application of surface science methods. Additionally, the information 
in the reaction profile is exploited by correlating the catalytic and spectroscopic data from in 
situ experiments. Reasons for catalyst deactivation and procedures for regeneration are 
evaluated.

0 120 240 360 480
0

2
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6

sulfated zirconia

sulfated zirconia, promoted with
1.5 wt% Fe and 0.5 wt% Mn
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Figure 1-2:  Isobutane yield vs. time on stream, 
comparison of sulfated zirconia (open symbols, 
reaction at 358 K) with iron- and manganese-
promoted sulfated zirconia (solid symbols, reaction 
at 338 K). Conditions: 500 mg catalyst, 1 kPa 
n-butane in N2 at atmospheric pressure, total flow 
80 ml∙min-1.
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The thesis is structured as follows: Chapter 2 gives more background on the subject and a 
literature overview. In Chapter 3, the strategy is laid out with description of the materials to 
be studied and the methods to be used. The following chapters then report and discuss: the 
preparation and handling of zirconia catalysts (Chapter 4), powder model systems for sulfated 
zirconia (Chapter 5), nature and effect of the promoters and sites (Chapter 6), deactivation and 
regeneration (Chapter 7), and the development of a thin film model system (Chapter 8). 
Chapter 9 presents a summary discussion and Chapter 10 a unified model for catalyst 
operation.
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2. Background and Literature
A number of review articles have appeared; they are listed in Table 2-1.

Table 2-1: Review and review-like articles on sulfated zirconia and related topics

2.1 Sulfated-Zirconia-Based Catalysts

2.1.1 Preparation of Bulk Zirconia and Sulfation

There are three general routes to produce sulfated zirconia:
(i) Precipitation through hydrolysis of a zirconium salt solution33-62

The salts typically employed are either ZrOCl2 or ZrO(NO3)2. The precipitate is 
sulfated using either H2SO4 or (NH4)2SO4, more recently also using (NH4)2S2O8,63,64

and the resulting material is calcined.
(ii) Sol-gel synthesis from organic precursors46,47,65-79

Organometallic compounds, i.e. zirconium alcoholates such as tetraisopropoxide 
Zr(OC3H7)4 are used as zirconium sources. Sulfuric acid can be used to initiate the 
gelation; then an extra sulfation step becomes obsolete. Reverse microemulsions have 
been used to restrict particle size.76

(iii) Thermal decomposition of zirconium sulfate80-82

An active material for acid catalysis (test reaction: cumene cracking80) can also be 
obtained by heating Zr(SO4)2 to a temperature between 700 and 1073 K.

Some more exotic routes for the preparation of zirconia have been described by Afanasiev 
et al.;57 and surface sulfate has also been created via treatment of zirconia with H2S or SO2 in 
an O2-containing atmosphere.83 Except for the route 3), a precursor is prepared and converted 

Authors Title Journal / Year
Arata Solid superacids Adv. Catal. 199027

Davis, Keogh, and 
Srinivasan

Sulfated zirconia as hydrocarbon conversion 
catalyst

Catal. Today 199028

Yamaguchi Recent progress in solid superacid Appl. Catal. 199014

Arata Preparation of superacids by metal oxides for 
reactions of butanes and pentanes

Appl. Catal. 199629

Song, Sayari Sulfated zirconia-based strong solid-acid 
catalysts: recent progress

Catal. Rev. Sci. Eng. 
199630

Sie Isomerization reactions Handbook of 
Heterogeneous Catalysis 
199731

Yadav, Nair Sulfated zirconia and its modified versions as 
promising catalysts for industrial processes

Microporous and
Mesoporous Materials 
199932
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to crystalline zirconia by heat treatment. Crystallization of amorphous material can also be 
effected by treatment in a ball mill.84

A number of trends in the preparation of sulfated zirconia have been established, such as 
correlations between the sulfate content and the calcination temperature,85-88 the sulfate 
content and the sulfate concentration in the preparation solution,89-92 the sulfate content and 
the method of sulfate application,62,93 the phase composition and the calcination 
temperature,86 the isoelectric point and the calcination temperature,94 the surface area and the 
calcination temperature,65 the formation of strong Lewis sites on crystallographic defects 
through elimination of sulfate and the calcination temperature,95 the surface area and the 
concentration of the sulfate solution39,89,91 or the sulfate content,65,96 and the pore diameter and 
the concentration of sulfate solution.39

Mostly, the sulfate is added at the precursor stage. The temperature range for the 
calcination is then bordered by crystallization of ZrO2 starting approximately at 723 K and the 
decomposition of sulfate at approximately 923 K. In the presence of sulfate, materials with 
higher surface area are obtained after calcination than in absence of sulfate.96-99 This 
phenomenon was explained by assuming stable sulfate bridges, which hinder the formation of 
oxo bonds between zirconium ions and thus prevent sintering.97 The order of magnitude of the 
sulfate content usually corresponds to several wt% SO3 in the final catalyst. A typical surface 
area range for the calcined catalyst is 70–160 m2∙g-1.97,98 Some authors have claimed that 
calcining first and then adding sulfate does not yield an active catalyst.12,15,86,100 However, 
Riemer et al.101 and Ward and Ko73 could show that an active material can be obtained by 
sulfating crystalline ZrO2, and Vera and Parera88 were successful by using H2SO4 vapor. In 
general, a more active material with higher surface area and a higher fraction of the tetragonal 
phase of ZrO2 (see 2.1.2) results if the calcination is conducted with sulfate already present.

Activities reported in the literature for sulfated zirconia catalysts vary in a conspicuous 
manner. This applies not only to different materials prepared by different groups but also to 
supposedly similar materials. It was pointed out by Keogh et al.102 that the reproducibility of 
sulfated zirconia catalysts, particularly when prepared in large batches, is rather poor. The 
spread in catalytic activities and the lack of reproducibility suggest that there are preparation 
parameters yet unknown that have a strong influence on catalyst performance. These issues 
are addressed in Chapter 4.1. and they focus on calcination. Precursor materials for zirconia 
and sulfated zirconia are available from the manufacturers of zirconium compounds. These 
precursors are largely X-ray amorphous precipitates and are often designated as “hydrous 
zirconia”. In order to reduce the number of preparation parameters, such materials were used 
as starting compounds for this work and were either only dried and calcined, or dried, 
promoted, and calcined.

The activity in n-butane isomerization was found to depend on the pH during sulfate 
application,36 the concentration of the sulfate solution,39,103 the calcination temperature,86,103

and the pretreatment temperature and the degree of hydration.65,104-107 It has thus been 
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possible, to a certain extent, to correlate the catalytic performance to a preparation (or 
activation) parameter. Less successful have been attempts to correlate the catalytic activity to 
a certain property of the catalyst. Although it is known how certain properties change with the 
preparation parameters (vide supra), it remains difficult to identify which property is crucial. 
With the change of a single preparation parameter usually several properties change. Vera and 
Parera88 found the activity poorly correlated to the textural properties and the sulfate content, 
which suggests that other properties are relevant for catalyst performance. Accordingly, 
catalyst characterization must be extended to encompass textural, structural, and chemical 
information. The results of such a study on a series of catalysts, predominantly promoted with 
manganese or iron, are presented in Chapter 6.

2.1.2 Role of the Zirconia Bulk

Table 2-2: Properties of different ZrO2 phases

Phase / Property Monoclinic Tetragonal Cubic
Space group P21/c P42/nmc Fm3m
Density / g∙cm-3 5.82108 ≈ 6.0109 (depending 

on dopant type and 
concentration)

6.27108

Oxygen coordination around Zr 7 8 8
Distance to nearest oxygens / Å110

(number of oxygens at this 
distance)

2.051
2.057
2.151
2.163
2.189
2.222
2.285

2.065 (4)
2.455 (4)

2.28 (8)

Mean Zr-O distance / Å110 2.160 (7) 2.260 (8) 2.28 (8)
Mean Zr-Zr distance / Å110 3.720 (12) 3.67 (12) 3.72 (12)
Unit cell parameters a = 5.169 Å

b = 5.232 Å
c = 5.342 Å
β = 99.3°
McCullough111 / 
1967

a = 3.592 Å
c = 5.184

Howard et al.112 / 
1990

a = 5.09 Å

Katz113 / 1971

Although a bulk property, the zirconia phase is considered relevant for the catalytic 
performance. In Table 2-2 and in the following, a brief account of the zirconia phase behavior 
is given.

Zirconia appears in three polymorphs with the following transitions temperatures:114
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meltcubictetragonalmonoclinic KKK  →← →← →← 295326431443

A tetragonal phase is also obtained at elevated pressure, i.e. in the range 3.5 to 16 GPa.115

Various phase diagrams have been published.116

One of the major applications of zirconia is its use as a high temperature ceramic, and a 
wealth of information relevant to this topic is available in the according literature. One aspect 
that is potentially interesting for catalysts is the doping of zirconia, which has the aim of 
stabilization of the high-temperature phases. For ceramics the motivation is to avoid phase 
transitions with a volume change because they can cause cracking of work pieces. While the 
volume change for the transition cubic/tetragonal is not significant, there is a volume increase 
of about 4% upon transition to the monoclinic phase.110

The tetragonal and the cubic phase can be stabilized through cationic dopants with an 
oxidation state lower than +IV; these cations are incorporated into the zirconia lattice (solid 
solution formation). Typically, the tetragonal phase is stabilized at “low” (a few wt%) dopant 
concentration; above a certain concentration, the cubic phase is stabilized. The distinction of 
the tetragonal and cubic phase by X-ray diffraction can be difficult and the amount of cubic 
phase may be underestimated.117,118 Calibration curves for the quantitative determination of 
the fractions of monoclinic and tetragonal zirconia have been published.119 The stabilization is 
of large practical importance, and particularly yttrium110,114,120-145 has been the focus of 
numerous investigations. Early systematic investigations on the suitability of certain cations 
as stabilizing agents were published by Stöcker,146 who described solid solutions of zirconia 
with oxides of magnesium, aluminum, vanadium, chromium, manganese, iron, nickel, copper, 
zinc, cadmium, lanthanum, and cerium.147,148 Other authors described the stabilization of 
tetragonal and cubic zirconia by sodium,149 magnesium,123,143 calcium,123,136,150,151 gallium,110

germanium,110 lead,143 scandium,152 niobium,109 iron,110,153 cobalt,153 nickel,153 copper,153

lanthanum,136,138,145,154,155 cerium,110,156-159 neodymium,154,157,158 and gadolinium.110

Combinations of dopants are also reported, e.g. yttrium + niobium,110,160 tantalum,160

titanium,127,161 vanadium,127 chromium,127,135 manganese,127,135 iron,127,135,161 cobalt,127,162

nickel,127,135,143 copper,127 silver,143 cerium,127,135 praseodymium,127,135 neodymium,135

gadolinium,127 and erbium.135 The tetragonal phase is allegedly destabilized by the presence 
of hafnium; a content of 10 mol% and less suffices to obtain only the monoclinic phase.163

This observation is interesting in that commercially available zirconium compounds 
frequently contain hafnium as an impurity.

Even without deliberate addition of dopants, the metastable phases may exist at room 
temperature. Various explanations have been given for this phenomenon. Garvie164-168

claimed that below a certain particle size, the tetragonal phase is thermodynamically favored 
over the monoclinic phase. Garvie assumed that the surface energy of the monoclinic phase is 
larger than that of the tetragonal phase. At a certain particle diameter, the difference in the 
surface energies overcompensates the difference of the bulk energies of the two phases. 
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According to Garvie, the two phases are in equilibrium at 573 K and 30 nm particle size 
(cube-shaped particles).164 This approach is controversially discussed in the 
literature.40,41,72,163,169 Wang and Lin72 however did not believe particle size, trapped electrons, 
or carbon impurities to be primarily responsible for the stabilization of the tetragonal phase; 
they suggested that the tetragonal phase is predominantly stabilized by strain. Mitsuhashi et 
al.170 opposed both the surface energy and the strain idea. Djuričić et al.177 found the stability 
of the tetragonal with respect to the monoclinic phase increased in sub-stoichiometric 
material, which had a smaller c/a ratio. Torralvo et al.171 also claimed that oxygen vacancies 
are responsible for the existence of the tetragonal phase at low temperatures. Tani et al.172

ruled anionic impurities, strain, and particle size out as stabilizing factors for formation of the 
tetragonal phase under hydrothermal conditions.

The existence of tetragonal zirconia at room temperature has not only been explained by 
stabilization of this phase but also by its preferred formation. The crystallization of zirconia 
from an X-ray amorphous precursor through heat treatment seems to initially produce cubic173

or tetragonal zirconia,169,174,175 which is, during longer heating41 or upon cooling40, converted 
to monoclinic zirconia. The fraction of monoclinic zirconia increases with increasing 
calcination temperature.46,79,100,176-178 As an explanation for the crystallization into the 
tetragonal (cubic) phase, it was suggested that (i) tetragonal nuclei are formed during 
precipitation in strongly acidic media (pH < 2) and these nuclei are structure-directing during 
heat treatment,60, (ii) with the escape of impurities during calcination defects, in the form of 
electrons trapped in oxygen vacancies, are formed and the nucleation of the tetragonal phase 
is favored,179 or (iii) the tetragonal zirconia crystallizes topotactically on top of amorphous 
zirconia.172 Cubic zirconia also crystallized from concentrated NaOH solutions at 393 K.173

It is not possible to obtain tetragonal zirconia through quenching of a sample that has 
been heated beyond the m→t transition temperature.164,175 The martensitic phase 
transformation from tetragonal to monoclinic122,126,180 may be induced or accelerated under 
hydrothermal conditions,124,152,174,181 by mechanical stress79,182-184 (see Chapter 4.2), in 
alcoholic suspension in an ultrasonic bath,170 or in aqueous solutions.185 According to 
Simha,186 the transition proceeds through two different reaction paths, i.e. shearing of one of 
the rectangular faces of the tetragonal unit cell or shearing of the square base.

In the preparation of zirconia catalysts, mixtures of the monoclinic and the tetragonal 
phase may be obtained. Even grains consisting of both phases are a possibility, with a 
tetragonal core and a monoclinic surface145,176 or vice versa.187 Addition of sulfate in the 
precursor state influences the phase composition of the calcined catalyst. In the presence of 
sulfate, more tetragonal phase is obtained than in the absence of sulfate;38,92 and purely 
tetragonal material may be obtained.40 This is consistent with the observed increase in m→t 
transition temperature in the presence of sulfate.188 Srinivasan et al. discussed that the t→m 
transition is initiated by oxygen vacancies on the surface and that sulfate covers these sites 
and thus inhibits the transition.99 The literature data are not entirely consistent, one group 
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found an increasing monoclinic fraction with increasing sulfate content,89 and some authors189

found that treatment of the precursor with sulfuric acid reduces the fraction of tetragonal 
zirconia in the product.

Early dissolution experiments in acid found tetragonal zirconia more “reactive” than 
monoclinic zirconia,178 and different behavior of tetragonal and monoclinic zirconia has e.g. 
been observed for the formation of alcohols from syngas.190 With respect to the catalytic 
activity of sulfated zirconia for alkane isomerization, it has been inferred that the tetragonal 
phase is the active one52,191 or at least essential for high activity.89 Vera and Parera88 claimed 
that for an active catalyst no specific crystalline phase is necessary, but in a series of catalysts 
they recently found those that were tetragonal to be active in n-C4-isomerization.52 Ward and 
Ko73 found the monoclinic phase to give a weak activity only. Stichert and Schüth192 and 
Stichert et al.193 reported that the activity of monoclinic sulfated zirconia in n-butane 
isomerization is only a factor of 5–7 or a factor of 4, respectively, smaller than activities 
reported for tetragonal sulfated zirconia. They concluded that the crystal phase plays a role 
but is not as crucial as previously thought. Morterra et al.194 published that sulfated cubic 
(yttria-stabilized)-zirconia is even more active than tetragonal zirconia. The role of the bulk 
phase for alkane isomerization is an open question and will be addressed in Chapters 4.2, 5, 
and 6.1.

2.1.3 Interaction of Sulfate with Zirconia Surface and Nature of Sulfate

It is usually assumed that the sulfate is located on the surface of zirconia crystals, 
however, there is no proof that this applies to all of the sulfur present in the sample. Farcasiu 
et al.89 found a much lower surface concentration of sulfur by XPS than calculated from the 
total sulfur content and the surface area. The authors suggested that the “sulfate has migrated 
into the bulk of the catalyst particles” and that these “internal sulfate ions seem to be isolated 
in the zirconia matrix”. Also based on XPS data, Marcus et al.195 claimed that all the sulfur is 
on the surface in the form of SO4

2-. The space needed for a sulfate group has been estimated 
to be 0.5 nm2 by Fraenkel82 who proposed a dilute sulfate state on the surface of zirconia.

The presence of sulfate does not only affect the zirconia phase composition but also the 
termination of the crystals. For pure tetragonal zirconia, Hofmann et al.196 performed first-
principles calculations using the density functional formalism and a plane wave basis set, and 
identified the (101) surface as most stable. Experimental data were obtained by Benaїssa et 
al.197 who employed high-resolution electron microscopy (HRTEM). The authors concluded 
that the presence of sulfate induced the preferential formation of “relatively long-flat” (110) 
planes, which could accommodate the sulfate in a two- or three-fold coordination. However, 
they suggested that this majority of sites may be spectator species while the highly active 
sulfate sites were located on the few observed rough surfaces with high Miller indices. With 
the help of small-angle X-ray scattering (SAXS) Benedetti et al.198 found a decrease in 
angularity, i.e. a shortening of edges and an increase in the corresponding dihedral angles, 
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after sulfation; consistent with TEM results191 that showed zirconia particles to be more 
“roundish” after sulfation.

Suggestions on the sulfate structure have mainly been made with the idea of strong 
acidity in mind; i.e. structures are arranged such that strong Brønsted or Lewis acidity can be 
envisioned. Examples are shown in Scheme 2–1. Morterra et al.,16 on the basis of IR 
spectroscopic results, described a structure consisting of a hydroxonium group with a 
localized interaction with the surface sulfate group; specifically the hydroxonium group is 
bridged over two hydrogens to the two double-bonded oxygens of the sulfate group which is 
bidentately bound to the surface. This structure represents the hydrated state; in the 
dehydrated state tridentate sulfate and bridging tetradentate pyrosulfate are the predominant 
structures. Stec et al.36 proposed a “three- or four-proton site” that includes one water 
molecule and a bidentate sulfate, an S-OH group and a Zr-OH group with all protons in rapid 
motion. Parera39 suggested a bidentate chelating sulfate that creates a weak Lewis acid 
through inductive effects. Tanabe et al.15 also discussed a bidentate chelating sulfate but 
claimed that this structure is a strongly acidic Lewis site because of the tendency to convert 
the S=O to S-O bonds. A chelating structure was also reported by Yamaguchi.14 A bridging 
bidentate or monodentate sulfate was inferred by Arata27 and Srinivasan et al.199 Ward and Ko 
concluded that the proximity of either a chelating or a bridging bidentate sulfate to a type I 
hydroxyl group creates a strong Brønsted acid site.73 A penta-coordinated sulfate structure 
was proposed by White et al.;200 the structure shows the sulfur with one double-bonded 
oxygen and four single bonds to oxygen atoms that each bridge two zirconium ions. Another 
model was proposed by Clearfield et al.33 who suggested that after dehydration at 573 K a 
bridging bidentate sulfate group is present with one of the connecting zirconium ions being a 
strong Lewis acid site due to incomplete coordination and a second neighboring zirconium 
ion being a weak Lewis acid site also due to incomplete coordination. For the dehydrated 
state, Ward and Ko65 favored a chelating bidentate sulfate model with an OH group on the 
neighboring zirconium forming a Brønsted acid site. Depending on the degree of hydration, 
Platero and Mentruit201 found bidentate ionic sulfate species, and covalent tridentate 
monosulfate and tetradentate disulfate species. Morterra et al.191 proposed a bidentate model 
with two S=O bonds at a 90° angle. Depending on the sulfate coverage, Bensitel et al.83

proposed either a (ZrO)3S=O (tridentate) or an S2O7 structure (tetradentate with 2 S=O units). 
A tridentate model with an attached OH group, and thus of Cs symmetry, was also favored by 
Riemer et al.101 on the basis of Raman and NMR spectra.



2. Background and Literature

12

Scheme 2-1: Selected proposed sulfate structures on the zirconia surface.
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Rosenberg and Anderson202 published a model of a pyrosulfate structure with Brønsted 
acid sites that are generated through hydrolysis of the S-O-S bond; however, their drawing 
(see Scheme 2-1) did not match the description in the text.

For a sulfate species with 2 S=O bonds, Jin et al.203 derived an equation from the work of 
several other groups that allows calculation of the exact S-O-bond order from IR stretching 
frequencies. For sulfate supported on zirconia, a bond order n = 1.86 was obtained, and a 
charge on the oxygen of qO = –0.14 was deduced according to qO = 2 – n. Patel et al.204

reported values of n = 1.83 and qO = –0.17.
Upon reducing sulfated zirconia with hydrogen, Xu and Sachtler205 obtained two different 

products, i.e. sulfide and sulfur dioxide, indicating that the sulfate species are not acting 
uniformly. In aqueous solution, sulfate exchanges 1:1 with OH groups on the surface of 
zirconia, suggesting monodentate coordination under these conditions.206

The preferred configurations of sulfate on different surfaces were also studied by 
theoretical calculations. Babou et al.207,208 modeled the surface of sulfated zirconia by a 
coordination complex which was composed such that it would represent the (001) surface of 
tetragonal ZrO2. The most stable structure corresponded to adsorbed H2SO4. On the surface of 
tetragonal zirconia, Haase and Sauer209 using periodic plane wave pseudopotential 
calculations based on density functional theory found the most stable structures to be a 
tridentate sulfate anion on the (101) surface and an SO3 complex on the (001) surface. Ireta et 
al.210 followed the interaction of the (110) surface with sulfate by total energy pseudopotential 
calculations based on density functional theory. A tridentate and a bridging bidentate structure 
were both found energetically acceptable. García et al.50 favor the idea of a penta-coordinated 
sulfur and proposed that superacidity is only generated during reaction conditions, i.e. in the 
presence of n-butane.

From all these different structure models and particularly from the investigations on the 
sulfate structure in dependence of the degree of hydration, it may be concluded that (i) there is 
no uniform sulfate structure on most of these catalysts, (ii) the sulfate structure is extremely 
flexible and depends strongly on coverage, pretreatment, and actual conditions. It is 
understood that the sulfate is essential for the catalytic activity in alkane isomerization. Little 
is known about the fraction of sulfate that participates in the reaction; if several structures 
coexist on the surface, only one may be relevant. In order to elucidate this question, in 
Chapter 6.2 the number of catalytically relevant sites is determined and related to the amount 
of sulfate in the samples.

2.1.4 Promotion of Sulfated Zirconia

Numerous promoters have been tested with, in part, quite controversial results. First row 
transition metal such as Fe,29,211-221 Mn,29,215-216217218219220221 Co,29,216,222,223 and 
Ni29,215,216,218,222,224 have so far drawn the most attention. Yori and Parera223 found a 
promotion effect in the order Ni > Co > Fe. The results by Coelho et al.218 indicate that Ni is 
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better than Fe, while Mn is without effect.218 Consistently, García et al.219 also claimed that 
Mn has no promotional effect. Arata29 reported Mn and Fe to have a positive and Co and Ni 
to have a negative effect on the n-butane isomerization activity of sulfated zirconia. 
Yamamoto et al.217 described Mn addition as not very effective as opposed to Fe addition, 
Srinivasan et al.220 also describe Fe as superior to Mn. According to Miao et al.215 Fe, Ni, and 
Co enhance the catalytic activity while Mn diminishes it.

Earlier studies by the author of this thesis showed that a number of transition metals 
qualitatively produce a similar promoting effect.216 The selection of reaction conditions was 
identified as crucial for observation of the best catalyst performance. Catalysts promoted by 
highly active promoters such as Mn undergo extremely fast deactivation, and a short-lived 
maximum activity may be missed at conditions of high conversion. If the temperature or 
partial pressure is raised, the induction period is often not observed but only a declining 
activity, making it impossible to determine the true maximum activity. The efficacy of the 
promoters follows a trend in the periodic table, i.e. under the selected conditions, the 
maximum activity decreased in the order Mn > Fe >> Co > Ni >> Zn. It was estimated that 
the turnover is not yet catalytic at the end of the period of high activity, if each promoter atom 
is assumed to represent an active site.

Some early work on other cationic promoters is included in Arata’s review from 1996.29

He himself had tested Sn, Hf, Cr, Mo, W as additives and found Mo, W, Sn, and Hf without 
effect, and Cr of negative effect for the isomerization of n-butane. Patel et al.204 found Sn to 
reduce the activity of sulfated zirconia in n-butane isomerization. Cr was also found to be a 
promoter but Cu was an inhibitor.223 Miao et al.215 classified Al, Ti, V, Cr as promoters while 
W and Sn diminished the catalytic activity; Al was later investigated in more detail and was 
repeatedly found to increase isomerization activity.225-229 Corma et al.51 found the elements Ce 
and Nb to be promoters in alkane isomerization. Perez-Luna found both Al and Ni to have an 
individual and a synergistic promoting effect.230 Silver and copper in the form Ag0 and Cu0

were recently added to the list of promoters; they were tested in n-pentane isomerization.231

Combinations of promoters were also tested whereby particularly the combination of Fe 
and Mn was studied in detail,17,23-242526,215,217-218219220221,232-256 also for cracking257-261 and 
alkylation reactions,262 because a synergy effect between the two promoters was reported. 
Other successful combinations include Cr-Fe and V-Fe.215 Some additives such as Ca were 
not tested for their effect on the catalytic performance of sulfated zirconia, but only for their 
effect on structure and acidity.263

The promoting effect has been ascribed to (i) increase in acid strength,22,238 these 
experiments were later proven misleading;24,25,26 (ii) facilitated formation and stabilization of 
carbenium ion and alkene intermediates on the surface,244,245 increased dehydrogenation 
ability,29,17 strengthened interaction with carbenium ions,214 stabilization of the transition state 
complex on the surface,17 (iii) a redox trigger of the acid catalyzed process,232 a different 
degree of synergism between redox and acid sites,253 a combination of a redox-active metal 
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site and an acid site in close proximity with oxidative dehydrogenation as initiating step;247

and (iv) formation of ‘less oxidized’ Zr species.213 Although many of these suppositions point 
towards an interplay between redox and acidic sites, no clear-cut picture has evolved and the 
evidence for the promoter action is mainly indirect.

The two most promising promoters are manganese and iron. These promoters have also 
been combined with zirconia to give catalysts for other reactions (without the presence of 
sulfate). Zirconia supported iron oxide promoted with potassium is used in the 
dehydrogenation of 1-butene to give butadiene at 723 K and above.264,265 Manganese-
promoted zirconia is a catalyst for the total oxidation of n-butane266, of phenanthrene,267of 
CO,268 and for the decomposition of N2O,268 the dehydration of isopropanol,268 and with Li 
and Pd as additional promoters also for CO hydrogenation.269

These two most active promoters, manganese and iron, were selected for the present work 
(see Chapter 6), because they are promising but also controversially discussed in the 
literature.

2.1.5 Deactivation

Deactivation of sulfated zirconia catalysts during alkane isomerization almost always 
occurs at higher conversions and can be very rapid, i.e. within 30–120 min on 
stream.104,106,107,270 The activity typically declines to 10–20% of its maximum value. It is 
possible to suppress deactivation by using supercritical conditions in a narrow temperature 
window and at limited conversion.271-273 Several suggestions have been made in order to 
explain the deactivation process, among them: (i) formation of hydrocarbon surface deposits 
(“coke”)86,87,100,107,195,274-282 (excluded by other authors283); (ii) reduction of Zr4+→ Zr3+ at the 
surface by the reacting hydrocarbon;276 (iii) reduction of the surface sulfate groups283 and H2S 
formation;277 (iv) change in the surface phase of zirconia from tetragonal to monoclinic;284

and (v) surface poisoning by water.86 Deactivation of promoted catalysts can also be 
envisioned by reduction of the promoter in a stoichiometric redox reaction which initiates the 
catalytic cycle. Evidence for these hypotheses mainly arises from investigations of the fully or 
partially deactivated catalyst86,100,274-275276,279,284 often after removal from the reactor.

A true in situ experiment, i.e. a continuous monitoring of the catalyst during the reaction 
and a correlation of catalyst state with the actual catalytic activity is lacking. In order to close 
this knowledge gap, deactivation and regeneration of sulfated zirconia and promoted sulfated 
zirconia are studied using in situ UV–vis, in situ IR and in situ X-ray absorption spectroscopy. 
The results are presented in Chapter 7, which also includes attempts at catalyst regeneration.

2.1.6 Addition of Platinum Metals to the Catalyst and Hydrogen to the Feed

A brief description of the effect of various platinum metals is given in the review by 
Arata,29 who, in cooperation with Hino, has also addressed the effect of Ir, Pt, Rh, Ru, Os, and 
Pd. Ir and Pt created the highest activity in n-butane isomerization.285 One of the major 
incentives for the use of Pt in combination with H2 in the feed is that deactivation can be 



2. Background and Literature

16

suppressed. Many papers deal with addition of Pt to sulfated zirconia52,68,70,90,91,102,282,286-315 or 
promoted sulfated zirconia.243,316 Typically the Pt content is up to 1 wt% metal,288,291,292

sometimes it is a few percent.68,294 Alternatively, the Pt has not been supported on the sulfated 
zirconia but on other oxides such as alumina, and mechanical mixtures of both materials are 
used.65,288 An increase in activity and selectivity was observed for such mixtures in 
comparison to the sulfated zirconia catalyst.288

The effect of H2 in the feed was studied in detail with Pt-promoted sulfated zirconia; the 
results are ambiguous. The reaction order in H2 is positive according to researchers around 
Iglesia and Soled286,287 and negative according to Liu et al.291,292 The formation of coke 
precursors is inhibited by Pt in the presence of H2

288 and the conversion is stable for 83 h.292

However, Garin et al.295 reported that Pt is not really necessary for stabilization of the activity 
when the H2 pressure is as high as 750 torr. According to Signoretto et al.,296 Pt does not have 
an effect on the catalytic activity of sulfated zirconia and H2 may have an inhibiting effect. Pd 
has a different influence than Pt, i.e. it did not increase the activity and only at a very high 
H2/n-butane ratio of 1.2 was an activity plateau observed.317

Platinum metals were not added to the sulfated zirconia catalysts within this thesis work; 
an additional metal function would increase the complexity and make a fundamental study 
more difficult. Nevertheless, the addition of platinum metals must be considered as a 
possibility to stabilize the activity of these promising catalysts.

2.1.7 Reactions Catalyzed by Sulfated Zirconia

A large number of publications is devoted to the isomerization of straight chain alkanes to 
their branched isomers. Most of these papers deal with the isomerization of n-butane, but n-
pentane and longer alkanes have also been studied. A good overview of the types of reactions 
that are catalyzed by sulfated zirconia has been given by Yadav and Nair in 1999.32 The 
transformations include alkylation, isomerization, condensation, etherification, acylation, 
esterification, nitration, and oligomerization. A number of specific reactions are also named, 
but the role of sulfated zirconia is not always clear; e.g. sulfated zirconia was used as a co-
catalyst in Fischer-Tropsch reactions and lithium-doped sulfated zirconia was employed in 
methane coupling, although the stability of the sulfate at the reaction temperature of 1073 K is 
questionable.

More recent publications concerning the catalytic activity of sulfated zirconia catalysts 
report on alkylation of benzene with alkenes,318 alkylation of isobutane with butenes,319

acylation of anisole with benzoic anhydride,320 acetylation and benzoylation of aromatics,321

esterification of benzoic acid with methylbenzoate,322 benzoylation of arenes,323 ethene 
dimerization,324 isomerization of citronellal to isopulegol,325 double bond isomerization of 1-
butene,326 isobutanol dehydration,326 acylation of toluene with benzoic acid or benzoyl 
chloride,327 and isomerization of α-pinene.92
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2.2 Related Catalysts

2.2.1 Anions other than Sulfate 

Instead of sulfate other anions have been used to modify zirconia in order to create solid 
acid catalysts. A good overview of the materials studied was given by Arata in 1996.29

Among the anions are halides such as chloride or fluoride,328 other main group oxoanions of 
acids such as borate,29 phosphate,329-334 selenate,29 or tellurate,29 and transition metal 
oxoanions such as chromate,29 molybdate,29,54,335 or tungstate.29 Particularly tungstate has 
drawn the attention of several research groups in the past decade,29,54,336-348 see also Table 2-3. 
Tungstated zirconia catalysts are less active than sulfated zirconia catalysts339 but tend to have 
a higher stability. Certainly tungstate is not as easily converted into volatile compounds as 
sulfate. In analogy to the sulfated zirconia catalyst, promoters such as iron and platinum have 
also been added to the tungstated zirconia materials with success.342

2.2.2 Supports other than Zirconia

The following other oxides have been modified by sulfate to produce solid acid catalysts: 
titania,82,93,203,328,349-357 iron oxide Fe2O3,82,203,357,358 tin oxide (SnO2),82,93,203,357

alumina,82,203,349,351,357 silica,203,357 bismuth oxide (Bi2O3).203 Again the review by Arata from 
199629 provides a good overview. A brief description of selected research studies is given in 
Table 2-4. Interestingly, sulfated tin oxide has been found more acidic29 than sulfated zirconia 
but has by far not drawn as much attention as sulfated zirconia. It is also possible to work 
with mixtures of sulfated metal oxides with zirconia-supported Pt.357
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Table 2-3: Overview of research on tungstated zirconia

Preparation Test reaction Further investigations Reference / Year
Precipitation from ZrOCl2, impregnation with 
(NH4)6H2W12O40

n-pentane isomerization Hammett indicator method, XPS Arata29 / 1996

Impregnation of hydrous zirconia with ammonium 
metatungstate + hexachloroplatinic acid

n-butane isomerization, n-butane 
disproportionation, presence of hydrogen

Poisoning with n-propylamine, use of labeled 
butane: 1*C4 and 1-4*C4

Larsen and Petkovic359,360 / 
1996

Impregnation of hydrous zirconia with ammonium 
metatungstate + hexachloroplatinic acid

- Adsorption of pyridine & DRIFTS, TPD of 
methanol

Larsen et al.361 / 1997

Impregnation of hydrous zirconia with ammonium 
metatungstate

Dehydration of 1-propanol, 2-propanol, 
tert-butanol

XRD, EXAFS (W edge) TPReac Larsen et al.336 / 1997

Impregnation of aerogel from zirconium 
n-propoxide with tungstate (sulfate)

n-butane isomerization TG, XRD, IR spectroscopy Boyse et al.337 / 1997

One-step sol-gel synthesis and incipient wetness 
impregnation

n-butane isomerization Surface area and pore size distribution, XRD, 
Raman and DRIFT spectroscopy

Boyse and Ko362 / 1997

Impregnation of zirconia aerogel with ammonium 
tungstate

cumene cracking XRD, Raman Huang et al.54 / 1998

Precipitation from ZrOCl2, impregnation with 
(NH4)6H2W12O40

n-pentane isomerization NH3 & calorimetry Vartuli et al.338 / 1999

Precipitation from ZrOCl2, impregnation with 
(NH4)6H2W12O40, addition of Pt

simultaneous hydroisomerization of 
n-heptane and hydrogenation of benzene

Surface area, XRD, NH3 TPD, TPR, XPS Arribas et al.344 / 2000

Impregnation of amorphous Zr(OH)4 with 
(NH4)6H2W12O40

- TPR, EPR, Raman; IR spectroscopy: CO 
adsorption

Kuba et al.339 / 2001

Impregnation of amorphous Zr(OH)4 with 
(NH4)6H2W12O40; Addition of Fe and Pt

n-pentane isomerization Kuba et al.342 / 2001

Precipitation from ZrOCl2, impregnation with 
(NH4)6H2W12O40

o-xylene isomerization H2, O2, CO2 chemisorption, NH3 & TPD, D2

isotopic exchange; NH3 & IR 
Baertsch et al.340 / 2001

Sol-gel synthesis from solution of ZrOCl2, 
ammonium metatungstate and polyvinyl alcohol

- XRD, UV–vis spectroscopy, methanol adsorption Melezhyk et al.341 / 2001
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Preparation Test reaction Further investigations Reference / Year
Coimpregnation of zirconium hydroxide with 
tungsten and platinum salts

- ESR Punnose and Seehra363 / 
2002

Coprecipitation from ZrOCl2 / Al(NO3)3 solution, 
incipient wetness impregnation of Al(OH)3-Zr(OH)4

with ammonium metatungstate; addition of Pt

n-heptane isomerization BET, deuteration + titration with water & NMR Hua and Sommer364 / 2002

Precipitation from ZrOCl2 solution, equilibrium 
impregnation and impregnation with ammonium 
metatungstate

- XRD, XPS, DR-UV–vis, XAS, Raman, BET Valigi et al.348 / 2002

Precipitation from ZrOCl2 solution, impregnation 
with ammonium metatungstate

n-butane isomerization BET, analysis of amount of coke after deactivation De Rossi et al.346 / 2002

Impregnation of amorphous Zr(OH)4 with 
(NH4)6H2W12O40

- NO & IR Hadjiivanov et al.347 / 2002

Impregnation of amorphous Zr(OH)4 with 
(NH4)6H2W12O40; addition of Pt

n-pentane isomerization EPR, FTIR (CO adsorption); DR-UV-vis, Raman Kuba et al.343,365 / 2003

Impregnation of amorphous Zr(OH)4 with 
(NH4)6H2W12O40; addition of Pt, Fe

n-pentane isomerization in presence / 
absence of hydrogen in the feed

CO adsorption, TEM Lukinskas et al.366 / 2003

Impregnation of amorphous Zr(OH)4 with 
(NH4)6H2W12O40

H2 adsorption & isotherm, IR Triwahyono et al.367,368 / 
2003

Coprecipitation of ZrO(NO3)2, Al(NO3)3, and 
(NH4)6H2W12O40; impregnation of commercial 
tungstated precursor with Al

n-butane isomerization BET, XRD, NH3 & DRIFTS, TG; W edge XAFS Wong et al.369 / 2003

Legend: TPD – temperature-programmed desorption, TPR – temperature-programmed reduction, XRD – X-ray diffraction, BET – surface area measurement according to the 
BET method, TG – thermogravimetry, TEM – transmission electron microscopy, EXAFS – extended X-ray absorption fine structure, DRIFTS – diffuse reflectance Fourier 
Transform IR spectroscopy, EPR/ESR – electron paramagnetic/spin resonance, DR-UV–vis – diffuse reflectance UV–vis spectroscopy, XPS – X-ray photoelectron spectroscopy.
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Table 2-4: Examples of research on sulfated oxides other than zirconia

Material Preparation Test reaction Further investigations Reference / Year
Sulfated Fe2O3 Precipitation of Fe(OH)3 from Fe(NO3)3

solution, calcination, sulfation with 
(NH4)2SO4

Isomerization of cyclopropane XPS, IR: interaction of Fe2O3 with 
H2S, SO2, and SO3

Yamaguchi et al.358 / 
1986

Sulfated TiO2 (and ZrO2) Precipitation from TiCl4 solution, 
sulfation with (NH4)2SO4

Alkylation of 1-butene with isobutane, 1-
butene double bond isomerization, 
disproportionation of 
dichlorofluoromethane

pyridine & IR Hess et al.328 / 1997

Sulfated TiO2 Sulfation of TiO2 with (NH4)2SO4 Esterification of butanol with propionic 
acid, esterification of glycerin with oleic 
acid

IR, XPS, Hammett indicator method Li et al.350,352,353 / 1991 
& 1992

Sulfated Al2O3 and TiO2 Sulfation of commercial TiO2 or Al2O3

with SO2 or H2S in excess of oxygen
IR: reduction in H2, exchange with 
H2

18O, TG
Saur et al.351

1986
Sulfated Al2O3 and TiO2

(and ZrO2)
Sulfation of commercial oxides with 
(NH4)2SO4

Methanol dehydration Pyridine, CO & IR Waqif et al.349 / 1992

Sulfated TiO2, Fe2O3, 
Al2O3, SnO2, SiO2, Bi2O3

(and ZrO2)

Precipitation from nitrate (Zr, Ti, Fe), 
sulfate (Al), chloride (Sn, Bi) or 
ethanolate (Si) solutions, sulfation with 
(NH4)2SO4

Isomerization of cyclopropane Pyridine, NH3 & gravimetry, IR Jin et al.203 / 1986

Sulfated Fe2O3, TiO2, 
HfO2, SnO2, SiO2, Al2O3

Adsorption of sulfate on hydroxides 
amorphous oxides, or on oxides (Al2O3)

? XPS, IR, XRD Arata et al.354 / 1990

Sulfated TiO2, SnO2 (and 
ZrO2)

Precipitation from chloride (Zr, Sn) or 
alkoholate (Ti), sulfation with H2SO4 or 
(NH4)2SO4

Alkylation of 2-butene with isobutane Carbon content analysis of 
deactivated material

Corma et al.93 /
1996

Sulfated SnO2

(and ZrO2)
Precipitation from chloride n-butane isomerization XRD, DTA, XPS, pyridine & IR Patel et al.204 / 1997
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Material Preparation Test reaction Further investigations Reference / Year
Sulfated ZrO2, TiO2, SnO2, 
ZrO2-SnO2, Nb2O5

From propylate (Ti) or chloride, 
sulfation with H2SO4

cumene hydrocracking BET, XRD, Hammett indicators, 
n-butylamine adsorption

dos Santos370 / 1997

SiO2 supported sulf. TiO2 Impregnation of SiO2 with TiOSO4 cumene cracking XRD, Raman Huang et al.356 / 1998
Sulfated TiO2 solid-solid kneading and subsequent 

calcination of hydrated titania and 
(NH4)2SO4; impregnation with H2SO4

alkylation of benzene and substituted 
benzenes with isopropanol

XRD, FTIR, BET, adsorption of 
pyridine, morpholine, piperidine

Samantaray et al.355 / 
2000

Sulfated TiO2, ZrO2, Fe2O3; 
Al-promotion

Precipitation from ZrOCl2, TiCl4, or 
Fe(NO3)3 (+ Al(NO3)3)

n-butane and n-pentane isomerization XRD, TG, NH3 & calorimetry, Al-
MAS-NMR

Hua et al.228 / 2002
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2.3 Acidity Measurements

Sulfated zirconia activates n-butane at low temperatures and the main reaction product is 
isobutane; propane and pentanes are side products. The products indicate skeletal 
isomerization and so-called disproportionation. These reactions are typical of acid catalysis 
and due to the activity at low temperature it was concluded that sulfated zirconia is a solid 
superacid. The products are the same when the catalyst is promoted by e.g. Fe or Mn, it was 
thus claimed that the promoters increase the acidity. In the following, the concepts of acidity 
measurement in liquid phase and on surfaces are introduced.

2.3.1 Acidity in General, Liquid Phases, and Superacidity

Numerous concepts have been developed to describe acidity, by Brønsted, Lewis, 
Pearson, Arrhenius, and Bjerrum. Some of the concepts address selected systems, reflecting 
the difficulty in finding a general approach to the subject and a widely applicable technique of 
measurement. Fairly straightforward is the concept of Brønsted acidity in solutions, where the 
acidic species are solvated hydrons. The “acidity” is given through the hydron activity. In 
1909 Sørensen371,372 introduced the pH value with pH = –log (cH+) and suggested to call this 
quantity the “hydrogen ion exponent”. The pH was best determined through electrochemical 
measurements and thus reflected the hydron activity. The pH scale is a precise definition and 
measure of Brønsted acidity suitable for diluted aqueous media with an ionic strength smaller 
than 0.1 M. In aqueous media, the pH scale extends from 0 to 14 (limitation through 
autoprotolysis of water).

Generalizing the pH concept, acidity can be measured through interaction of the acid with 
a base in a solvent. The equilibrium between the acid and the base or “probe molecule” is 
influenced by the hydron donor capability of the acid, the hydron acceptor capability of the 
probe, and the solvation of all species involved. Aqueous solutions are a very specific case: 
the interaction of a hydron donor type acid with the probe molecule water in the solvent 
water.

The Hammett acidity scale is applicable to more highly concentrated solutions and to 
non-aqueous media. It is also based on the equilibrium between a hydron-donating acid and a 
base B with an acid constant KBH+. The acidity function H0 was introduced by Hammett and 
Deyrup:373

Typical Hammett bases are substituted aromatic compounds. In the early work by 
Hammett the visible color change of the indicator was the observable. Now the equilibrium 
concentrations are determined photometrically. The Hammett indicator concept was 
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transferred to solid surfaces by Walling in 1950,374 who studied a variety of oxides but also 
halides and sulfates.

The term “superacids” was brought up first in 1927 by Hall and Conant,375,376 who 
proposed that “solutions in which salt formation [of substances that show no basic properties 
in water] is exceptionally complete” should be called “superacid solutions”. Gillespie, who 
applied Hammett indicators to many different acids,377,378 proposed that “100% H2SO4 and 
other non-aqueous systems containing considerably more acidic species than the hydrated 
proton” should be classified as superacids.379 As for 100% sulfuric acid H0 = –11.93,379

systems with a more negative H0 are superacidic. This arbitrary definition is widely accepted. 
Superacidic systems are extensively discussed in the book “Superacids” by Olah, Prakash, 
and Sommer.380

2.3.2 Solid Acids, Measurement of Acidity on Surfaces

There are many different types of solid acids and bases, most of which are oxidic in 
nature.381 Oxide surfaces can present different types of acidic and basic sites. Very often, the 
surfaces are terminated by hydroxyl groups, which are Brønsted type sites and can either be 
acidic or basic. So-called coordinatively unsaturated (“cus”) metal cations, i.e. cations with an 
incomplete coordination in comparison with the bulk oxide, are Lewis acid sites, as they are 
electron pair acceptors. Oxide ions are electron pain donors and thus Lewis basic sites. 
Different from the situation in solution where all species are in equilibrium and neutralization 
takes place, acidic and basic sites can coexist on a surface.

The acid-base properties of a surface are completely described when the following 
information is available:

(i) type of sites: Brønsted / Lewis
(ii) number of sites [mol∙g-1] or site density [mol∙m-2]
(iii) strength of sites, i.e. the hydron / electron pair donor or acceptor capability
In principle, this knowledge can be obtained by analogous means as in solutions. The 

surface is contacted with a “probe molecule”, and either the process of adsorption, or the 
adsorbed species, or the desorption are analyzed to retrieve information on the sites. Typical 
probe molecules for acid sites are ammonia, pyridine, acetonitrile, and carbon monoxide. The 
standard probe molecules for basic sites are carbon dioxide or pyrrole. There are no single 
method measurements that provide all desired information at once.

The adsorbed amount, which is available through a simple barometric-volumetric 
measurement, gives information on the number of sites, provided it is known that the probe 
molecule adsorbs selectively on the sites of interest. The heat of adsorption gives information 
on the strength of interaction and it is possible to obtain a site distribution by measuring 
differential heats of adsorption. Adsorption calorimetry thus delivers quantitative information 
on the number of sites and on their strength.



2. Background and Literature

24

In the adsorbed state, techniques such as IR or NMR spectroscopy are applied that 
provide information on the adsorbed probe molecule and on the changes inflicted to the 
surface sites (e.g. hydroxyl groups) by the probe molecule. The adsorbed amount is rarely 
quantified in such experiments. If the probe forms sufficiently different ad-complexes with 
Brønsted and Lewis sites, they can be distinguished. Their relative concentration can be 
determined, which in the case of IR spectroscopy requires knowledge of the relative 
extinction coefficients for the vibrations of the different ad-complexes. The shift of band 
positions upon adsorption is a measure of the strength of interaction and allows the 
establishment of relative acidity scales. The adsorption of the probe molecule is mostly 
carried out from the gas phase. The Hammett indicator method, which can be understood as a 
probe molecule technique, is also applied to solids but the adsorption is carried out in liquid 
phase, typically in a non-polar solvent.

Desorption of the probe can be accomplished by either increasing the temperature or 
decreasing the pressure. The first method is known as temperature-programmed desorption, 
and the desorption temperature is used as a measure of acidity or basicity. The evolved gas 
can be quantified; the method thus delivers information on number and strength of the sites 
but not on the nature of the sites.

There are a number of problems associated with the probe molecule technique. If the 
probe molecule is adsorbed from the gas phase there is no equivalent influence to the solvent 
influence in liquid phase measurements. As a consequence it has been debated whether for the
rating of probe molecules their liquid phase or their gas phase basicity should be considered. 
Large probe molecules will coordinate to the surrounding surface, the adsorbed state thus 
does not reflect the nature of a single hydron but of an entire ”site”. With this background, it 
becomes understandable that acidity scales of solid surfaces can successfully be established 
when a ”family” of samples is investigated, i.e. structurally related compounds (e.g. zeolites 
with the same framework structure but different composition), while the comparison of results 
from different probes or different materials may reveal inconsistencies. Probe molecules such 
as ammonia and pyridine are chemically entirely unrelated to the hydrocarbon reactants and 
may thus adsorb on sites that are irrelevant for the catalytic reaction. The probe molecule 
technique can also be limited when it comes to detecting a minority species in the presence of 
a majority that produces a signal in close proximity.

2.3.3 Characterization of Acidic Sites of Sulfated Zirconia Catalysts without Probe 
Molecules

Attempts to measure the Brønsted acidity of sulfated zirconia without the use of probes 
have been made using NMR or IR spectroscopy and taking the chemical shift of protons or 
the position of OH-bands as quantities representative of acid strength.

According to Riemer et al., sulfate-free zirconia and H-ZSM-5 exhibit proton shifts of 
3.86 and 4.3 ppm, respectively.101 Other authors reported signals at 1.5 and 4.7 ppm for 
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unsulfated zirconia.431 The chemical shift of the proton of the OH-group on sulfated zirconia 
was determined to be δ = 5.85 ppm by Riemer et al.101 who took the shift as a clear indication 
of the “highly acidic—presumably superacidic—properties of sulfated zirconia”. Adeeva et 
al.17 reported δ = 6 ppm and pointed out that this chemical shift is quite large in comparison to 
those measured for zeolites. Mastikhin et al.382 and Armendariz et al.383 confirmed a signal at 
δ = 5.8 ppm in sulfated zirconia. Armendariz additionally reported signals at 1.1 and 3.5 ppm; 
Mastikhin, small signals at 8.4 and 10.7 ppm. The signal at 10.7 ppm was associated with 
Zr(SO4)2, which exhibits, among others, signals at ca. 11 and ca. 13 ppm. However, number 
and type of OH groups as derived from NMR did not correlate with alkane isomerization 
activity.382,383 Semmer et al.431 also described the signal at 5.8 ppm, but reported it shifting 
from 5.4 to 7.0 ppm when adsorbing 0.5 to 2 water molecules per sulfate group. A second 
signal at 1.4 ppm remained unchanged in presence of water. The acidity of sulfated zirconia 
was thus assessed as being equivalent to that of sulfuric acid, as not superacidic, and as lower 
than that of Nafion (a strongly acidic resin). Stec et al.36 observed three resonances at about 
6.7, 3.0, and 0.0 ppm, which were assigned to acidic hydroxyl groups, physisorbed water 
molecules, and isolated, non H-bonded hydroxyl groups. The difference between active 
samples and the pure zirconia support was seen in a low-field shift of the middle resonance 
(3.0 to 3.3 ppm vs. 2.2 ppm). Additionally, variable temperature experiments suggested that 
water or hydroxyl groups are mobile on the surface of sulfated zirconia. 

Using IR spectroscopy, Armendariz383 found some correlation between the presence of an 
OH-band at 3300 cm-1 and alkane isomerization activity; but it did not apply for all catalysts, 
presumably because of differences in deactivation behavior.

In summary, these measurements suggest that sulfated zirconia is more acidic than pure 
zirconia, but not necessarily superacidic, leaving open the question of why it is so active in 
alkane isomerization.

2.3.4 Characterization of Acidic and Basic Sites of Sulfated Zirconia Catalysts – Overview

The sites on zirconia, sulfated zirconia, and promoted sulfated zirconia have been 
investigated by adsorption of various probes in combination with various techniques. These 
studies are summarized in Table 2-5 to Table 2-7. Data on supported sulfated zirconia were 
only included if the reference provided also data on unsupported sulfated zirconia, a 
combination of probes, or a particularly interesting insight.

Table 2-5: Overview of probe molecule experiments on zirconia

Material(s) Probe molecule(s)& Technique Reference / Year
ZrO2 H2O & IR Agron et al.183 / 1975
ZrO2 CO, H2 & TPD He and Ekerdt384 / 1984
ZrO2 (m-ZrO2) NH3, CO2, and co-adsorption of NH3 and CO2

& TPD 
Xu et al.385 / 1988

ZrO2 Phenol & TPD, IR Xu et al.386 / 1988
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Table 2-6: Overview of probe molecule experiments on sulfated zirconia

Material(s) Probe molecule(s)& Technique Reference / Year
sulf. ZrO2 NH3, pyridine & gravimetry Jin et al.203 / 1986
ZrO2 and sulf. ZrO2 Hammett indicators; pyridine & IR; perylene 

& EPR
Yamaguchi et al.188 / 1986

ZrO2 and sulf. ZrO2 CO, CO2, pyridine & IR Bensitel et al.410 / 1987
sulf. ZrO2 Hammett indicators Hino, Kobayashi, and Arata12,13 / 

1979,1980
Arata27 / 1990
Arata et al.80 / 1990

Material(s) Probe molecule(s)& Technique Reference / Year

Material(s) Probe molecule(s)& Technique Reference / Year
ZrO2 H2, CO, CO2, co-adsorption of CO2 and H2 & 

IR
Kondo et al.387 / 1988

amorphous “zirconia” 
phase, m-ZrO2, t-ZrO2

NH3, pyridine, CO, CO2, 1-propanol & IR; 
D2O & H–D exchange

Hertl388 / 1989

ZrO2 CO, H2 & IR Guglielminotti389 / 1990
ZrO2 H2, D2 & IR Kondo et al.390 / 1990
m-ZrO2 CO, co-adsorption of CO2 and CO, co-

adsorption of H2O and CO & IR 
Morterra et al.391 / 1990

95% m-ZrO2 co-adsorption of H2O and CO, co-adsorption 
of CO2 and CO & IR; H2O, O2 & EPR

Morterra et al.392 / 1990

m-ZrO2 CO & IR Morterra et al.393 / 1991
ZrO2 CO & IR, calorimetry Bolis et al.394 / 1992
ZrO2 H2 & IR Kondo et al.395 / 1992
m-ZrO2 and t-ZrO2 H2O, H2S & IR Jacob et al.187 / 1993
Y-stab. t-ZrO2 CO & IR Morterra et al.396 / 1993
ZrO2 CO2 & IR Márquez-Alvarez et al.397 / 1993
ZrO2 CO, H2 & UV-vis / photoluminescence, IR, 

ESR
Moon et al.398 / 1994

ZrO2 NH3 & calorimetry Carniti et al.399 / 1994
ZrO2 Hammett indicators; NH3 & TPD Bosman et al.400 / 1994
ZrO2 and supported ZrO2 HD exchange, propene + D2, C3D6 + C3H6 Naito and Tanimoto401 / 1995
Y-stab. t-ZrO2 CO2, co-adsorption of CO2 and CO & IR Morterra et al.402,403 / 1995
ZrO2 CO2 & IR Stoppek-Langner et al.404 / 1995
ZrO2 CH3CN & IR Aboulayt et al.405 / 1995
ZrO2, Na-ZrO2 NH3 & TPD; pyridine & IR Chuah et al.56 / 1999
ZrO2 NH3 and calorimetry Ferino et al.77 / 2000
ZrO2 NH3, CO2 & TPD Su et al.53 / 2000
ZrO2 n-butylamine & potentiometric titration; NH3

& TPD
Dominguez et al.406 / 2000

m-ZrO2 and t-ZrO2 CO, CO2 & IR, TPD Pokrovski et al.407 / 2001
t-ZrO2 NH3 & TPD He et al.269 / 2002
t-ZrO2 and m-ZrO2 NH3 & volumetry; pyridine & IR Zhao et al.408 / 2002
ZrO2, ZrO2-Al2O3 pyridine & IR Faro et al.409 / 2003
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sulf. ZrO2 Hammett indicators: 4-nitrotoluene, 4-
nitrofluorbenzene & vis-spectroscopy 

Umansky et al.411 / 1991

ZrO2 and sulf. ZrO2 CO, pyridine & IR Waqif et al.349 / 1992
sulf. ZrO2 pyridine & IR Nascimento et al.85 / 1993
sulf. ZrO2 pyridine, co-adsorption of H2O and pyridine, 

CO & IR
Morterra et al.412,413 / 1993

sulf. ZrO2 aniline & EPR; trimethylphosphane & 31P-
NMR

Coster et al.414 / 1993

ZrO2 and sulf. ZrO2 benzene & ESR; Hammett indicators Chen et al.100 / 1993
ZrO2 and sulf. ZrO2 CO & IR, calorimetry Bolis et al.415 / 1993
sulf. ZrO2 trimethylphosphane & 31P-NMR Lunsford et al.416 / 1994
sulf. ZrO2 Pyridine, co-adsorption of pyridine and H2O 

& IR
Morterra et al.16 / 1994 

sulf. ZrO2 CO & IR, calorimetry Morterra et al.417 / 1994
sulf. ZrO2 CO, pyridine & IR Morterra et al.418 / 1994
sulf. ZrO2 CO & IR; CO poisoning Pinna et al.419 / 1994
sulf. ZrO2 pyridine & IR Clearfield et al.33 / 1994
ZrO2 and sulf. ZrO2 CO, H2, methane, ethane, d4-ethene, hexane, 

cyclopropane, CD3CN, benzene & IR
Kustov et al.18 / 1994

sulf. ZrO2 and sulf. ZrO2/ 
SiO2

Hammett; pyridine & IR; isobutane & TPD Guo et al.420 / 1994

sulf. ZrO2 pyridine & IR; NH3 & TPD Corma et al.35,421,422 / 1994
sulf. ZrO2 pyridine & TPD Matsuhashi et al.423 /1994
ZrO2 and sulf. ZrO2 N2 and 15N-NMR Mastikhin et al.382 / 1995
sulf. ZrO2 CO & IR Platero and Mentruit201 / 1995
sulf. ZrO2 butane, H2O, CO, pyridine & IR Babou et al.424 / 1995
sulf. ZrO2 NH3 & calorimetry, IR Fogash et al.425 / 1995
sulf. ZrO2/SiO2 NH3 & TPD, pyridine & IR Lopez et al.426 / 1995
sulf. ZrO2 and sulf. 3 mol% 
Y-ZrO2

CO & IR Morterra et al.95 / 1996

ZrO2 and sulf. ZrO2 NH3, CO & IR Spielbauer et al.427 / 1996
ZrO2 and sulf. ZrO2 trimethylphosphane & NMR Riemer and Knözinger428 / 1996
sulf. ZrO2 CO, pyridine & IR Escalona Platero et al.81 / 1996
sulf. ZrO2 NH3, H2O & calorimetry González et al. 429 / 1996
sulf. ZrO2 NH3 & calorimetry Yaluris et al.430 / 1996
sulf. ZrO2 CO & IR Signoretto et al.70 / 1996
sulf. ZrO2 H2O & 1H-NMR Semmer et al.431 / 1996
sulf. ZrO2 benzene & ESR Timoshok et al.432 / 1996
sulf. ZrO2 H2 / D2 & TPD Shishido and Hattori293 / 1996
sulf. ZrO2/SiO2 pyridine, dimethylpyridine & DRIFTS Navío et al.433 / 1996
ZrO2 and sulf. ZrO2 pyridine & IR Hess and Kemnitz328 / 1997
ZrO2 and sulf. ZrO2 benzene and perdeuterated benzene & IR, 

NMR; perdeuterated benzene & H–D 
exchange

Armendariz et al.383 / 1997

Material(s) Probe molecule(s)& Technique Reference / Year
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ZrO2 and sulf. ZrO2 n-butylamine & gravimetry; Hammett 
indicators

dos Santos et al.370 / 1997

sulf. ZrO2 NH3, n-butane, isobutane, H2O & 
calorimetry; D2O, coadsorption of NH3 and 
H2O & IR

González et al.434 / 1997

sulf. ZrO2 isopropylamine & TG Clingenpeel et al.435 / 1997
sulf. ZrO2 pyridine & XPS Johansson and Klier436 / 1997
sulf. ZrO2 H2O & NMR Dorémieux-Morin and Fraissard437 / 

1997
sulf. ZrO2 CO, H2O & calorimetry Bolis et al.438 / 1997
sulf. ZrO2 H2, n-butane & EPR Bobricheva et al.439 / 1998
ZrO2 and sulf. ZrO2 pyridine & IR Li and González275 / 1998
sulf. ZrO2 pyridine & IR Song and Kydd440 / 1998
sulf. ZrO2 Hammett indicators Ardizzone et al.47,322 / 1998, 1999
t-ZrO2, sulf. t-ZrO2 CO & IR Morterra et al.441 / 1998
sulf. ZrO2/SiO2 pyridine, dimethylpyridine & pulse 

chromatography
Navio et al.442 / 1998

sulf. ZrO2/SiO2 pyridine, dimethylpyridine, & TPD; pyridine 
& calorimetry, 

Iengo et al.443 / 1998

sulf. ZrO2/Al2O3 n-butylamine & TPD, potentiometric titration Iengo et al.444 / 1998
ZrO2 and sulf. ZrO2 pyridine, CO & IR Morterra and Cerrato445 / 1999
sulf. ZrO2 NH3 & calorimetry Hong et al.107 / 1999
sulf. ZrO2 and sulf. 
ZrO2/Al2O3

pyridine & IR Lei et al.446 / 1999

sulf. ZrO2 Hammett; pyridine, CD3CN & IR Pârvulescu et al.62 / 1999
sulf. ZrO2 H2, n-pentane & IR Paukshtis et al.447 / 2000
sulf. ZrO2 NH3 & TPD Katada et al.448 / 2000
sulf. ZrO2 and sulf. 
ZrO2/MCM-41

Hammett indicators Xia et al.449 / 2000

sulf. ZrO2 and sulf. 
ZrO2/SiO2 and sulf. 
ZrO2/Al2O3

pyridine & IR/TPD Lei et al.450 / 2000

sulf. ZrO2 NH3 & TPD Mishra et al.63 / 2001
sulf. ZrO2 and sulf. 
ZrO2/Al2O3

n-butylamine & potentiometric titration Guevara-Franco et al. 451 / 2001

sulf. ZrO2/MCM-41 pyridine & DRIFTS; benzene & TPD Chen et al.452,453 / 2001
sulf. yttria-stabilized c-
ZrO2

pyridine & IR Morterra et al.194 / 2001

sulf. m-ZrO2 and sulf. t-
ZrO2

CO & IR Stichert et al.193 / 2001

sulf. ZrO2 pyridine & IR; H2O uptake (weight) Mishra and Parida64 / 2002
sulf. ZrO2 Hammett indicators; CO, pyridine & IR Morterra et al.454 / 2002
ZrO2 and sulf. ZrO2 NO, co-adsorption of NO and O2 & IR Hadjiivanov et al.455 / 2002
sulf. ZrO2/SiO2 pyridine & TG-IR Rosenberg et al.456 / 2002
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Table 2-7: Overview of probe molecule experiments on promoted (sulfated) zirconia

Material(s) Probe molecule(s)& Technique Reference / Year
sulf. ZrO2, Pt-sulf. ZrO2 pyridine & TPD, IR Ebitani et al.300 / 1989
Pt-sulf. ZrO2 pyridine & IR Ebitani et al.308 / 1991
Fe+Mn–sulf. ZrO2 benzene, substituted benzenes & TPD Lin and Hsu22 / 1992
Fe / ZrO2 CO & IR Guglielminotti464 / 1994
Fe+Mn-sulf. ZrO2 benzene & TPD Jatia et al.25 / 1994
sulf. ZrO2, Fe-sulf ZrO2, 
Fe+Mn-sulf. ZrO2

NH3 & IR,TPD; isopropyl amine & TPD Resasco et al.246 / 1995

sulf. ZrO2, Fe-sulf ZrO2, 
Ni-sulf. ZrO2, Fe+Mn-sulf. 
ZrO2

NH3, pyridine, benzene & TPD Sikabwe et al.24 / 1995

sulf. ZrO2, Fe-sulf ZrO2, 
Ni-sulf. ZrO2, Fe+Mn-sulf. 
ZrO2

NH3 & IR,TPD Coelho et al.218 / 1995 

sulf. ZrO2, Fe+Mn-sulf. 
ZrO2

NH3 & TPD; pyridine, CO & IR Tábora and Davis233 / 1995

sulf. ZrO2, Fe+Mn-sulf. 
ZrO2

CO & IR; CH3CN & IR, TPD; CH3CN, 
CCl3CN & NMR

Adeeva et al.17 / 1995

sulf. ZrO2, Pt-sulf. ZrO2, 
Pt-ZrO2

CO & DRIFTS Larsen et al.317 / 1995

sulf. ZrO2, Fe+Mn-sulf. 
ZrO2

pyridine, benzene & TPD Srinivasan et al.26 / 1996

sulf. ZrO2 and Pt-sulf. ZrO2 CO & IR Signoretto et al.70 / 1996
sulf. ZrO2 and Pt-sulf. ZrO2 H2 & TPD Shishido & Hattori293 / 1996
Pt-sulf. ZrO2 NH3 & TPD Comelli et al.303 / 1996

Material(s) Probe molecule(s)& Technique Reference / Year
SiO2/ZrO2 and sulf. 
SiO2/ZrO2

pyridine & IR Rosenberg and Anderson202 / 2002

sulf. ZrO2 and sulf. 
ZrO2/MCM-41

pyridine & IR Xia et al.457 /2002

sulf. ZrO2/MCM-41 Hammett indicators; pyridine & IR Sun et al.458 / 2002
ZrO2 and sulf. ZrO2 CD3CN & IR Morterra et al.459 / 2003
ZrO2, various anions and 
cations

NH3 & TPD (TCD) Corma et al.51 / 2003

sulf. ZrO2 pyridine & IR García et al.50 / 2003
sulf. ZrO2 argon & TPD Arata et al.460 / 2003
sulf. ZrO2 CH3CN & IR, TPD Vera et al.52 / 2003
sulf. ZrO2 pyridine & DRIFTS; Hammett indicators Ecormier et al.92 / 2003
sulf. ZrO2 CO poisoning Hammache and Goodwin461 / 2003
sulf. ZrO2/SiO2 pyridine & IR + Gaussian 98 calculations Rosenberg et al.462 / 2003
sulf. ZrO2/SiO2 CO, pyridine & IR Lavrenov et al.319 / 2003
sulf. ZrO2/Al2O3 pyridine & IR Ben Hamouda et al.463 / 2003
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2.3.5 Characterization by Adsorption of Hammett Indicators

Initial studies of the acidity of sulfated zirconia were performed with the Hammett 
indicator method. Non-sulfated zirconia was found to be not acidic, it has a small amount of 

Material(s) Probe molecule(s)& Technique Reference / Year
sulf. ZrO2, Fe+Mn-sulf. 
ZrO2

isopropylamine, benzene, toluene, p-xylene, 
perfluorobenzene & TPD; pyridine & IR, CO 
poisoning

Wan et al.23 / 1996

Pt-ZrO2, Pt-sulf. ZrO2 CO & IR, microcalorimetry Coq et al.298 / 1997
sulf. ZrO2, Pt-sulf. ZrO2 CH3CN & TPD; CD3CN & IR Figueras et al.307 / 1997
sulf. ZrO2, Pt-sulf. ZrO2 CO & IR Morterra et al.68 / 1997
sulf. ZrO2, Fe-sulf. ZrO2 1-butene & TPD Sikabwe and White214 / 1997
sulf. ZrO2, sulf. SnO2-ZrO2 pyridine & IR Patel et al.204 / 1997
sulf. ZrO2, Ca-sulf. ZrO2 CO, pyridine & IR Platero et al.263 / 1997
sulf. ZrO2, Fe+Mn-sulf. 
ZrO2

pyridine & calorimetry Drago and Kob19 / 1997

sulf. ZrO2, Fe-sulf ZrO2, 
Mn-sulf ZrO2, Fe+Mn-sulf. 
ZrO2

CO & IR Morterra et al.232 / 1997

sulf. ZrO2, Pt-sulf. ZrO2 CO & IR Signoretto et al.296 / 1997
sulf. ZrO2, Al-sulf. ZrO2 NH3 & calorimetry Gao et al.225 / 1998
sulf. ZrO2, Al-sulf. ZrO2 NH3 & calorimetry Xia et al.226,227 / 1999
sulf. ZrO2, Al-sulf. ZrO2 NH3 & IR Zhao et al.333 / 1999
sulf. ZrO2, Fe-sulf. ZrO2 Hammett-Bertolacini Ardizzone and Bianchi213 / 2000
sulf. ZrO2, sulf. ZrO2-SiO2 NH3 & TPD, pyridine & IR Barthos et al.465 / 2000
sulf. ZrO2, Al-sulf. ZrO2 H2O & IR; NH3 & calorimetry Hua et al.228 / 2000
Sulf. ZrO2, Fe-sulf. ZrO2, 
Mn-sulf. ZrO2, Fe+Mn-
sulf. ZrO2

NH3, pyridine, liquid phase mixture of 
anisole and pyridine & calorimetry

Quaschning et al.320 / 2001

Cu-sulf. ZrO2 NH3 & calorimetry Occelli et al.231 / 2001
Sulf. ZrO2, Al-sulf. ZrO2 isobutane and trifluoroacetic anhydride & HD 

exchange
Olindo et al.466 / 2001

Sulf. ZrO2, Fe+Mn-
promoted sulf. ZrO2

CH4 & HD exchange R.E. Jentoft and Gates256 / 2001

ZrO2, sulf. ZrO2, Fe-sulf. 
ZrO2

NH3, pyridine, 2,6-dimethylpyridine & TPD, 
perylene adsorption isotherm

Suja et al.323 / 2002

ZrO2, Ni-sulf. ZrO2 NH3 & IR, Hammett indicators Sohn and Park324 / 2002
Ga-sulf. ZrO2/MCM-41 NH3 & TPD Wang et al.467 / 2002
sulf. ZrO2, Al-sulf. ZrO2, 
Ni-Al-sulf. ZrO2

NH3 adsorption Perez-Luna et al.230 / 2002

Al-sulf. ZrO2, HD exchange with deuterated catalyst and 
H2O

Hua and Sommer316 / 2002

sulf. ZrO2, tungstated ZrO2, 
various promoters

NH3 & TPD Corma et al.51 / 2003

sulf. ZrO2 and Pt-sulf ZrO2 pyridine & IR, TPD Stevens et al.468 / 2003
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sites with H0 ≤ 2.8 (aminoazobenzene as indicator).400 Other authors gave the pKa of 
unsulfated zirconia as 7.2188 or between 3.3 and 4.0.370

Hino, Kobayashi, and Arata12,13,27 found the 1,3,5-trinitrotoluene with a pKa of –16.04 to 
change color on the surface of sulfated zirconia; equivalent with H0 ≤ –16.04 for sulfated 
zirconia. A similar value was found by Xia et al.449 who reported H0 ≈ –16 for sulfated 
zirconia. Chen et al.100 observed that 2,4-dinitrofluorobenzene with pKa = –14.52 changed 
color on unsulfated and sulfated zirconia and deemed the indicator unsuitable. Umansky et 
al.,411 who used 4-nitrotoluene (pKa = –11.3) and 4-nitrofluorobenzene (pKa = –12.4) as 
indicators, placed the acidity of sulfated zirconia near 100% sulfuric acid, and deduced that it 
is not a strong superacid. By investigating many different catalysts Umansky et al. established 
a correlation between the acid strength (H0 value, range –5.8 to –12.4) and the activity for 
isobutane cracking; and the authors stated that what they call an intensive factor, namely the 
acid strength, is decisive for the catalytic properties and not what they call an extensive factor, 
namely the surface concentration of Brønsted sites. Guo et al.420 reported –16.12 ≤ H0 ≤ –
13.75 for sulfated zirconia. Ecormier et al.92 found superacidic sites only at sulfur contents of 
>1.71 wt%, with a limiting H0 between –12 and –13. These studies are consistent in that 
according to the Hammett indicator method, sulfated zirconia is a solid superacid and is 
clearly more acidic than pure zirconia.

A modified Hammett–Bertolacini procedure was applied by Ardizzone et al.47 to study 
the acid site strength and density on different sulfated zirconia preparations. The density of 
sites with pKa ≤ –14 varied between 0.5 and 6.5 µmol m-2, i.e. the maximum value of 
superacidic sites was 3.9 sites∙nm-2. The number of sites increased with the calcination 
temperature in the range 740 to 900 K.454 Pârvulescu et al.62 investigated a series of catalysts, 
some of which had between 0.8 and 3.0% acid sites with H0 = –14.52. The absolute amount of 
acid sites was determined by titration with propylamine, and from these values the absolute 
amount of superacidic sites is calculated to be 13–25 µmol∙g-1 or 0.005–0.65 µmol∙m-2;62

these numbers are about an order of magnitude smaller than those presented by Ardizzone. 
Neither Ardizzone nor Pârvulescu performed catalytic tests.

Dos Santos et al. reported that no indicators with pKa ≤ –11.9 could be used because 
exposure of sulfated zirconia to the solvent benzene produced a purple color.370 Promoted 
sulfated zirconia catalysts are typically colored and thus difficult to analyze by the indicator 
method, but it has been reported that iron did not increase the acid sites density much.213

Recently, Yamaguchi469 pointed out that the application of the Hammett function to surfaces 
is limited and Lewis acid sites can not be characterized.

In summary, the data point towards a small amount of strongly acidic sites with H0 ≤ –12. 
A correlation with catalytic activity is lacking, and some doubts about the applicability of the 
method have been voiced. The effect of promoters such as iron could not be measured.
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2.3.6 Characterization by Adsorption of Pyridine and Substituted Pyridines

One of the most frequently used probes for acid sites is pyridine. In aqueous solution, it is 
much less basic than ammonia but its proton affinity, which might be the relevant quantity for 
adsorption from the gas phase, is higher than that of ammonia (pyridine: 930 kJ∙mol-1, 
ammonia 853.6 kJ∙mol-1).470 The total amount of pyridine adsorbed after removal of weakly 
adsorbed species (evacuation) may be taken as a measure of the number of acid sites. The 
temperature programmed desorption (TPD) profiles of pyridine can be interpreted in terms of 
the distribution of sites, IR spectra can be used to distinguish and quantify the number of 
Brønsted and Lewis acid sites by distinct bands at around 1540 cm-1 (pyridinium ion) and 
1440 cm-1 (coordinatively bonded pyridine). Quantification usually relies on the extinction 
coefficients published by Emeis in 1993471 on the basis of adsorption of pyridine on zeolites 
and silica-alumina. N 1s XP spectra can also be used to distinguish various adsorbed species. 
All these experiments deliver information on species irreversibly adsorbed under the selected 
conditions. An adsorption equilibrium is usually only considered in microcalorimetry, which 
has been used to determine site distributions.

Pyridine has been adsorbed on different modifications of zirconia with somewhat 
inconsistent results. Ecormier et al.92 could not find any acid sites at all through pyridine 
adsorption on zirconia. Chemisorption of pyridine after activation at 673 K revealed only 
Lewis acid sites (1.7 nm-2 or 0.34 mmol∙g-1) on tetragonal zirconia but Lewis (3.3 nm-2 or 
0.36 mmol∙g-1) and Brønsted (0.5 nm-2 or 0.05 mmol∙g-1) acid sites on monoclinic zirconia.408

Waqif et al.,349 Hess and Kemnitz,328 and Babou et al.424 did not detect pyridinium ions 
(indicate protonation of pyridine by acidic OH group) on unsulfated zirconia; sulfation 
created Brønsted acid sites at the expense of the Lewis acid sites.349 Tábora and Davis233 also 
reported that sulfation reduced the fraction of Lewis acid sites. Yamaguchi et al.188 detected 
only Lewis acid sites on both unsulfated and sulfated zirconia after evacuation at 773 K.

Matsuhashi et al.423 plotted the H0 value against the highest pyridine desorption 
temperature (from TG) for a variety of solid acids including sulfated zirconia and found a 
roughly linear correlation; accordingly the authors concluded that pyridine TPD is a suitable 
method to determine the acid strength of these solids. Sulfated zirconia yielded the highest 
desorption temperature of about 923 K. However, already in 1994, Corma et al.35 pointed out 
that pyridine is not adequate to determine the superacidity of sulfated zirconia, because a 
small number of very strong acid sites may go unnoticed, and pyridine may decompose in a 
TPD experiment. Stevens et al.468 monitored the effluent stream during interaction of sulfated 
zirconia with pyridine at 423 K and detected H2O, H2, and SOx (predominantly SO3). When 
heating to above 573 K, CO2 evolved; pyridine was not detected at all as a desorption product, 
indicating that pyridine cannot be used to rate acid strength of sulfated zirconia in a TPD 
experiment.468 No sulfate decomposition was observed between 313 and 773 K.468 Srinivasan 
et al.26 observed in 1996 the oxidation of pyridine to CO2 at 746 K or 873 K on different 
sulfated zirconia catalysts; SO2 was formed simultaneously.
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Sikabwe et al.24 detected in 1995 that the onset of sulfate decomposition was shifted from 
900 K to 763 K for an Fe- and Mn-promoted catalyst, similar shifts were observed for Fe-
promoted and Ni-promoted sulfated zirconia. Pyridine was oxidized in a TPD experiment 
with Fe- and Mn-promoted sulfated zirconia, one of the products was NO.26 As either the 
catalyst or the probe or both decompose, pyridine TPD is an unsuitable method for sulfated 
zirconia materials, particularly when they are promoted.

One of the purposes of using pyridine is to distinguish between Brønsted and Lewis acid 
sites, in some cases also an assessment of the acid strength is made. Morterra et al.412

correlated results from HRTEM and pyridine adsorption, and inferred that the Brønsted-to-
Lewis ratio increases with the sulfate concentration on low-index crystal planes. Nascimento 
et al.85 observed an increase of the number of Brønsted sites and a decrease in the number of
Lewis acid sites with increasing sulfate content, and a plateau was reached for both types of 
sites at about 170 µg sulfur∙m-2, corresponding to about 2 wt% S. Zhang’s data289 also show 
an increase of the number of Brønsted acid sites with increasing sulfate content, whereby a 
plateau is reached at 10 wt% sulfate, corresponding to about 3.3 wt% S. Pârvulescu et al.62

observed an increase in the number and strength of Lewis acid sites (intensity increase and 
shift towards higher wavenumbers of bands at 1448 and 1610 cm-1) with increasing sulfate 
content; additionally they observed an increase in the number and strength of Brønsted acid 
sites (band at 1542 cm-1). The strength of the Lewis sites and the number of Brønsted sites 
was reported by Morterra et al. to increase with increasing sulfate content.413 Babou et al.424

and Patel et al.204 described two different types of Lewis sites, one weaker type characterized 
by pyridine adsorption bands at 1444 and 1608 cm-1, and one stronger type characterized by 
bands at 1459 and 1630 cm-1. Johansson and Klier436 distinguished Brønsted and Lewis sites 
based on the position of the N 1s signal of adsorbed pyridine in XP spectra; a signal at 399.3–
399.9 eV was assigned to adsorption on Lewis, a signal at 401.5 eV to adsorption on Brønsted 
acid sites. They also reported that only 12–17% of the OH-groups protonated pyridine.

The ratio of Brønsted to Lewis sites on sulfated zirconia materials typically decreases 
with the activation temperature and increases upon addition of water, showing easy 
conversion of each one of these sites to the other type.27 Morterra et al.413,418 and Zhang et 
al.289 confirmed the dependence of the ratio on the degree of hydration; Morterra reported that 
for their samples any Brønsted acidity was lost after treatment at 773–873 K or higher.412,413

Activation in air decreased the number but increased the strength of the Lewis acid sites.62

Morterra et al.454 reported an increase of the Lewis to Brønsted site ratio with increasing 
calcination temperature (at equal activation temperature). These results were not in line with 
the Hammett method, which gave an increase in Brønsted acid sites with increasing 
calcination temperature.

Adsorption of pyridine causes a shift of the S=O stretching vibration,81 see Table 2-8. The 
reported shifts vary considerably. Babou et al.424 suggested that the pyridinium ion would 
weaken the bond between the surface and sulfate species such that the surface would become 
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partly sulfate free. The S 2p signal in XP spectra is also shifted upon pyridine adsorption, 
from 168.8 eV to 168.5 eV.436 This strong interaction of pyridine with the sulfate groups leads 
to their decomposition during pyridine TPD experiments.24 In 1999, Morterra and Cerrato445

questioned the pyridine adsorption method. Specifically, the authors explained that the 
number of Lewis acid sites as deduced from pyridine adsorption at ambient temperature is 
overestimated because “ligand-displacement effects between pyridine and sulfates simulate 
the presence of Lewis acid sites that are not actually available.” In 2002, Rosenberg and 
Anderson202 challenged the assumption of a constant molar extinction coefficient for pyridine 
adsorbed on different solids. Variations of the extinction coefficient for pyridine adsorbed at 
Brønsted- and Lewis-type sites by a factor of two with changing sulfate content were 
reported.

Table 2-8: Shift of S=O bands upon pyridine adsorption

Nevertheless, the number of acid sites has been determined from IR spectra of adsorbed 
pyridine with the help of the extinction coefficient. Morterra and Cerrato445 obtained a value 
of 0.35 or 0.13 Brønsted sites∙nm-2 (corresponding to about 45 or 17 µmol∙g-1) for activation 
temperatures of 473 or 673 K, respectively. The number of Lewis acid sites was about three 
times as high but believed to be overestimated.445 Lavrenov et al.319 investigated a SiO2-
supported sulfated zirconia catalyst after activation at 773 K and found a decreasing number 
of Brønsted acid sites (intensity of band at 1540 cm-1) with increasing calcination 
temperature; the values ranged from 130 µmol g-1 after calcination at 723 K to 65 µmol∙g-1

after calcination at 1023 K.
Differential heats of adsorption of pyridine on sulfated zirconia were determined by 

Quaschning et al.,320 a stepwise decrease was observed with increasing coverage. Less than 50
µmol∙g-1 of sites exhibited heats between 200 and 250 kJ∙mol-1, about 100 µmol∙g-1 exhibited 
heats around 200 kJ∙mol-1. At coverages above 150 µmol∙g-1 the heats decreased rapidly to 
50 kJ∙mol-1 and decreased further at coverages greater than 300 µmol∙g-1. Pure zirconia 
interacted less strongly than sulfated zirconia, while addition of Fe and Mn did not have a 
significant effect. The number of sites for irreversible adsorption of pyridine as measured with 
an electrobalance has been given by Jin et al.203 as 210 µmol∙g-1, and this number falls within 
the transition range from strong to weak adsorption in Quaschning’s data. Drago and Kob19

identified two types of sites on sulfated zirconia: 24 µmol∙g-1 with a heat of 130.6 kJ∙mol-1

Initial band position / cm-1 Shift / cm-1

1370 –40188

1390 –51203

1390 –56446

1387 –81204

1405 –66468
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and 52 µmol∙g-1 with a heat of 107.8 kJ∙mol-1. Addition of Fe and Mn reduced the heat of the 
more strongly interacting sites to 108.8 kJ∙mol-1.19

It is difficult to compare the IR and calorimetry data, also because the results are so 
strongly pretreatment-dependent. The total number of acidic sites seems so be around 100–
200 µmol g1; i.e. many more sites are detected by adsorbing pyridine than by adsorbing 
Hammett indicators.

In comparison to other acidic catalysts such as zeolites, sulfated zirconia has a 
heterogeneous acid site distribution. The typical heat of adsorption of pyridine on an acidic 
zeolite (HM, HY, H-ZSM-5) ranges 180–205 kJ∙mol-1,472 and the number of such sites varies 
between 150–750 µmol∙g-1. It appears from the results by Quaschning that there may be 
relatively few sites (less than 50 µmol∙g-1) of very high acidity in comparison to a zeolite.

Attempts have been made to correlate information from pyridine adsorption with catalytic 
activity. At a Brønsted to Lewis ratio of 1:1, the catalytic activity for n-butane isomerization 
was highest.85 This result disagrees with the data published by Morterra et al.418 who found 
the catalytic activity highest when the surface featured a maximum number of strong Lewis 
sites and a minimum number of Brønsted acid sites. Corma et al.421 emphasized that there was 
no correlation between the number of strong acid sites determined by pyridine adsorption / 
desorption and the catalytic activity; Jin et al.203 drew the same conclusion. In 2001, Morterra 
et al.194 presented an interesting comparison of sulfated monoclinic, tetragonal, and cubic 
zirconia; the authors assumed that the Lambert-Beer law applies and the extinction 
coefficients are constant, and neglected the overestimation of Lewis acid sites. The ratio of 
Lewis to Brønsted was very similar for all three systems and the same for extremes in 
catalytic performance, namely, monoclinic and cubic zirconia. Accordingly, Morterra inferred 
that the differences in activity do not derive from a different distribution of acidic sites.

2,6-Dimethylpyridine (lutidine) interacts only weakly with Lewis acid sites due to steric 
hindrance and at a sufficiently high adsorption temperature reflects the number of Brønsted 
acid sites. Suja et al.323 reported an increase of Brønsted acid sites with increasing Fe content 
in Fe-promoted sulfated zirconia.

In summary, a correlation between acid properties of sulfated zirconia materials as 
determined by pyridine adsorption and isomerization activity is lacking. A major problem is 
the very strong interaction between pyridine and sulfate or its environment, which obscures 
the IR data and prohibits application of TPD.

2.3.7 Characterization by Adsorption of Ammonia

The methods of analysis used for ammonia adsorption are the same as those for pyridine 
adsorption.

The different zirconia phases have been investigated in the unsulfated state. Ammonia 
adsorption on monoclinic, tetragonal, and amorphous zirconia was monitored through IR 
spectroscopy by Hertl,388 and bands indicative of Brønsted (very weak bands) and Lewis acid 
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sites were detected on all three polymorphs. Spielbauer et al.427 did not detect any Brønsted 
acid sites on pure (96% monoclinic) zirconia using ammonia adsorption combined with IR 
spectroscopy. Two different types of Lewis sites were present.427 Zhao et al.408 determined the 
amount of adsorbed ammonia using volumetry and found 1.7 sites∙nm-2 (340 µmol∙g-1) on 
tetragonal zirconia and 3.4 sites∙nm-2 (370 µmol∙g-1) on monoclinic zirconia. Ammonia TPD 
was consistent with the presence of acid sites on monoclinic zirconia, the desorption 
maximum was at 473 K and desorption was finished at about 673–723 K.53,385 Dominguez et 
al. reported a total number of 3.54 µmol∙g-1 sites from ammonia TPD on a mixed phase 
zirconia.406 Carniti et al.399 determined the distribution of acid sites on zirconia and found 0.7, 
0.4, 0.3 and 4.1 µmol∙m-2 sites with heats of adsorption of 280, 200, 160, and 40 kJ∙mol-1, 
respectively. Ferino et al.77 observed initial heats of 165 kJ∙mol-1 with a total of about 0.5–1.5 
µmol∙m-2 sites with heats higher than 100 kJ∙mol-1. The amount of irreversibly adsorbed 
ammonia was 2.1 or 5.9 µmol∙m-2, depending on the sample. It is remarkable that ammonia 
already interacts strongly with unsulfated zirconia.

IR spectroscopy has rarely been applied to analyze ammonia adsorbed on sulfated 
materials. Spielbauer et al. found two types of each, Brønsted and Lewis sites on sulfated 
zirconia.427 Ammonia adsorption, as did pyridine adsorption, caused a shift of the S=O band 
from 1400 to 1290 cm-1 for sulfated zirconia 427 and from 1374 to 1334 cm-1 for Ni-promoted 
sulfated zirconia.324

Few papers place the total number of sites detected by ammonia adsorption in context 
with the catalytic activity, and the success is moderate. Jin et al.203 found 250 µmol∙g-1 sites 
on a 120 m2∙g-1 sulfated zirconia by ammonia adsorption. This number of sites was difficult to 
correlate to the catalytic activity. Suja et al.323 identified 300 µmol∙g-1 sites on sulfated 
zirconia and about 1000–1300 µmol∙g-1 sites on various Fe-promoted sulfated zirconia 
samples. Tábora and Davis233 determined the ammonia uptake of sulfated zirconia to be 
3.3 µmol∙m-2 and that of Fe- and Mn-promoted sulfated zirconia to be 3.1 µmol∙m-2, i.e., 
contrary to Suja’s work, there was no generation of additional sites through the promoters.

Ammonia TPD in principle allows distinction of sites of different acid strength, however, 
often, the profile is so broad and ill-defined that identification of peaks is nearly impossible.63

Katada et al. distinguished samples with different sulfate content.448 At submonolayer sulfate 
coverage, they detected 0.5 superacidic sites∙nm-2 with an ammonia heat of adsorption of ca. 
200 kJ∙mol-1 and H0 = –19. Samples with excess sulfate displayed up to two Brønsted acid 
sites∙nm-2 with a heat of adsorption of 160 kJ∙mol-1 and H0 = –12.448 Corma et al.35,421,422

distinguished three ranges of desorption temperatures in the ammonia TPD profile of sulfated 
zirconia catalysts: 450 K (low acid strength), 590–620 K (medium-strong), and 815 K 
(superacidic). The peak at very high temperature was not present in the TPD profiles of H-
beta and H-mordenite.35,421 Analysis was done by TCD, which does not allow for 
identification of the desorbing species. The data were quantified, and the total number of sites 
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varied between 200–500 µmol∙g-1 with 7 to 79 µmol∙g-1 superacid sites.35 The conversion of 
n-butane did correlate to the number of superacid sites.35

Results with promoted catalysis are controversial. Ammonia TPD studies of sulfated and 
Fe-promoted sulfated zirconia revealed an enhancement in the number of strong acid sites 
(773 K) at the expense of the weaker sites (573 K) with increasing Fe loading.323 Resasco et 
al.246 also performed TPD of ammonia and reported that Fe-promoted sulfated zirconia 
exhibited “less Brønsted acidity” than unpromoted sulfated zirconia. Coelho et al.218

concluded from ammonia TPD results that the promoting effect of transition metals is not 
related to a modification in acidity. Consistently, Tábora and Davis reported 3.6, 3.3, and 3.1 
µmol m-2 sites for zirconia, sulfated zirconia, and Fe- and Mn-promoted sulfated zirconia.233

The TPD experiment is often performed using analysis that is insensitive to the nature of the 
desorbing species, i.e. either gas phase analysis by a thermal conductivity detector or IR 
analysis of the species remaining on the surface. In 1995, Sikabwe et al.24 analyzed the 
effluent stream during ammonia TPD by MS. The onset of sulfate decomposition was shifted 
from 900 K to 775 K for an Fe- and Mn-promoted catalyst. High temperature TPD signals 
that have been assigned to desorption of ammonia from strongly acidic sites are thus due to 
SO2. Similar behavior was observed for Fe-promoted and Ni-promoted sulfated zirconia.24

Comelli et al.303 analyzed the effluent stream of an ammonia TPD experiment on various Pt-
promoted sulfated zirconia samples; SO2 was sometimes found at temperatures above 890 K. 
As with pyridine, TPD data may be obscured by decomposition of the catalyst.

Fogash et al.425 investigated several sulfated zirconia samples for their acid site 
distribution by calorimetry. For example, they found 30, 40, and 100 µmol∙g-1 (0.3, 0.4, and 1 
µmol∙m-2) sites characterized by heats of adsorption of 150–165, 125–140, and 120 kJ∙mol-1, 
respectively. The total number of acid sites was about 250 µmol∙g-1. Highly active catalysts 
possessed a large number of sites with intermediate acid strength (125–140 kJ∙mol-1), and 
poisoning of these sites with ammonia destroyed the activity for n-butane isomerization.425

On the basis of IR data, the strongly acidic sites were identified as Brønsted and possibly 
Lewis acid sites, while the intermediate strength sites were mainly Brønsted acid centers. 
Yaluris et al.430 refined this work further and claimed on the basis of poisoning experiments 
using ammonia that the sites with high acid strength are responsible for the high initial 
activity while the sites with intermediate acid strength are less active but also deactivate more 
slowly. González et al.434 showed that the n-butane isomerization activity does depend on the 
temperature of vacuum dehydration while the differential heats of adsorption of ammonia do 
not. Accordingly, the presence of acid sites was considered a necessary but not a sufficient 
requirement for high activity. Quaschning et al.320 determined the total amount of ammonia 
adsorbed on various sulfated zirconia catalysts to be 350–370 µmol∙g-1 (2.5–2.7 µmol∙m-2). 
Initial heats of adsorption for zirconia, sulfated zirconia, and Fe- and Mn-promoted sulfated 
zirconia prepared by the same method were around 200 kJ∙mol-1. The site distributions were 
rather heterogeneous, i.e. there were no pronounced plateaus. The presence of sulfate 
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increased the fraction of irreversibly adsorbed ammonia at 423 K from 55 to more than 60%. 
There was no “straight correlation” of acidity and catalytic activity.320 On sulfated zirconia, 
Occelli et al.231 found about 10 µmol∙g-1 of sites with a heat of ammonia adsorption of 
200 kJ∙mol-1 and 50 µmol∙g-1 sites with heats between 150 and 200 kJ∙mol-1. Initial heats were 
found to be higher than in the case of HY. A reduced Cu-promoted sulfated zirconia exhibited 
lower acid strength and lower acid site density than HY but was the most active and selective 
catalyst for n-pentane isomerization. The authors concluded that “the isomerization activity 
… does not depend on the existence of strong acidity as determined from microcalorimetry 
experiments with ammonia”. Hua et al.,228 however, found that promoting sulfated zirconia 
with aluminum increased the number of sites with heats of about 125–140 kJ∙mol-1

dramatically, from about 10 µmol∙g-1 to more than 70 µmol∙g-1. The steady-state activity for 
n-butane isomerization was 2.2 times, and for n-pentane isomerization 4.5 times higher than 
that for the unpromoted catalyst.

Typical heats of adsorption of ammonia on acidic zeolites (HM, HY, H-ZSM-5) are 135–
160 kJ∙mol-1.472 These heats are lower than those for pyridine, consistent with the lower gas 
phase proton affinity of ammonia in comparison to pyridine, but they are also lower than the 
initial heats found on sulfated zirconia materials. Disconcerting is the observation that rather 
high heats also evolve upon ammonia adsorption on pure zirconia (vide supra). In a 
calorimetry experiment without further information, adsorption on unsulfated patches may be 
mistaken as adsorption on strongly acidic sites.

In summary, there exist some successful correlations between certain sites probed by 
ammonia and alkane isomerization activity, but such correlations were not generally 
confirmed and they hold only in the absence of promoters.

2.3.8 Characterization by Adsorption of Amines 

Dominguez et al. reported 15.08 µmol∙m-2 sites from butylamine titration on a mixed 
phase zirconia.406 Guevara-Franco et al.451 titrated the medium and higher acid strength sites 
with n-butylamine and gave values of 700 µmol∙g-1 for unsulfated and 1450 µmol∙g-1 for 
sulfated zirconia. Clingenpeel et al.435 compared the number of acid sites on zirconia and 
sulfated zirconia by the amount of isopropylamine desorbed between 575 and 650 K 
according to thermogravimetric analysis. The number of sites was 80 µmol∙g-1 for the sulfated 
and 10 µmol∙g-1 for the unsulfated zirconia. Dos Santos used n-butylamine as a probe and 
found 110 µmol∙g-1 sites on pure zirconia and 370 µmol∙g-1 sites on sulfated zirconia.370

Pârvulescu et al.62 found 690–2110 µmol∙g-1 sites on their sulfated zirconia materials, using 
propylamine as a probe. Unpromoted and Fe- and Mn-promoted sulfated zirconia gave similar 
TPD profiles as shown by Resasco et al.,246 who for both catalyst systems observed 
decomposition of isopropylamine into propene and water at about 545 K. Wan et al.23

additionally observed CO2 as desorption product from Fe- and Mn-promoted sulfated 
zirconia; nevertheless they estimated the number of acid sites to be 139 µmol∙g-1.
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The number of sites as determined from amine adsorption on sulfated zirconia thus varies 
over almost 3 orders of magnitude, and TPD from promoted systems is not possible.

2.3.9 Characterization by Adsorption of Acetonitrile 

Acetonitrile is a soft Lewis base (free electron pair at the nitrogen) and can interact with 
Brønsted and Lewis acid sites. With strongly basic sites, a carbanion can be formed. The CN 
stretching vibration is shifted depending on the nature of the adsorption site and the strength 
of interaction, and IR spectroscopy can be used as a diagnostic tool. The change of the 
chemical shift of the OH protons (1H-NMR) or the vibration of the OH-groups (IR) upon 
adsorption can be interpreted. TPD is also applied.

The adsorption of acetonitrile on pure zirconia was investigated by Aboulayt et al.405

using IR spectroscopy. Acetamide monoanions were formed, either by interaction with basic 
OH groups or by a reaction involving water displacement, adsorption on Lewis acid sites, and 
reaction of the adsorbed species with water.405 Morterra et al. found Brønsted acid sites absent 
on pure zirconia,459 which would exclude the first interpretation by Aboulayt.

Pârvulescu et al.62 concluded from their IR data of adsorbed CD3CN that the population 
and strength of Brønsted and Lewis acid sites increased with increasing sulfate content. The 
number of OH groups interacting with CD3CN was related to the sulfur content.62 According 
to IR and TPD experiments by Vera et al.,52 only strong Lewis acid sites remain after 
activation of sulfated zirconia at 573 K in vacuum. Consistent with this observation, Morterra 
et al.459 concluded from IR spectra that Brønsted acid sites interacting with 
perdeuteroacetonitrile were eliminated at 673 K in vacuum. Based on TPD results, Figueras et 
al.307 determined 210 µmol∙g-1 sites on sulfated zirconia, 55% of which were connected to 
desorption at high temperature (550–600 K). The number of sites corresponded to 18% of the 
sulfur atoms.307

Adeeva et al.17 used acetonitrile as a probe in TPD, IR, and NMR experiments on sulfated 
and Mn- and Fe-promoted sulfated zirconia. For both catalysts formation of CO2 was detected 
during TPD; in comparison to sulfated zirconia, larger quantities of CO2 desorbed at a lower 
temperature (723 K) for the promoted material. IR spectra revealed an identical shift of the 
OH bands for promoted and unpromoted sulfated zirconia, indicating no difference in acidity. 
NMR spectra after adsorption of acetonitrile or trichloroacetonitrile gave shifts of the proton 
signals of sulfated zirconia, but these shifts were smaller than those for HY and HZSM-5 
zeolites.17

As with the probes pyridine and ammonia, it is possible to distinguish zirconia and 
sulfated zirconia in terms of their acidic properties, but the acidity of sulfated zirconia is 
described as even lower than those of acidic zeolites. Promotion does not increase the acidity. 
The TPD method is again not applicable because of decomposition of the probe.
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2.3.10 Characterization by Adsorption of Carbon Monoxide

The predominant analytical method when using CO as a probe is IR spectroscopy. An 
overview of band positions reported in the literature is given in Table 2-9. The bands at lower 
wavenumbers, indicative of weakly interacting species, are typically recorded at 77 K while 
the adsorption at strongly acidic Lewis acid sites can also be observed at room temperature. 
The ranges given originate from different CO pressures; generally these bands shift towards 
lower wavenumbers with increasing CO pressure.

Table 2-9: Band positions and assignments for CO adsorbed on zirconia materials

Position / cm-1 Samples Assignment
2212 sulf. ZrO2 Zr4+ 81,201

2211 sulf. m/t-ZrO2, > 2.2 S / nm2 Zr4+ 417

2210–2200 sulf. ZrO2 cus Zr4+ 419

2208 sulf. 30% t-ZrO2 (mostly m-ZrO2) cus Zr4+ 68

2208 sulf. m-ZrO2 Zr4+ 415

2208 sulf. m/t-ZrO2, 0.65 S / nm2 Zr4+ 417

2207 3 mol% yttria-stabilized ZrO2 cus Zr4+, defective centers403

2207–2194 yttria stabilized t-ZrO2 Zr4+ 415

2206–2201 Fe+Mn-sulf ZrO2: surface cations232

2205 sulf. ZrO2 crystallographically defective locations413

2205–2195 >90% t-ZrO2 structurally defective configurations (steps, corners)396

2204 sulf. m/t-ZrO2, > 2.2 S / nm2 Zr4+ 417

2204–2201 sulf. ZrO2 surface cations 232

2204–2198 sulf. m-ZrO2, sulf. t-ZrO2 Zr4+ 427

2204–2196, 2187 m-ZrO2 cus Zr4+ 389

2203 sulf. m/t-ZrO2, 0.65 S / nm2

sulf. ZrO2

Zr4+ 417

Lewis acid sites18

2202 3 mol% yttria-stabilized ZrO2 cus Zr4+, highly uncoordinated sites in 
crystallographically defective locations403

2202 sulf. ZrO2 Zr4+ 81,201

2202 sulf. m-ZrO2 cus Zr4+ 193

2202 ZrO2 CO+ polarized by surface electric field387

2202–2196 sulf. ZrO2, diff. sulfate contents
sulf. ZrO2, diff. sulfate contents

ZrCUS
4+ 454

cus surface cations349

2202–2197 m-ZrO2 Zr4+ 394

2202–2193 m-ZrO2 Zr4+ 415

2201 ZrO2 Zr4+ 201

2200 sulf. ZrO2, Fe+Mn-sulf. ZrO2

Fe+Mn-sulf. ZrO2

sulf. ZrO2

Lewis acid sites17

ZrCUS
4+ 232

S6+ of (SO3)ad
424

2200 sulf. ZrO2 and sulf. 3 mol% Y-
ZrO2

cus Zr4+ in crystallographically defective “side 
terminations”95

2200–2190 sulf. ZrO2 cus Zr4+ in defective crystallographic positions445

2199 sulf. m/t ZrO2, > 2.2 S / nm2 Zr4+ 417
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Position / cm-1 Samples Assignment
2199–2196 ZrO2 surface cations232

2198 sulf. t-ZrO2 cus Zr4+ 68

2198 sulf. m-ZrO2 cus Zr4+ 193

2198–2194 m-ZrO2 Zr4+ 394

2197 sulf. m/t-ZrO2, 0.65 S / nm2 Zr4+ 417

2197–2190 >90% t-ZrO2 structurally defective configurations (steps, corners)396

2196 sulf. ZrO2 cus Zr4+ 70,81

2196 3 mol% yttria-stab. ZrO2 cus Zr4+ 68

2195 ZrO2 Lewis acid sites18

2195 3 mol% Y-ZrO2, no sulfate cus Zr4+ in defective side terminations95

2194–2183 yttria-stabilized t-ZrO2 Zr4+ 415

2193 sulf. ZrO2 regular patches of low-index crystal planes413

2193–2187 m-ZrO2 Zr4+ 394

2193–2183 m-ZrO2 Zr4+ 415

2193, 2183 sulf. t-ZrO2 cus Zr4+ sites on crystal defects441

2192 ZrO2 cus surface cations349

2192 3 mol% yttria-stabilized ZrO2 cus Zr4+, regular crystal planes403

2191 sulf. m-ZrO2, sulf. t-ZrO2 Zr4+ 427

2190 ZrO2 Zr4+, side terminations (crystallographic defects)445,413

2190 3 mol% yttria-stabilized t-ZrO2 cus Zr4+ in defective crystallographic positions441

2190–2183 m-ZrO2 Zr4+ 394

2188 ZrO2

m-ZrO2

m-ZrO2

Zr4+ 81,201

Zr4+ 427

isolated CO on (111) plane393

2185 sulf. ZrO2 regular patches of low-index crystal planes413

2177–2168 m-ZrO2 H-bonded to OH-groups427

2177–2167 sulf. m-ZrO2 H-bonded to OH-groups427

2175 ZrO2 Zr4+, top terminations (regular low index planes)445

2175 3 mol% Y-ZrO2 cus Zr4+ in regular “top” terminations95

2175 >90% t-ZrO2 cus sites regular crystal planes396

2175 3 mol% yttria-stabilized t-ZrO2 cus Zr4+ regular crystal planes441

2171, 2167 m-ZrO2 parallel coupled CO oscillators393

2170 Fe-sulf. ZrO2, Fe+Mn-sulf. ZrO2

not on Mn-sulf ZrO2

surface Fen+ sites, n<3 232

2170–2167 sulf. m-ZrO2 H-bonded to OH groups193

2164, 2151 sulf. t-ZrO2 H-bonded to OH-groups441

2160 sulf. ZrO2 H-bonded to OH-groups445

2160 3 mol% sulf. ZrO2 H-bonded to OH-groups95

2158 >90% t-ZrO2 H-bonded to OH-groups396

2155 3 mol% yttria-stabilized t-ZrO2 H-bonded to OH-groups441

2152 m-ZrO2 physisorbed427

2150 Fe/ZrO2 cus Fe3+ 464

2149 sulf. m-ZrO2 physisorbed427
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From the data in Table 2-9, it becomes obvious that the assignments are ambiguous. The 
very strong Lewis acid sites, which are indicated by bands at 2200 cm-1 and higher, are not 
unique to sulfated zirconia but are also observed for cation-doped, unsulfated zirconia. One 
interpretation could be that the promoters enhance an effect that the sulfate has anyway, i.e. 
promoters could increase the number of strong Lewis sites. For alkane isomerization, strong 
Brønsted and strong Lewis acid sites may be required, which may explain why promoted 
zirconia alone is not active and sulfate must be present to generate Brønsted acid sites.

The Brønsted acidity of sulfated zirconia is not exceptional, as the shift of the OH band 
upon adsorption of CO shows. The data in Table 2-10 reveal smaller shifts for zirconia and 
sulfated zirconia than for the OH bands of acidic zeolites (H-ZSM-5, H-Mordenite, HY) 
which range from 273 to 308 cm-1.81

Table 2-10: Shift of OH bands upon CO adsorption

Similar to findings with pyridine and ammonia, adsorption of CO also results in a shift of 
the S=O stretching band. Given the weaker basicity of CO, the shift is smaller than for the 
other two probes as can be seen from Table 2-11.

Few authors make statements on the amount of CO adsorbed; equally rare are heats of 
adsorption. Pokrovski et al.407 found a 5- to 10-fold higher CO adsorption capacity for 
monoclinic than for tetragonal ZrO2; this behavior was attributed to a higher Lewis acidity 
and basicity on the surface of the m-phase. The number of sites on m-ZrO2 for CO adsorption 
(high frequency bands, adsorption at room temperature) decreases when CO2 or H2O is pre-
adsorbed,391 indicating adsorption on the same Lewis sites.

Position / cm-1 Samples Assignment
2146 95% m-ZrO2 cus Zr4+ 392

2138 Fe/ZrO2 cus Fe3+ 464

2137 sulf. m-ZrO2 physisorbed427

2126, 2110 reduced m-ZrO2 cus Zr3+ 389

2125, 2112 95% m-ZrO2, >670 K in vacuum cus Zrn+, n<4 392

2124 Fe/ZrO2 cus Fe3+ 464

2112 ZrO2
387

2100–2180 reduced Fe/ZrO2 Fe(2-x)+-CO464

1700–1200 m or t-ZrO2 bicarbonate and carbonate407

Initial position of OH band / cm-1 Material Shift / cm-1

3680 m-ZrO2 –70427

ZrO2 –90unpubl. ref. in 81

3675–3660 Y-stab. t-ZrO2 –100441

3650 sulf. t-ZrO2 –200,–100441

3640 sulf. m-ZrO2 –160193

3640 sulf. m-ZrO2 and sulf. t-ZrO2 –220, –160427

3650 sulf. 15% m/t-ZrO2 –14081
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Table 2-11: Shift of S=O band upon CO adsorption

The number of strongly acidic Lewis sites on sulfated tetragonal ZrO2 was determined by 
CO adsorption at 303 K;403,438 it strongly depends on the degree of hydration, i.e. the 
activation temperature.438 After activation at 732 K there were about 0.5 µmol∙m-2 sites with 
heats of adsorption of 50–65 kJ∙mol-1.438 The initial heats of adsorption for CO increased by 
about 10 kJ∙mol-1 through sulfation.417 Indeed the effect of sulfation seems rather small, 
enthalpies of adsorption of CO were reported as follows: yttria-stabilized t-ZrO2: 64 and 67 
kJ∙mol-1; m-ZrO2: 58 and 72 kJ∙mol-1, sulf. m-ZrO2: 62 and 69 kJ∙mol-1.415 Lavrenov et al.319

published data on a SiO2-supported sulfated zirconia catalyst. The range 2200–2186 cm-1 was 
analyzed, and all samples were activated at 773 K. The number of Lewis acid sites was 
33 µmol∙g-1 after calcination at 723 K and increased with increasing calcination temperature 
to 100 µmol∙g-1 after calcination at 1073 K.319

Somewhat disturbing for the use of CO as a probe is that CO that had been adsorbed on 
m-ZrO2 at room temperature desorbed in the form of CO2.407 Formation of CO2 in the reaction 
of ZrO2 with CO was also observed by He and Ekerdt.384

In summary, the CO adsorption data do not provide any explanation as to why sulfated 
zirconia should be very active for alkane isomerization at low temperature. Equally, no 
particular effect of the addition of promoters is revealed.

2.3.11 Characterization by Adsorption of Benzene and Other Homoaromatic Compounds

Substituted benzenes have been used in three different types of experiments: (i) in TPD 
studies to measure the distribution of acid sites, (ii) in combination with IR spectroscopy to 
analyze the shift and thus the acid strength of OH groups, and (iii) in combination with EPR 
to assess electron acceptor properties. Whether the last method delivers information on acidity 
is debatable because EPR will detect the radicals that may form on contact of the aromatic 
compound with the surface, and radicals indicate a single electron transfer, reflecting redox 
behavior and not Lewis acidity.

TPD of phenol from pure zirconia resulted in partial decomposition to water and benzene; 
which was interpreted as an indication for weak basic and acidic properties.386

Lin and Hsu 22 in 1992 conducted TPD experiments with benzene, which at 373 K 
adsorbed on Fe- and Mn-promoted sulfated zirconia but not on sulfated zirconia. Even 
benzenes with electron-drawing substituents such as fluorobenzene and 1,4-difluorobenzene 
adsorbed on the promoted material, while on sulfated zirconia only toluene, xylene, and 
mesitylene adsorbed.22 It was concluded that substituted benzenes with fine-tuned basicity can 

Initial position of S=O band / cm-1 Shift / cm-1

ca. 1400 slight shift81,201

1402 and 1394 (sulf. m-ZrO2) –22 or –14 and (higher pCO) –31 or –23193

1402 and 1395 –16 to –19 and –27427

1393 –14424
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be used to investigate acid strength and acid site concentration.22 However, in 1994, Jatia et 
al.25 showed that the high temperature peak recorded with a TCD by Lin and Hsu did not 
correspond to benzene desorption from Fe- and Mn-promoted sulfated zirconia but to 
liberation of CO2, O2, and SO2. Contrary to the results of Lin and Hsu, Jatia et al.25 could not 
correlate TPD profiles and catalytic activity. Srinivasan et al.26 confirmed the decomposition 
of benzene into CO2 and coke on the surfaces of sulfated zirconia and Fe- and Mn-promoted 
sulfated zirconia. Sulfate was identified as the oxidizing agent because SO2 was also 
formed.26 Slightly different results were presented by Wan et al.,23 who reported “no high-
temperature desorption of any kind of carbon-containing species” and a carbon-free surface in 
the end of benzene TPD from sulfated zirconia. Srinivasan had used a special procedure to 
adsorb benzene and the different outcome may thus be related to the way the experiment was 
conducted. According to Wan et al.,23 toluene and p-xylene did adsorb on sulfated zirconia, 
and CO2 and SO2 formation were observed during TPD.23 Wan et al.23 also detected SO2 and 
CO2 as products of benzene TPD from Fe- and Mn-promoted sulfated zirconia, but dismissed 
the idea of sulfate as oxidizing agent and suggested that Mn or Fe species act as such. 
Evolution of CO2 was also noticed by Sikabwe et al.,24 who additionally stated that 
decomposition of sulfate occurs at 725 K in the presence of adsorbed benzene, and otherwise 
only at 900 K. The authors concluded that benzenes are unsuitable probe molecules for these 
catalysts, because the probe and the catalyst are being decomposed during the TPD 
experiment.

When used as a probe at room temperature in combination with IR spectroscopy, benzene 
causes a downward shift of the OH bands. This shift was determined to be 100 cm-1 for 
zirconia and 200 cm-1 for sulfated zirconia by Kustov et al.;18 indicating generation of more 
acidic OH groups through sulfate addition. The shift is still much smaller than shifts observed 
for the acidic OH groups of zeolites upon benzene adsorption, which reach values between 
240 and 350 cm-1.18 On a number of different sulfated zirconia samples adsorption of benzene 
caused a 179–244 cm-1 shift of the OH groups at 3640 cm-1; the acidity was thus classified as 
corresponding to that of HX zeolite.383

Coster et al.414 detected the formation of radicals after exposure of sulfated zirconia to 
aniline and concluded that strong Lewis acid sites must be present; such sites were also found 
on sulfated hafnia but not on sulfated alumina or titania. Timoshok et al.432 observed the 
formation of benzene dimer cation radicals upon adsorption of benzene on sulfated zirconia at 
233 K and the formation of biphenyl cation radicals at 298 K. The total radical concentration 
measured after interaction with toluene or benzene was interpreted as the concentration of 
surface acceptor sites; the value resulting from benzene reaction at 373 K was 0.14 µmol∙g-1. 
Benzene adsorption was also performed by Chen et al.,100 and biphenyl radicals (10-2

µmol∙g-1) were found only after interaction of benzene with sulfated but not with pure 
zirconia. Reaction of sulfated zirconia with benzene at 373 K yielded phenol and 
diphenylmethane, and after 24 h reaction time also alkylbenzenes, biphenyl, 
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phenylcyclohexane, and anthracene.473 Adsorption of perylene on sulfated zirconia gave 
signals indicative of perylene cation radicals in EPR spectra while adsorption on zirconia did 
not.188 Suja et al. took the amount of adsorbed perylene as a measure of Lewis acidity; and the 
number of such sites for an Fe-promoted sulfated zirconia, depending on the calcination 
temperature, varied between 1.0 and 3–7 µmol∙g-1.

Due to decomposition, benzene and related compounds can not be used for TPD 
experiments with sulfated zirconia catalysts; in IR experiments the results are unspectacular in 
that they do not explain the catalytic activity of the material. The number of sites capable of 
single-electron transfer is extremely small. However, such a minority species could be 
relevant for starting a catalytic cycle, and with the right probe EPR may be one of the 
methods sensitive enough to find such a species. So far the results do not reach beyond 
distinguishing zirconia and its sulfated counterpart, which can also be achieved by other 
methods. A true correlation with catalytic performance is lacking.

2.3.12 Characterization by Adsorption of Water

Water is an amphoteric probe but it is also main adsorbate that is removed during 
activation of the catalyst, and it has thus been co-adsorbed with other probes. 

On pure zirconia, the adsorption of water produced hydroxyl groups and adsorbed water 
species,183,391 as zirconia has a high affinity to water.391 Adsorbed water reduces the number 
of Lewis acid sites as probed by CO.391 Specifically those Lewis acid sites assigned to Zr4+, 
and one type of Lewis sites assigned to Zr3+ (CO band at 2125 cm-1) were affected while 
another type of Zr3+ (CO band at 2112 cm-1) did not interact with water.392

The OH stretching and bending modes of adsorbed water are reported to be comparable 
for unsulfated and sulfated zirconia.16 For pure zirconia, the rehydration pattern is different 
from the dehydration pattern.391 The rehydration pattern for sulfated zirconia is different from 
that of unsulfated zirconia in that three bands at 3590, 3250, and 3170 cm-1 are observed for 
sulfated zirconia. These bands are assigned to H3O+ ions formed on the sulfated zirconia 
surface.16 Hydroxonium ions on sulfated zirconia were also discussed by Babou et al.424 who 
referred to a band at 1680 cm-1 at low water coverage as evidence. The amount of 
coordinatively bound water on sulfated zirconia was determined to 2.4–2.6 H2O 
molecules∙nm-2 on a sample with 1.52 SO4 groups∙nm-2.16 If water is added to pyridine 
adsorbed on sulfated zirconia, Lewis sites are converted into Brønsted acid sites.412

Mishra and Parida64 studied the water uptake of a number of samples with different 
sulfate content pretreated at 723 K; the values ranged from 1.07–3.87 mmol∙g-1 or 18.1–52.1 
µmol∙m-2. These values translate to 10.9–31.4 molecules∙nm-2. Bolis et al.438 studied water 
adsorption on sulfated zirconia activated at 723 K by microcalorimetry. In order to 
rehydroxylate the surface, 7 µmol∙g-1 water were necessary, and on this rehydroxylated 
surface, only 2 µmol∙g-1 water adsorbed (all at 2 torr H2O). Initial heats of adsorption reached 
250 kJ∙mol-1 consistent with dissociative adsorption, and were thus much higher than the 
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160 kJ∙mol-1 that were produced by water adsorption on pure monoclinic zirconia.438 The 
number of sites with such high heats was small, and with increasing coverage a plateau region 
from 0.5–2.5 µmol∙m-2 (94–470 µmol∙g-1) developed at 130–140 kJ∙mol-1. González et al.434

found lower initial heats of 205 kJ∙mol-1 but also a plateau region at 140–160 kJ∙mol-1 that 
extended from 10–90 µmol∙g-1. For the first 100 µmol∙g-1 the heat was higher than for the 
adsorption of ammonia and it was concluded that water adsorbs dissociatively and forms new 
hydroxyl groups on the surface. The initial (3 min on stream) isomerization activity was 
largest with 75 µmol∙g-1 adsorbed water.

Dorémieux-Morin and Fraissard437 proposed an acidity scale based on the degree of 
ionization of water at an adsorbed amount of water equivalent to the amount of acid sites. The 
ionization degree was measured by NMR, but water was too strong a base to distinguish 
between strong acids such as triflic acid and sulfated zirconia, which both yielded an 
ionization degree of one.

Overall, water interacts very strongly with (sulfated) zirconia, and, depending on the 
degree of hydration of the surface, dissociation may occur. Because of this strong interaction, 
water seems moderately useful as a probe. Interesting is the formation of hydroxonium ions 
on sulfated zirconia, which points towards strong Brønsted acidity. While sulfated zirconia is 
distinguished from pure zirconia, information on promoted sulfated zirconia is not available.

2.3.13 Characterization by Adsorption of Trimethylphosphane

In 1993, Coster et al.414 published an NMR study on the adsorption of trimethylphosphane 
on sulfated oxides and found the largest 31P chemical shift for sulfated zirconia, which was 
thus rated more acidic than sulfated hafnia, titania, or alumina. Lunsford et al.,416 using the 
same probe for sulfated zirconia, found the number of Brønsted acid sites decreasing and the 
number of Lewis acid sites increasing with increasing treatment temperature. Riemer and 
Knözinger428 compared zirconia and sulfated zirconia, and concluded that sulfation generates 
Brønsted acid sites and an increase in Lewis acid strength. The formation of 
trimethylphosphane oxide suggested that sulfated zirconia also has oxidizing abilities.428

2.3.14 Characterization by Adsorption of Hydrogen

Hydrogen is used at low temperatures in combination with IR spectroscopy, it serves as a 
probe for Brønsted acid sites (shift of OH bands) or Lewis acid sites (HH stretching vibration 
becomes active in adsorbed H2, shift with respect to gas phase frequency). Under reactive 
conditions, hydrogen can be considered as the smallest model compound for alkanes because 
it can be protonated or a hydride can be abstracted.

Kondo et al.387 reacted pure zirconia activated at 973 K with H2 at room temperature. 
Besides the bands of hydroxyl groups, further bands were visible in the IR spectrum at 1562 
and 1371 cm-1, which were assigned to hydrides and bridging hydrides, respectively. A band 
at 1116 cm-1 was not interpreted. Further studies by Kondo et al.390 revealed molecularly 
adsorbed hydrogen (4029 cm-1) at 173 K, geminal HZrH species below 223 K (1540 cm-1), 
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and between 223 and 373 K again ZrH (1562 cm-1) and ZrOH (3778, 3668 cm-1) species. At 
even lower temperature,395 namely at 103 K, three different types of molecularly adsorbed 
hydrogen were characterized by bands at 4054, 4031, and 3996 cm-1. Moon et al.398 presented 
similar results as Kondo with bands at 3782, 3668 and 1562 cm-1; the presence of four 
different types of coordinatively unsaturated sites was deduced from the H2 (and CO) 
adsorption.

Kustov et al.18 showed that H2 adsorbed on zirconia (at 77 K) experiences a greater shift 
of its vibrational frequency in comparison to the gas phase than H2 adsorbed on sulfated 
zirconia. After reaction of sulfated zirconia with H2 at 473 K, Paukshtis et al.447 observed 
bands at 3660, 1620, and 1555 cm-1, consistent with the formation of hydroxyl groups, water, 
and zirconium hydride.

Hydrogen appears to react rather easily with activated zirconia or sulfated zirconia to give 
hydrides. The hydride abstraction capability may be of importance for the initiation of the 
isomerization reaction, because carbenium ions may be formed from alkanes in such a way. 
As a probe for acidity, it does not reflect the catalytic properties of zirconia and sulfated 
zirconia correctly.

2.3.15 Characterization by Adsorption of NO, Propanol, H2S, N2, and Argon

The adsorption of NO and the co-adsorption of NO and O2 was investigated by 
Hadjiivanov et al.455 using IR spectroscopy. Nitrosyl species formed more easily on the 
surface of sulfated than of unsulfated zirconia, which was interpreted as an increased acidity 
of Zr4+ ions situated near sulfate groups.455

n-Propanol reacted with OH groups to give alkoxides on pure monoclinic and on 
tetragonal zirconia.388 The alkoxides were slowly hydrolyzed after exposure of the samples to 
air.

Adsorption of H2S on dehydroxylated monoclinic zirconia led to protonation of oxide 
surface anions.187

Strong Lewis acid sites can be probed through adsorption of nitrogen, and Mastikhin et 
al.382 estimated the number of such sites from NMR data to be around 0.33 × 1019

molecules∙g-1, i.e. 5–50 µmol∙g-1. These few sites were believed to be responsible for the 
alkane isomerization activity.

TPD of Ar was performed by Arata et al.460 and the activation energy for desorption, 
which was higher for sulfated tin oxide than for sulfated zirconia, was correlated with the 
Hammett acidity function.

All of these probe – method combinations were so far performed only by single groups 
and the data need to be further corroborated. None of the methods has yet been applied to 
promoted sulfated zirconia materials.
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2.3.16 Characterization by Adsorption of Alkenes and Alkanes

Sikabwe and White214 followed the TPD of 1-butene to distinguish Fe-promoted and 
unpromoted sulfated zirconia. The results—desorption of mostly saturated products from the 
unpromoted material and of products of β-scission of a C8 intermediate from the promoted 
material—were seen as evidence that Fe strengthens the interaction of the catalyst with 
carbenium ions and reduces their Lewis acidity.

The results of TPD of isobutane and 1-butene from silica-supported sulfated zirconia 
were described by Guo et al.;420 1-butene was partially converted to octane isomers below 373 
K, isobutane was partially converted to n-butane and octane isomers.

Kustov et al.18 used methane, ethene, and cyclopropane as probes in combination with IR 
spectroscopy. Oligomerization of ethene or cyclopropane on zirconia at 300 K was extremely 
slow, while on sulfated zirconia, rapid oligomerization took place, even faster than described 
for H-ZSM-5, and OH-groups at 3250–2950 cm-1 were consumed. The shift of the CH bands 
of methane was smaller after adsorption on sulfated than after adsorption on pure zirconia, 
namely 138 instead of 163 cm-1. The polarizing abilities of acid-base pairs on the sulfated 
sample were thus regarded as weaker than those of such pairs on pure zirconia, despite the 
stronger Lewis acidity of the sulfated material.

Using IR spectroscopy to follow the adsorption of n-butane at room temperature, Babou 
et al.424 found the bands of sulfated zirconia unchanged, and the bands of butane slightly 
changed with respect to the gas phase. The interaction was thus considered weak, and indeed, 
all butane features disappeared upon outgassing. Adsorption of n-pentane at room 
temperature, performed by Paukshtis et al.,447 shifted OH-bands towards lower wavenumbers, 
bands at 3743 and 3652 cm-1 decreased, and a band at 3560 cm-1 appeared. The sulfate band at 
1416 cm-1 also decreased. Bands forming at 1610 and 1493 cm-1 were considered as 
representative of aromatic compounds, and a band at 1538 cm-1 was assigned to protonated 
methyl-substituted cyclopentadiene. The formation of hydrides was indicated by bands at 
1580-1590 cm-1, and was inferred to be the key step in the isomerization of n-pentanes.

González et al.434 measured the heats of adsorption of n- and isobutane on sulfated 
zirconia samples. The initial heat for n-butane adsorption amounted to 57 kJ∙mol-1, and then 
the heats decreased almost linearly to a value of 38 kJ∙mol-1 at 35 µmol∙g-1 adsorbed butane 
molecules. Initial heats for isobutane adsorption were of 54–58 kJ∙mol-1, the heats dropped to 
30–35 kJ∙mol-1 at 30 µmol∙g-1 coverage.

The results on interaction with alkanes are inconclusive; the heats of adsorption and the 
IR data by Babou indicate a very weak, reversible interaction, while the hydride formation 
indicates a true reaction.

2.3.17 Brønsted Acidity from H-D Exchange

H-D exchange experiments were conducted using deuterated water,388 benzene,383

perdeuteroethene,18 propene,401 methane,256 and trifluoroacetic anhydride.466
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All OH-groups on monoclinic and tetragonal zirconia showed at least partial exchange 
with deuterated water, and the bands at 3769 cm-1 (m-ZrO2) and 3744 cm-1 (t-ZrO2) 
exchanged completely.388 Exchange between C3D6 and C3H6 over zirconia proceeded already 
at 473 K; the activation energy for this reaction was about 315 kJ∙mol-1.401

The number of Brønsted sites on sulfated zirconia as measured via exchange of the 
deuterated catalyst with H2O was 108 µmol∙g-1.316 On sulfated zirconia, the OH groups 
exchanged with perdeuterobenzene; and such exchange implies protonation of the benzene. 383

In liquid superacids, benzenium ion formation occurs at 139 K, and on sulfated zirconia at 
room temperature.383 Perdeuteroethene exchanged rapidly with sulfated zirconia at 300 K.18

H–D exchange with perdeuteromethane proceeded without an induction period on sulfated 
and promoted sulfated zirconia at temperatures of 683 K and 593–703 K, respectively.256 The 
rates decreased in the following order: AlCl3/sulfonated resin >>> H-SZM-5, Mn- and Fe-
promoted sulfated zirconia >> sulfated zirconia, where each “>” stands for one order of 
magnitude. 256

The number of Brønsted acid sites on sulfated zirconia as determined by titration with 
trifluoroacetic anhydride was 64 µmol∙g-1. Promotion of sulfated zirconia with aluminum 
increased the number of Brønsted acid sites466 to as much as 250 µmol∙g-1 at 12.4 mol% 
Al2O3, but the trend with increasing Al content was not steady.

HD exchange experiments are so far the only experiments to prove an effect of the 
promoter beyond the facilitated decomposition of a probe (benzene, pyridine) in TPD 
experiments. 

2.3.18 Characterization by Adsorption of Carbon Dioxide

Carbon dioxide is a probe for basic sites and has mainly been used to characterize pure 
zirconia.

Xu et al.386 used the TPD method to investigate monoclinic zirconia and found a broad 
desorption range from 373 to 773 K with maxima at ca. 373 K and 443 K and a shoulder at 
523 K. Su et al. saw a rather sharp desorption profile extending only to 523 K with a 
maximum 413 K.53

Kondo et al.387 studied the adsorbed species using IR spectroscopy and identified 
bidentate carbonate species from bands at 1556, 1304, and 1061 cm-1 and bicarbonate species 
from weak bands at 1600, 1470, and 1225 cm-1. For tetragonal zirconia, Hertl388 assigned 
bands at 1650 and 1435 cm-1 to bicarbonate and bands at 1444 and 1330 cm-1 to carbonate. 
For monoclinic zirconia, bands at 1683, 1628, and 1428 cm-1 were assigned to bicarbonate, 
and bands at 1573 and 1354 cm-1 to bidentate carbonate.388 Bicarbonates are favored on 
highly hydrated zirconia; and bidentate carbonates block cus sites while monodentate 
carbonates do not.391 Specifically, CO2 reacts more effectively with cus Zr3+ than O2 or 
water.392 Linearly adsorbed CO2 produces at band at 2360 cm-1.392 Guglielminotti389 reported 
two bands for linear species at 2361 and 2336 cm-1, three bands for bidentate carbonate 
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species at 1550, 1310, and 1055 cm-1, and three bands for bicarbonate species at 1620, 1453 
and 1227 cm-1. Formation of the bicarbonate consumed OH groups.389 Bridged carbonate 
species were also assumed from bands in the ranges 1810–1770 and 1560–1300 cm-1.389

Morterra et al.402 compared monoclinic and yttria-stabilized tetragonal zirconia, which have 
different OH group distributions and thus interact differently with CO2. IR spectra showed 
that when tri-bridged OH groups prevail, mainly mono- and bidentate carbonate species are 
formed, whereby a peculiar monodentate carbonate species was unique to t-ZrO2. Bicarbonate 
species are only formed on highly hydrated t-ZrO2 when monodentate OH groups are 
present.402 Pokrovski et al.407 reported bidentate bicarbonate (1620 and 1225 cm-1), 
polydentate carbonate (1450 and 1430 cm-1), bidentate carbonate (1595 and 1375 cm-1), and 
monodentate carbonate (1373 and 1355 cm-1) as surface species on t-ZrO2. The bicarbonate 
was the least thermally stable as TPD experiments demonstrated. On the surface of m-ZrO2, 
bidentate bicarbonate (1620 and 1225 cm-1), ionic bicarbonate (1695 and 1435 cm-1), 
bidentate carbonate (1575, 1555, 1335, 1325 cm-1), and monodentate carbonate (1375 and 
1355 cm-1) were formed, of which the bicarbonates were the least thermally stable.407

The adsorption capacity of monoclinic zirconia at 298 K was about 1.97–3.48 µmol∙m2, 
while the adsorption capacity of t-ZrO2 was only 0.04–0.07 µmol∙m2. Heats of adsorption of 
CO2 on zirconia were determined to be 50–150 kJ∙mol-1 with an uptake of up to 5 µmol∙m2; 
strongly interacting sites (> 100 kJ∙mol-1) amounted to about 1–2 µmol∙m-2, i.e. 25–100 
µmol∙g-1.77

The carbonate formation shows that zirconia has pronounced basic properties. The 
linearly adsorbed CO2 indicates Lewis acid sites. In earlier work,474 the author of this thesis 
showed that sulfated zirconia may not adsorb CO2 at all, and thus CO2 can be used to probe 
the fraction of zirconia surface that is not covered with sulfate. Zirconia with a submonolayer 
sulfate coverage may additionally possess surface carbonates, which will cause additional 
bands in IR spectra.

2.3.19 Acidity from Theoretical Calculations

The acidity issue was also addressed by theoreticians. Babou et al.207,208 found the 
structure of the sulfate on the surface consistent with adsorbed sulfuric acid and rated the 
acidity as equivalent to liquid sulfuric acid. According to Kanougi et al.,475 H2SO4 adsorbs 
dissociatively on the (101) face of t-ZrO2 producing H2O and SO3. Ammonia adsorption 
energies were estimated by two different methods. The energies (negative heats of adsorption) 
ranged from –27 to –102 kJ∙mol-1 on proton sites without sulfate, and from –55 to –135 
kJ∙mol-1 on those with sulfate. Lewis acid sites were described with adsorption energies from 
–8.8 to –238 kJ∙mol-1. This rather wide range of adsorption energies is difficult to correlate to 
experimental results.

Haase and Sauer209 concluded that the hydroxyl groups on the (101) and the (001) surface 
of tetragonal zirconia are less acidic than the bridging hydroxyl group in zeolites, independent 
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of the presence or absence of sulfate. Ireta et al.210 stressed a strong electrostatic potential 
around the sulfate group, which induces significant polarization in hydrocarbons unless the 
zirconia is hydroxylated.

2.3.20 Summary of Literature on Probe Molecules

On a relative scale, sulfated zirconia is classified as more acidic than pure zirconia by 
many probe molecule – method combinations. In the presence of sulfate, more strongly acidic 
Brønsted and Lewis sites are detected. Promoted sulfated zirconia, however, is only 
distinguished from sulfated zirconia by (i) earlier decomposition of sulfate or the probe in 
TPD experiments or (ii) faster HD exchange reactions. No experiment has yet shown a proper
grading of zirconia – sulfated zirconia – promoted sulfated zirconia.

On an absolute scale, the acid strength of the sites has been mostly placed near those of 
acidic zeolites. Only two experiments were interpreted in terms of extraordinary acidity, i.e. 
(i) NH3 TPD from sulfated zirconia, and (ii) the Hammett indicator method applied to sulfated 
zirconia. Both methods do not work for promoted materials because of sulfate decomposition 
or the color of the catalyst, respectively.

All strongly interacting nucleophiles such as pyridine can be deemed unsuitable as probe 
molecules because they may alter the sulfate structure. Such interaction causes problems in 
TPD experiments, because the desorption temperatures become so high that sulfate 
decomposes concomitantly. In some cases, the probe reacts with the catalyst to give various 
desorption products. TPD should only be applied with caution to these systems, and non-
specific detection such as a TCD is to be avoided. 

A strong influence of the activation of the catalyst is observed, and many experiments 
reported in the literature may not be comparable. This concerns particularly the ratio of Lewis 
to Brønsted acid sites.

Estimates of the number of acidic sites vary over almost three orders of magnitude. With 
nitrogen bases, up to about 2000 µmol∙g-1 sites are detected; and because of the strong 
interaction of these probes, these values reflect the total number of acidic sites. Only a much 
smaller number of sites is characterized as strongly acidic (e.g. by a high heat of adsorption or 
by a small H0 value), typically less than 100 µmol∙g-1. The sulfate content of the materials is 
usually higher than the number of sited identified. It is a common theme that not all sulfate 
groups are involved in the interaction with the probe or, derived from that, the reactant. This 
important finding has two consequences (i) the active species is most likely a minority species 
and thus more difficult to identify, and (ii) theoretical models must not only consider the most 
stable species.

Heats of adsorption of C4-alkanes on sulfated zirconia are only about 30–57 kJ∙mol-1, and 
are much lower than heats for the classical nitrogen bases (100–200 kJ∙mol-1). This gap in 
heats is a further argument against the use of strong nitrogen bases as probes. However, the 
number of sites detected by alkane adsorption is on the same order of magnitude as the 
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“strongly” acidic sites, which is less than 100 µmol∙g-1; i.e. a fraction of the detected acidic 
sites may be alkane adsorption sites.

No probe yet reflects the activity difference between zirconia, sulfated zirconia, and 
promoted sulfated zirconia succinctly and quantitatively. Many articles lack catalytic tests to 
correlate with the acidity measurements, and often, only two out of these three classes of 
substances have been investigated.
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2.4 Alkane Reaction Mechanisms

2.4.1 Acid Catalyzed Reactions in Liquid Phase

Ideas on the mechanisms of alkane reactions on solid acids were derived from liquid 
phase chemistry and comparisons between homogeneous and heterogeneous catalysis have 
been made.476,477 Acid-catalyzed hydrocarbon reactions in the liquid phase proceed through 
carbocations, which are distinguished into two species, the non-classical penta-coordinated 
alkanium ions (according to recent IUPAC478; formerly: carbonium ions), and the classical, 
tri-coordinated carbenium ions (older literature: carbonium ions). The alkanium ion chemistry 
is invariably linked to Olah,479 who investigated the reactions of alkanes in liquid superacids 
such as HF/SbF5 or FSO3H/SbF5 diluted with SO2ClF.480,481 The carbenium ion chemistry has 
been discussed extensively by Brouwer.482,483

Olah inferred that alkanes are protonated in superacids to form the penta-coordinated 
alkanium ions which cleave into carbenium ions and smaller alkanes (C-C bond protolysis), 
or carbenium ions and hydrogen (C-H bond protolysis). The existence of alkanium ions was 
derived from decomposition pathways, and from hydrogen-deuterium exchange 
experiments.484 Alkanium ions have not been detected in the liquid phase but were 
unambiguously identified in the gas phase by mass spectrometry.485 Alkanium ions, RH2

+, 
have three center two-electron bonds. Structures have been proposed in which the three 
centers are represented by either one carbon atom and two hydrogen atoms (1C2H), two 
carbon atoms and one hydrogen atom (2C1H), or three carbon atoms.485 According to 
theoretical calculations by Hiraoka and Kebarle,486 Kebarle et al.,485 and Lathan et al.,487 the 
stability of alkanium ions formed from n-butane, propane, and ethane, respectively, is as 
follows: the ions with 2C1H three-center bonds (C-C bond protonation) are 11, 21–38, and 
31–50 kJ∙mol more stable than those with 1C2H three-center bonds (C-H bond protonation). 
Hence, the difference in energy between C-H and C-C bond protonation decreases with 
increasing chain length for straight-chain alkanes in the gas phase, and the energy differences 
are smaller than those of the various carbenium ion structures (vide infra). On the basis of 
theoretical calculations Boronat et al.488 proposed that alkanium ions are intermediates in gas 
phase hydride transfer, disporportionation, dehydrogenation, and alkylation reactions.

Carbenium ions can be formed in several ways; (i) through the decay of alkanium ions to 
form either hydrogen or an alkane, and a carbenium ion, (ii) through hydride abstraction from 
an alkane by a strong Lewis acid, and (iii) through protonation of an alkene by a Brønsted 
acid. The stability of carbenium ions is strongly dependent on the substituents around the 
carbon atom bearing the positive charge.482 The stability of a carbenium ion strongly depends 
on the nature of the carbon atom that formally bears the charge: Tertiary carbenium ions are 
about 40–60 kJ∙mol-1 more stable than secondary carbenium ions, which are about 70–105 
kJ∙mol-1 more stable than primary carbenium ions; the values are derived from results of mass 
spectrometric and calorimetric experiments.482 The nature of the alkyl substituents affects the 
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energy only slightly.482 Primary and secondary carbenium ions isomerize in superacid 
solutions to give tertiary carbenium ions, which are stable, and can be detected by NMR.479

Carbenium ions undergo isomerization, cracking, alkylation, and hydride transfer reactions. 
Since all these reactions also yield carbenium ions as products, chain reactions can occur.

2.4.2 Mechanism of Alkane Reactions by Solid Acid Catalysts

The mechanisms of alkane reactions on catalyst surfaces at high temperatures, i.e. the 
mechanisms of catalytic cracking have been widely investigated and a number of different 
reaction schemes have been proposed and discussed in the literature.489 Two major 
mechanisms are to be distinguished: (i) the so-called β-scission mechanism (also carbenium 
ion cracking),490,491 in which a carbenium ion is cleaved in the β-position of the positive 
charge to give an alkene and another carbenium ion, and (ii) and the so-called monomolecular 
cracking492 (also unimolecular or alkanium ion cracking or Haag-Dessau mechanism), in 
which the formation of an alkanium ion is followed by its spontaneous, statistical cleavage 
into an alkane (hydrogen) and a carbenium ion. From observation of the latter mechanism, it 
can be inferred that alkanium ions are transitions states on surfaces of solid acids. 
Calculations by Kazansky et al.493 have also indicated that alkanium ions are transition states 
in hydride transfer reactions on the surfaces of solid acids. Carbenium ions on the other hand 
are thought to be stabilized on oxidic surfaces in the form of alkoxides.494

The heterogeneously catalyzed, low temperature alkane isomerization is believed to 
proceed through mechanisms involving carbenium ions, with the final step of the reaction 
being a hydride transfer from a reactant molecule to give a new carbenium ion. It should be 
emphasized that once a carbenium ion has been formed, the reaction can continue as a chain 
reaction. Two issues need to be addressed: (i) the formation of the carbenium ion, i.e. the 
initiation of the reaction through activation of the alkane, and (ii) the isomerization of the 
carbenium ion.

2.4.3 Initiation of Alkane Isomerization by Sites on Sulfated Zirconia Catalysts

The initiation of the reaction is closely linked to the nature of the active sites. The 
initiation has been much debated after doubts had been cast on the superacidic nature of 
sulfated zirconia. Contributions from non-catalytic processes have also been proposed.216

Some authors261 believe in strong Brønsted acid sites on the surface of sulfated zirconia 
materials. The alkane would then first be protonated to give an alkanium ion, which cleaves 
into a carbenium ion and hydrogen.

Butenes are more easily protonated and carbenium ions could be generated by strong but 
not necessarily superacidic Brønsted sites. Hence, the role of butene impurities in the feed has 
been addressed in context with the reaction initiation. Bardin and Davis495 found the n-butane 
isomerization activity of sulfated zirconia to be near zero after removal of butene impurities 
from the feed with hydrogen and a Pt guard bed. Similar experiments were conducted by 
Tabora and Davis,496 who found a reduced activity when purifying the feed by adsorption on a 
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room temperature sulfated zirconia bed, and by Liu et al.292 who found reduced activity over a 
bilayer Pt/SiO2-sulfated zirconia catalyst in the presence of hydrogen, i.e. after hydrogenation 
of alkene impurities. Hammache and Goodwin461 found enhanced butane isomerization 
activity after addition of butene. Coelho et al.247 observed a positive effect only if butenes 
were added before the start of the n-butane reaction. However, if protonation of butene traces 
in the alkane feed by sulfated zirconia was the essential and only requirement for the start of 
the isomerization reaction, it could not be understood why equally acidic zeolites do not 
convert the same feed.

Pinna et al.419 and Mastikhin et al.382 concluded that Lewis sites must be responsible for 
the catalytic activity because CO was found to be a poison to sulfated zirconia. Stepanov et 
al.497 and Adeeva et al.237 refuted this idea because CO reacts with carbenium ions to give 
acylium ions. Hammache and Goodwin461 also pointed out that CO reacts with carbenium-ion 
like structures. They found coke deposition to continue when CO was added during n-butane 
isomerization and concluded that Lewis acid sites are not responsible for alkene formation 
and deactivation. Sayari and Yang245 found an irreversible poisoning effect of CO when it 
was applied to the fresh catalyst and a reversible poisoning effect when it was applied after 
the beginning of the reaction; the irreversible effect was interpreted as destruction of 
“initiation sites” and the reversible effect as competitive adsorption of CO on the catalyst 
surface. Wan et al.23 introduced CO during n-butane isomerization over Mn- and Fe-promoted 
sulfated zirconia and observed an irreversible poisoning effect and the formation of some 
CO2.

Hong et al.498 detected H2 in the reactor effluent gas and favored the idea of 
dehydrogenation at a Zr-O site, which was further supported by DFT calculations. 
Mechanistic suggestions from theoretical work on the reaction of alkanes with sulfated 
zirconia are scarce, while the interaction of alkanes with other acid catalysts, specifically 
zeolites, has been studied in detail.493,499,500 Hong et al.107 further reported, also based on DFT 
calculations, that the dissociative adsorption of hydrogen and of isobutane is feasible on a 
sulfated zirconia model cluster.

A number of authors have suggested that the action of sulfated zirconia unfolds not 
through acid-base reactions but rather through oxidation-reduction reactions.104,501 In a series 
of papers, the group around Fărcaşiu473,477,502-504 has suggested that on sulfated zirconia 
carbenium ions are produced through a one-electron oxidation of the hydrocarbon by sulfate.
Initially formed cation radicals are converted to sulfate esters on the surface. These are either 
directly ionized to carbocations or react to alkenes through elimination, which are 
subsequently protonated to carbocations. On a related system, namely tungstated zirconia, a 
homolytic cleavage of n-pentane with subsequent transfer of an electron on tungsten was 
proposed as a stoichiometric redox initiation of the reaction.339 As an alternative to the one-
electron transfer, oxidative dehydrogenation of butane to give butene and water has been 
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suggested as an initiation step. In turn, either sulfur,276 zirconium,276 or a promoter23,212 must 
be reduced.

To date, the ideas in the literature about the initiation, i.e. the activation of the alkane to a 
carbenium ion, are inconsistent. Equally contradictory are the reports on the type of sites. As 
no superstrong Brønsted or Lewis sites have been identified, the protonation and the hydride 
abstraction route could not been proven. The question of a potential redox mechanism for 
promoted sulfated zirconia is investigated in Chapter 7.2.

2.4.4 Isomerization Reaction Mechanism on Sulfated Zirconia Catalysts

Once the carbenium ion has been formed, alkane isomerization can proceed through two 
different pathways, a bimolecular mechanism (also called conjunct polymerization505,506) 
involving an alkylation and a scission step or a monomolecular mechanism (intramolecular 
rearrangement). Monomolecular isomerization is easily possible for Cn hydrocarbons with 
n ≥ 5482, for shorter hydrocarbons the intramolecular rearrangement was believed unfavorable 
because of the temporary formation of a primary carbenium ion. Recent calculations507

though demonstrate that the primary ion is a transition state with an activation energy of about 
86 kJ∙mol-1 for i-C4H9

+. For sulfated zirconia catalysts, both mechanisms have been discussed.
Garin et al.508 used 1-13C-n-butane and found the reaction to proceed largely through the 

monomolecular mechanism over sulfated zirconia in the presence of hydrogen and at 
conversions of less than 30%. No multi-labeled products were found when Pt-promoted 
sulfated zirconia was used.508 A different picture was presented by Adeeva et al.236,237,509 who 
used 1,4-13C-n-butane and no hydrogen. A near-binomial distribution of the 13C-label in the 
product for sulfated zirconia (403 K), Pt-promoted sulfated zirconia (523 K), and Fe,Mn-
promoted sulfated zirconia (353 K) was found, and it was concluded that the reaction 
proceeds predominantly through a bimolecular mechanism. Occurrence of this mechanism 
involves the formation of a C8 intermediate. The disproportionation side products propane and 
pentanes can thus be taken as indicators for such a bimolecular mechanism; Zarkalis et al.249

followed this idea. Stepanov et al.510 let n-octene-1 as a possible precursor for a C8 cation 
react with sulfated zirconia and obtained alkanes and substituted cyclopentenyl cations; they 
concluded that the formation of branched alkanes proceeds through a complex process of 
conjunct polymerization rather than isomerization itself and that cyclopentenyl cations may 
be responsible for deactivation.

Tran et al.511, however, claimed that hydrogen suppresses the bimolecular mechanism and 
accordingly, the mechanism would depend on the gas phase diluent used. Hydrogen had an 
inhibiting effect on n-butane isomerization over sulfated zirconia at low temperatures (423 
K), but not so much at higher temperatures (523 K), indicating an increased contribution of 
the monomolecular mechanism with increasing temperature.511 The influence of hydrogen 
however depends on the conditions; Garin et al.295 found an inhibiting effect only at high 
partial pressure and Chen et al.100 found hydrogen to suppress deactivation. Hydrogen had no 
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effect on n-hexane isomerization, consistent with monomolecular isomerization of this longer 
hydrocarbon.511 Recently, Suzuki and Okuhara512,513 determined the contribution of the 
monomolecular and the bimolecular mechanism as a function of temperature. The 
contribution of the monomolecular mechanism increased with temperature and did not reach 
more than about 25% (523 K). Matsuhashi et al.105 claimed that n-butane and n-pentane 
isomerization proceed through a monomolecular mechanism on Lewis sites at early times on 
stream and through a bimolecular mechanism on Brønsted sites at longer times on stream. 
Addition of hydrogen or hydrocarbons made the monomolecular mechanism predominant.105

Luzgin et al.514 described both pathways for n-pentane isomerization and found only the 
bimolecular pathway suppressed by CO through carbonylation reactions, supporting 
Adeeva’s237 and Stepanov’s497 ideas on the role of CO.

Alkane isomerization in the presence of sulfated zirconia seems to be possible through 
both described pathways, and which of those prevails depends on the temperature, the 
conversion, the presence of hydrogen and the time on stream. The contribution of the two 
mechanisms over time on stream, and their role in the deactivation of sulfated zirconia are 
discussed in Chapter 7.1.
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3. Scientific Problem and Strategy

3.1 Scientific Problem

When this thesis work was started, it was known that sulfated zirconia is a material that is 
highly active for alkane isomerization at low temperatures. It had been published that the 
activity can be further promoted through addition of a few wt% of transition metal such as 
manganese or iron. As described in the introduction, numerous attempts had been made to 
identify the expected superacidic sites on the surface of sulfated zirconia and to correlate their 
number and/or strength with the catalytic performance. These attempts were not successful, 
and for the promoted catalysts it was suggested that the alkane may be activated through an 
initial redox step. The following points describe the scientific problem more precisely and 
outline the associated experimental problems.

(i) Sulfated zirconia catalysts reported in the literature, particularly promoted ones, 
vary considerably in their performance. Catalyst reproducibility is a problem.

(ii) There are no structure-activity relationships for sulfated zirconia catalysts.
Attempts had been made to relate the catalytic activity to the bulk structure and to 
the sulfate structure, to no avail.

(iii) No probe molecule-method combination has been identified that serves for 
unsulfated, sulfated, and promoted sulfated zirconia and distinguishes them 
properly. Many probes decompose or cause decomposition of the catalyst; this is 
particularly a problem with the promoted catalysts.

(iv) The number of active sites may be very small and the applied methods may lack 
the sensitivity necessary to detect these sites. This may be problematic in 
particular when probes are used that interact with a variety of sites and not 
selectively with the catalytically relevant sites. It will also be difficult to make 
correlations between catalyst performance and e.g. the sulfate configuration if only 
a minority of the sulfate species actually contribute to the activity.

(v) Since it has been shown that promoters do not appear to enhance acidity no 
conclusive model for the promoter action has been proposed. Promoted catalysts 
behave essentially the same as unpromoted sulfated zirconia: they produce the 
same product distribution and the same time on stream profile, only the reaction 
rate is enhanced. There are no additional detectable products formed. Many 
different promoters exist and they all have the same effect, just more or less 
pronounced. Such behavior suggests that not an individual chemical property of 
the promoter is relevant, but that there is a common action, e.g. through structural 
modification of the original catalyst. It is not known how promoters interact with 
zirconia or sulfate.

(vi) Sulfated zirconia catalysts undergo an induction period under suitable reaction 
conditions. At high temperatures, this induction period is not observed; still it may 
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occur, only very fast. The induction period indicates that active sites may only be 
formed upon exposure to the feed. Characterization of the material after the initial 
activation procedure before exposure to the feed (“activated catalyst”) may thus 
not reflect the catalytically active material and may yield inconclusive results.

(vii) The reaction mechanism is not fully understood. There is agreement that surface-
equivalents of carbenium ions should be formed and should be the chain carriers 
for the isomerization reaction. The first attack on the alkane and the formation of 
the surface species remains a matter of debate. The initial alkane activation may 
consist of two steps, i.e. first an (oxidative) dehydrogenation to give an alkene 
which is then protonated by acidic sites. Materials equally acidic as sulfated 
zirconia such as some zeolites should then also be active at low temperature in the 
presence of alkenes; however, this may be difficult to discern because product 
desorption may be a limiting factor in zeolites. Furthermore, initiation may occur 
through protonation of an alkane by a strongly acidic Brønsted acid site with 
subsequent cleavage of a hydrogen molecule, which could be proven by detection 
of hydrogen in the effluent stream. This approach may fail if the number of sites is 
very small. A strongly acidic Lewis site could produce a carbenium ion like 
species through hydride abstraction; this initiation could be proven through the 
formation of surface hydrides. Radical mechanisms have also been proposed.

(viii) Some experiments are hampered when working with a porous powder of poor 
electrical and poor thermal conductivity. Many surface science techniques require 
an electrically conducting material and all thermal desorption data are obscured 
when the sample is inhomogeneously heated or diffusion of probe molecules is 
restricted in a pore system.
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3.2 Strategy

In the following, the experiments are listed that were performed to resolve the questions 
listed in section 3.1.

3.2.1 Catalyst Preparation

In order to obtain an active sulfated zirconia catalyst, a commercially available precursor, 
which had previously been identified as suitable, was used.216 The composition of this 
precursor corresponds to an approximate stoichiometry of ZrO2 * 2.5 H2O. Sulfate had 
already been introduced in the form of (NH4)2SO4, with the sulfate content corresponding to 
5–6 wt% SO3. Some properties of the precursor compound and a sulfate-free reference 
material are given in Table 3-1. Preparation of the catalysts then required drying of the 
precursor, optionally addition of a promoter, and calcination. The incipient wetness method, 
which has been described in the literature,21,216 was selected for promoter addition. The 
calcination procedure had to be optimized for good activity and reproducibility (Chapter 4.1).

Table 3-1: Properties of the precursor materials used; source MEL Chemicals515

Material MEL XZO 632/01 MEL XZO 681/0
Batch no 95/256/01 92/184/01
Particle size 15 µm 15 µm
ZrO2 content 70–80 wt% 70–80 wt%
SO3 content (on ZrO2 content) 0.1 wt% 5–6 wt%
Calcination temperature (2 h) / surface area 773 K / 70–80 m2 g-1

973 K / 25–35 m2 g-1 998 K / 90–100 m2 g-1

Calcination temperature (2 h) / SO3 content 998 K / 4 wt%
Other impurities (on ZrO2 content) 0.01 wt% Na

0.01 wt% Cl
0.1 wt% SiO2

3.2.2 Handling of Sulfated Zirconia Materials

Tetragonal zirconia, which is the predominant zirconia phase in many of the investigated 
catalysts, is thermodynamically metastable. Under certain conditions, e.g. elevated 
temperature, humidity, mechanical stress, it can be converted to monoclinic zirconia. 
Working with powder samples can require handling procedures such as homogenization or 
pressing. It was investigated whether such standard laboratory procedures may alter the 
sample properties (Chapter 4.2).

3.2.3 Role of Zirconia Bulk Structure

In order to address the role of the zirconia bulk structure, model catalysts were sought that 
do not exhibit any of the three classical zirconia crystalline bulk structures, namely 
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monoclinic, tetragonal, or cubic. Two routes were selected to achieve this goal: the 
preparation of an MCM-41-like zirconia with X-ray amorphous walls, and the preparation of 
highly dispersed zirconia on different supports (Chapter 5.1 and 5.2).

3.2.4 Role of Promoters

Manganese and iron, which are promoters known for a large activity enhancement, were 
chosen to be investigated. These two promoters have a similar effect on catalytic activity, and 
it will be useful to identify characteristics that they have or have not in common. One 
objective of investigating these promoters is that by revealing their mode of operation it might 
be possible to draw conclusions on how sulfated zirconia itself functions. A central question 
is the influence of the promoters on the zirconia structure as they have no pronounced 
influence on the acidity (Chapter 6.1).

3.2.5 Probing of Sites

The number of sites available for alkane isomerization can only be measured by 
adsorption of the same. Hence, small alkanes were selected as probe molecules, among them 
the reactant and the product of n-butane isomerization, and were adsorbed at low temperatures 
and low partial pressure to suppress reactions. It is expected that differently active catalysts 
should either be distinguishable by different heats of adsorption or by a difference in the 
number of sites (Chapter 6.2).

3.2.6 In Situ Methods

In situ methods are compulsory for a catalyst that becomes active only in the feed and 
changes performance as rapidly as sulfated zirconia. In situ studies were conducted to identify 
causes of deactivation, check for a redox function of the promoters, and study regeneration 
(Chapter 7).

3.2.7 Development of Two-Dimensional Model Catalyst

To overcome the obstacles in application of surface science methods, a two-dimensional 
model system was developed. Single crystalline films of zirconia are reported in the literature; 
they have been prepared by deposition of zirconium vapor onto suitable substrates516-518 or by 
wet-chemical means.519,520 Here, a relatively realistic model system was chosen, i.e. a thin 
film of sulfated nanocrystalline zirconia. Zirconia films have wide applications in the ceramic 
sciences as thermal barrier coatings. Procedures to produce them are described in the 
literature. A wet-chemical method was selected and optimized for our purposes (Chapter 8).
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3.2.8 Sample Scheme

Table 3-2: Overview on samples and their preparation

“Standard zirconia catalyst” Reference materials Thin zirconia film Mesoporous zirconia Supported zirconia
Sample names Z, SZ, MnSZ, FeSZ MnZ, FeZ Si/SiOx/SZ Mesoporous SZ SZ/SiO2 & SZ/Al2O3

Support - - Functionalized Si-wafer - SiO2 & γ-Al2O3

Zr-precursor ZrO(NO3)2 * 2 H2O Zr(O-nPr)4

Sulfate source
MEL XZO 632, no sulfate
MEL XZO 682, sulfated 
with (NH4)2SO4

n.a.
Zr(SO4)2 * 4 H2O

(NH4)2SO4

Zr(SO4)2 * 4 H2O
(H2SO4)

Promoter source Mn(NO3)2 * 4 H2O
Fe(NO3)3 * 9 H2O

Mn(NO3)2 * 4 H2O
Fe(NO3)3 * 9 H2O

n.a. n.a.

Method of promoter 
introduction

Incipient wetness Coprecipitation n.a. n.a. n.a.

Thermal treatment 823 K (unpromoted)
923 K (Mn/Fe-promoted)

923 K 773–973 K 813 K 923 K

Target structure (?) Mn, Fe incorporated 
into crystalline 
zirconia bulk

Thin film of sulfated 
nanocrystalline zirconia, 
good electrical and 
thermal conductivity

MCM-like ordered 
mesoporous zirconia 
structure, no 
crystalline bulk, 
amorphous walls

Finely dispersed 
sulfated zirconia, no 
crystalline bulk 

n.a. = not applicable
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4. Preparation and Handling of Sulfated Zirconia Catalysts

4.1 Preparation and Glow Phenomenon

4.1.1 Introduction and Purpose of Experiments

Although a number of correlations between synthesis parameters and product properties 
have been established in the preparation of sulfated zirconia catalyst (see 2.1.1), the 
reproducibility of these systems remains poor. Keogh et al.102 addressed this problem 
specifically and compared hexadecane conversion data for a number of different batches of 
sulfated zirconia preparations. Under the selected conditions, the average conversion was 
76.2%; the lowest measured conversion was 30.2%.

In the following, selected data from the literature on the isomerization of n-butane by 
various sulfated zirconia catalysts are compared. The data are compiled in Table 4-1. All data 
have been reduced to a first order rate constant in units of µmol∙g-1∙h-1∙kPa-1 and are presented 
in Arrhenius-type plots; such data analysis is a possibility to deal with the many different 
reaction temperatures that have been used. The information in the literature is frequently 
insufficient to calculate and evaluate such a rate constant, i.e. one or more of the following 
parameters are not reported: temperature, n-butane partial pressure, n-butane purity, total 
pressure, rate or information that allows the calculation of a rate (flow, mass of catalyst, 
conversion), specification as to which rate is considered (rate of n-butane conversion or rate 
of isomerization). For the following overview, mostly papers were included that provided 
already a rate rather than only a conversion. If several different catalysts of the same 
composition were present, only the data for the best catalyst were selected. The changing 
activity of sulfated zirconia with time on stream poses an additional problem. Often, there is 
neither a pronounced maximum, nor a steady state reached during the observation span. The 
data are thus grouped into three categories: (i) maximum rates when the reaction profile with 
time on stream showed a defined maximum equivalent to the first derivative of the rate equal 
to zero at this point, (ii) highest rates when the reaction profile shows a steady decline from 
the beginning on, and (iii) steady state rates when a more or less constant rate is reached, 
often hours after a maximum or an initial decline of the rate. Extrapolations to zero time on 
stream, which have been used by some authors21 in order to get a measure of the 
undeactivated catalyst, are not included.
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Table 4-1: Data on n-butane isomerization in the presence of sulfated zirconia catalysts

Catalyst T /
K

pn-but / 
kPa

Butane 
purity

Balance ptot TOS /
min

Rate of… Source Remarks Rate /
µmol∙g-1

h-1

k1 /
µmol∙g-1

h-1∙kPa-1

ln knorm Reference

MEI-SZ 423 10.13 99.5 He atm? 0 but conv text high = init 8892 877.8 6.8 Kobe et al. 104 / 1996
SZ 423 10.13 ? N2 atm 3 isom plot high = init 2100 207.3 5.3 Tran et al.511 / 1997
SZ 473 10.13 ? N2 atm 0 isom plot high = init 3100 306.0 5.7 Tran et al.511 / 1997
SZ 523 10.13 ? N2 atm 1 isom plot high = init 7800 770.0 6.6 Tran et al.511 / 1997
m-SZ 423 2 ? He atm 0 isom plot high = init 546 273.0 5.6 Morterra et al.194 / 2001
SZ 553 0.9 research 

grade
H2 atm 20 ? table high = init 639.6 710.7 6.6 Boyse and Ko337 / 1997

SZ 523 100 99 atm 5 but conv plot, calc. 
from conv. 

high = init 7300.0 73.0 4.3 Risch and Wolf106 / 2000

SZ 323 25 ? He atm 10 isom plot high = init 300 12.0 2.5 Morterra et al.232 / 1997
SZ 423 73 ? He atm 5 isom plot high = init 3000 41.1 3.7 Signoretto et al.296 / 1997
SZ 523 9 ? N2 0 isom plot high = init 8280 920.0 6.8 Chen et al.100 / 1993
MEI-SZ 423 10 99.5 He atm? init isom plot high = init 7200 720.0 6.6 Yaluris et al.430 / 1996 

Gonzalez et al.434 / 1997
MEI-SZ 423 10 99.5 H2 atm? init isom plot high = init 1440 144.0 5.0 Yaluris et al.430 / 1996
SZ 423 101 ? none ? ? isom table high or max 14950 148.0 5.0 Nascimento et al.85 / 1993
MEI-SZ 423 10 100-1200 

ppm olefins
? ? init HC prod plot high = init 7920 792.0 6.7 Hong et al.107 / 1999

Fogash et al.425 / 1995
Fogash et al.280 / 1998
Fogash et al.270 / 1996

MEI-SZ 423 101 100-1200 
ppm olefins

? ? init HC prod plot high = init 20160 199.6 5.3 Hong et al.107

Fogash et al.280 / 1998
Fogash et al.270 / 1996

MEI-SZ 423 101 olefin trap none ? init HC prod plot high = init 18000 178.2 5.2 Hong et al.107 / 1999
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Catalyst T /
K

pn-but / 
kPa

Butane 
purity

Balance ptot TOS /
min

Rate of… Source Remarks Rate /
µmol∙g-1

h-1

k1 /
µmol∙g-1

h-1∙kPa-1

ln knorm Reference

SZ 503 11 1.1 bar H2

balance He
11 bar init isom plot high = init 1260 114.5 4.7 Liu et al.292 / 1995

SZ 573 50.6 ? N2 ? init isom? plot high = init 3960 78.3 4.4 Althues and Kaskel76 / 
2000

SZ 553 4.3 CP H2 ? init isom plot high = init 420 97.7 4.6 Ward and Ko65 / 1994
SZ 553 4.3 CP H2 ? 10 isom table high 437.4 101.7 4.6 Ward and Ko73 / 1995
SZ 573 50.6 N2 ? 40 isom plot high = init 7200 142.3 5.0 Stichert et al. 193 / 2001
SZ 423 5.6 He 1h 

batch
isom plot 1st h in batch 0.8 0.14 -1.9 Katada et al.448 / 2000

SZ 553 4.2 ? H2 atm 10 isom table 268.8 64.00 4.2 Miller and Ko521 / 1996
SZ 523 20.3 ? H2 atm 0 isom graph high = init 7500 369.46 5.9 Canton et al.229 / 2001
SZ 423 4.052 i-C5 < 20 

ppm, i-C4 < 
200 ppm, 
butene < 20 
ppm

He 1.5 
atm

0 isom table high = init 5040 1243.83 7.1 Kim et al.87 / 2000

SZ 523 9 ? H2 isom plot true max 9000.0 1000.0 6.9 Chen et al.100 / 1993
MEI-SZ 423 4 olef trap He 1.5 

atm
0 isom plot true max 1980.0 495.0 6.2 Hammache and 

Goodwin461 / 2003
SZ 373 1.7 CP grade He atm 17 but conv plot true max 108 63.5 4.2 Sayari et al.244 / 1997
MEI-SZ 473 13 98%+ He atm? 5 isom plot true max 4426.56 340.5 5.8 Bardin and Davis495 / 

1998
MEI-SZ 373 10.13 0.4% 

butenes
He ? 20 isom plot true max 1368 135.0 4.9 Tabora and Davis496 / 

1996
MEI-SZ 358 5.1 3.5 He atm 180 isom true max 240 47.1 3.9 this work 
MEI-SZ 378 5.1 3.5 He atm 50 isom true max 440 86.3 4.5 this work



4. Preparation and Handling of Sulfated Zirconia Catalysts

66

Catalyst T /
K

pn-but / 
kPa

Butane 
purity

Balance ptot TOS /
min

Rate of… Source Remarks Rate /
µmol∙g-1

h-1

k1 /
µmol∙g-1

h-1∙kPa-1

ln knorm Reference

SZ 423 73 no info He atm 5 isom plot steady state 1300.0 17.8 2.9 Signoretto et al.296 / 1997
SZ 423 100 99 atm 5 but conv plot steady state 2700.0 27.0 3.3 Risch and Wolf106 / 2000
SZ 373 1.7 CP grade H2 atm 60 but conv plot steady state 18 10.6 2.4 Sayari et al.244 / 1997
SZ 423 101 olef trap none ? 100 HC prod. plot steady state 7200 71.3 4.3 Hong et al.107 / 1999
SZ 553 4.3 CP H2 ? 90 isom plot steady state 115 26.7 3.3 Ward and Ko65 / 1994
MEI-SZ 473 13 98%+ H2 atm? 5 isom plot steady state 2923.2 224.9 5.4 Bardin and Davis495 / 

1998
MEI-SZ 373 10.13 0.4% 

butenes
He ? 240 isom plot steady state 360 35.5 3.6 Tabora and Davis496 / 

1996
SZ 473 10.13 ? H2 atm 60 isom plot steady state 2000 197.4 5.3 Tran et al.511 / 1997
SZ 473 10.13 ? N2 atm 60 isom plot steady state 1400 138.2 4.9 Tran et al.511 / 1997
SZ 523 10.13 N2 atm 60 isom plot steady state 1600 157.9 5.1 Tran et al.511 / 1997
SZ 523 10.13 H2 atm 60 isom plot steady state 3200 315.9 5.8 Tran et al.511 / 1997
MEI-SZ 358 5.1 3.5 He atm 360 isom plot steady state 47 9.2 2.2 this work 
MEI-SZ 378 5.1 3.5 He atm 300 isom plot steady state 41 8.0 2.1 this work 
SZ 523 20.3 ? H2 atm isom graph graph steady state 2000 98.52 4.6 Canton et al.229 / 2001 
1.64Fe0.53MnSZ 323 25 ? He atm 10 isom plot true max 1800.0 72.0 4.3 Morterra et al.232 / 1997
1.61Fe0.3MnSZ 310 20 99 He atm 40 isom plot true max 1944.0 97.2 4.6 Tábora and Davis233 / 

1995
1.0F0.5MSZ 373 25 >99.9 He ? 8 isom plot true max 990.0 39.6 3.7 Coelho et al.218 / 1995
1.5F0.07MSZ 363 35 99.9 He ? ? isom table true max 28440.0 812.6 6.7 Coelho et al.247 / 1996
2.0FeSZ 373 0.5 N2 atm 30 but conv plot true max 108 216.0 5.4 Lange et al.216 / 1996
2.0FeSZ 323 1 N2 atm 180 but conv plot true max 129 129.0 4.9 Lange et al.216 / 1996
2.0MnSZ 323 1 N2 atm 60 but conv plot true max 49 49.0 3.9 Lange et al.216 / 1996
1.5Fe0.5MnSZ 308 20 ? He atm? ? isom table true max 648 32.4 3.5 Sayari and Yang245 / 

1999
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Catalyst T /
K

pn-but / 
kPa

Butane 
purity

Balance ptot TOS /
min

Rate of… Source Remarks Rate /
µmol∙g-1

h-1

k1 /
µmol∙g-1

h-1∙kPa-1

ln knorm Reference

1.5Fe0.5MnSZ 323 10 ? He atm? ? isom table true max 1800 180.0 5.2 Sayari and Yang245 / 
1999

1.5Fe0.5MnSZ 348 20 ? He atm? ? isom table true max 11880 594.0 6.4 Sayari and Yang245 / 
1999

1.5Fe0.5MnSZ 373 20 ? He atm? ? isom table true max 21600 1080.0 7.0 Sayari and Yang245 / 
1999

FeSZ 373 1.7 CP grade He atm 3 but conv plot true max 1008 592.9 6.4 Sayari et al.244 / 1997
FeSZ 373 1.7 CP grade H2 atm 3 but conv plot true max 900 529.4 6.3 Sayari et al.244 / 1997
FeMnSZ 373 1.7 CP grade He atm 4 but conv plot true max 1188 698.8 6.5 Sayari et al.244 / 1997
FeMnSZ 373 1.7 CP grade H2 atm 4 but conv plot true max 1116 656.5 6.5 Sayari et al.244 / 1997
FeMnSZ 308 20 He atm? 210 but conv plot true max 144 7.2 2.0 Sayari et al.244 / 1997
1.5Fe0.5MnSZ 373 0.25 N2 atm 25 isom plot true max 162 648.0 6.5 Cheung et al.238 / 1995
1.5Fe0.5MnSZ 303 59 ? N2 2.02 

atm
? isom table true max 828 14.0 2.6 Zarkalis et al.248 / 1996

1.5Fe0.5MnSZ 313 59 ? N2 2.02 
atm

? isom table true max 2448 41.5 3.7 Zarkalis et al.248 / 1996

1.5Fe0.5MnSZ 318 59 ? N2 2.02
atm

? isom table true max 3528 59.8 4.1 Zarkalis et al.248 / 1996

1.5Fe0.5MnSZ 323 59 ? N2 2.02 
atm

? isom table true max 4032 68.3 4.2 Zarkalis et al.248 / 1996

1.5Fe0.5MnSZ 333 59 ? N2 2.02 
atm

? isom table true max 6552 111.1 4.7 Zarkalis et al.248 / 1996

1.5Fe0.5MnSZ 333 37.5 ? N2 2.02 
atm

? isom table true max 3502.8 93.4 4.5 Zarkalis et al.249 / 1994
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Catalyst T /
K

pn-but / 
kPa

Butane 
purity

Balance ptot TOS /
min

Rate of… Source Remarks Rate /
µmol∙g-1

h-1

k1 /
µmol∙g-1

h-1∙kPa-1

ln knorm Reference

1.5Fe0.5MnSZ 333 91.1 ? N2 2.02 
atm

? isom table true max 7236 79.4 4.4 Zarkalis et al.249 / 1994

1.5Fe0.5MnSZ 333 103.3 ? N2 2.02 
atm

? isom table true max 7416 71.8 4.3 Zarkalis et al.249 / 1994

1.5Fe0.5MnSZ 333 111.4 ? N2 2.02 
atm

? isom table true max 7452 66.9 4.2 Zarkalis et al.249 / 1994

2.0FeSZ 338 1.013 3.5 N2 atm init isom (max) 616 608.1 6.4 this work
2.0MnSZ 338 1.013 3.5 N2 atm init isom (max) 559 551.8 6.3 this work
2.0MnSZ 323 1.013 3.5 N2 atm 49 isom true max 305 301.1 5.7 this work
2.0MnSZ 323 1.013 3.5 N2 atm 35 isom true max 292 288.3 5.7 this work
2.0MnSZ 323 1.013 3.5 N2 atm 35 isom true max 273 269.5 5.6 this work
2.0MnSZ 323 1.013 3.5 N2 atm 35 isom true max 275 271.5 5.6 this work
2.0MnSZ 323 1.013 3.5 N2 atm 35 isom true max 281 277.4 5.6 this work.
2.0MnSZ 323 1.013 3.5 N2 atm 50 isom true max 400 394.9 6.0 this work
2.0FeSZ 323 1.013 3.5 N2 atm 50 isom true max 435 429.4 6.1 this work

Legend: MEl – Magnesium Elektron precursor; composition of promoted catalysts: promoter content given as wt% metal; olef trap – trap used to 
purify feed from olefins; atm? – atmospheric pressure assumed because of glass/quartz reactor; TOS – time on stream; HC prod – hydrocarbon 
production; isom – isomerization; but conv – conversion of n-butane; plot – data read from plot, some uncertainty through reading; true max – curve 
display maximum; high = init – initial activity, equal to highest activity; knorm – dimensionless normalized rate constant.
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For unpromoted sulfated zirconia, most 
data in the literature fall into the category 
“highest rate”. As can be seen in Figure 4-1, 
these data are considerably scattered, as they 
represent a partially deactivated, and thus an 
undefined and arbitrary state of the catalyst. 
Such data are meaningful only for comparison 
purposes within the context of one paper.

Figure 4-2 contains maximum and steady 
state rates. Here, a rate increase with 
temperature is recognizable, whereby the 
maximum rate data show less deviation from a 
linear regression line. Also, all maximum rates 
for a particular temperature are higher than the 
respective steady state rates although the data 
have been taken from many different 
publications. For the same temperature 
though, steady state rates may deviate by more 
than an order of magnitude. The “best” 
catalysts in the literature thus differ greatly.

Our analysis of data reported on promoted 
systems focuses on manganese- and/or iron-
promoted sulfated zirconia, because for these 
systems, enough data are available. The 
promoter content is not taken into account 
because always the best catalyst was selected. 
The promoter content is usually in the range of 
a few wt%, mostly about 2 wt%. For the 
promoted catalysts, researchers have more 
frequently selected the reaction conditions 
such that profiles with a maximum were 

obtained. There are very few steady state rates. The data obtained from maximum rates are 
shown in Figure 4-3. Data were mostly collected at lower temperature than for unpromoted 
sulfated zirconia (compare Figure 4-2 and Figure 4-3), a logical consequence of the higher 
activity of the promoted systems. A trend of increasing rates with increasing temperatures is 
obvious. The slope of an imaginary linear regression line appears to be steeper than for 
sulfated zirconia, equivalent with a higher activation energy for the promoted systems. Hsu et 
al.,21 who published one of the first papers on the promoted system, had found identical 
activation energies for promoted and unpromoted sulfated zirconia and had concluded that the 
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Figure 4-1:  Arrhenius-plot developed from 
highest n-butane isomerization rates obtained 
with sulfated zirconia catalysts.
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Figure 4-2:  Arrhenius-plot developed from 
maximum and steady state rates in n-butane 
isomerization rates obtained with sulfated 
zirconia catalysts.
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Figure 4-3:  Arrhenius-plot developed from 
maximum rates in n-butane isomerization 
obtained with manganese- and/or iron-promoted 
sulfated zirconia catalysts.
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difference between the catalysts may lie in the number but not in the nature of sites. A higher 
activation energy for promoted catalysts as our plots insinuate could be explained by a change 
in mechanism upon transition from “low” to “higher” temperatures. Again, striking is the 
difference in maximum rates for an individual temperature: isobutane production rates vary 
within about 1.5 orders of magnitude. In summary, the reported catalytic activities spread 
over a wide range for these catalysts.

It is understood that the catalyst preparation comprises many steps, all of which can have 
a decisive influence on the activity of the final product. Here, we will focus on the calcination 
step. The thermal treatment is an important part of the catalyst preparation. The number of 
experimental parameters for calcination is considerable, and those that can be seemingly 
controlled such as heating ramp, holding time and temperature, and gas atmosphere have been 
studied. However, what the catalyst sample actually experiences may be ruled by events 
during the heating process:
(i) loss of adsorbed water,
(ii) decomposition of the X-ray amorphous zirconia precursor, i.e. water loss and 

crystallization of ZrO2, accompanied or followed by sintering (surface area loss),
(iii) decomposition of the promoter sources, i.e. of nitrates and change of chemical nature 

(valence, structure) of Mn, Fe,
(iv) potentially partial decomposition of sulfate.

From thermal analysis it is known that some of these events are endothermic (e.g. 
evaporation of water) while others are exothermic (crystallization), i.e. heat flow will play a 
role, as will mass flow when gases evolve or are taken up (e.g. nitrate decomposition, 
oxidation). The actual temperature and the actual gas atmosphere in the catalyst bed may 
deviate from the nominal conditions. These parameters have not been investigated yet, and we 
have selected here the temperature in the sample bed during the thermal treatment as an 
indicator for exothermic and endothermic processes.

The thermal treatment attracted our interest because it may be one source of the 
reportedly poor reproducibility of the catalytic properties of sulfated zirconia materials. We 
will compare catalysts from the same primary solid, i.e. the MEL XZO 681 sulfated 
zirconium hydroxide. For the promoted catalysts, only catalysts from the same batch of 
impregnated sulfated zirconium hydroxide will be compared.

4.1.2 Experimental and Sample Nomenclature
Preparation of zirconia and sulfated precursors (ZH and SZH): Zirconium hydroxide MEL XZO 632/03 and 
sulfated zirconium hydroxide MEL XZO 682/01 (both MEL Chemicals) served as raw materials. The water 
contents of the materials correspond to an approximate stoichiometry ZrO2 * 2.5 H2O. According to the 
manufacturer, MEL XZO 682/01 contains (NH4)2SO4 equal to an SO3 content of 5–6 wt% on the ZrO2 content of 
70 to 80%. Prior to further processing (impregnation or thermal treatment) the materials were dried in portions of 
40–105 g for 21 h at 383 K (drying oven) and cooled down to room temperature in a desiccator. Typically, the 
materials lost 17–18% of their weight in the drying procedure.
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Preparation of Mn-promoted sulfated zirconia and Fe-promoted (sulfated) zirconia precursors (MnZH, 
MnSZH, FeZH, FeSZH): Dried (sulfated) zirconium hydroxides (vide supra) were used. Fe(NO3)3 * 9 H2O and 
Mn(NO3)2 * 4 H2O (both p.a. Merck, Darmstadt) were employed as promoter sources. The promotion was 
conducted according to the incipient wetness method. Aqueous solutions of the promoters were added dropwise 
to the dried support under vigorous stirring in a porcelain mortar. The solution volume was chosen such that the 
powder would be barely wet after addition. This was the case when 4 ml of solution was added per 10.9 g 
powder. The solution concentration was chosen such that the final promoter content, estimated on the basis of 
TG measurements showing that 74% of the material remain after thermal treatment as “sulfated zirconia”, is 0.1–
5.0 wt% metal. The metal content is given as a prefix to the name, e.g. 3MnSZ. The materials were dried at room 
temperature in the mortar. Larger batches of a single production of catalyst precursor were obtained by uniting 
the 10.9 g portions through stirring in a mortar. The precursors were stored in glass vials with plastic caps.
Thermal treatment (formation of MnZ, MnSZ, FeZ, FeSZ): The samples were loaded into quartz boats of 
different sizes (Figure 4-4). The standard size boat was the shape of a half-cylinder and held about 13 g of 
precursor. A set of boats was manufactured in order to vary the heat and gas transfer conditions during the 
thermal treatment, specifically the boat volumes were 2.2, 8.4, and 17.1 ml with different surface to volume 
ratios. These boats were completely filled with 3, 10–12, or 20–25 g of precursor, depending on the material. An 
additional thermocouple was centered in the powder bed in order to monitor the sample temperature. Sheathed 
thermocouples with 0.5 mm diameter were used to minimize heat sink effects, in some cases the thermocouple 
was enclosed by a quartz well. The boats were placed into a 29 mm I.D. quartz tube which in turn was placed 
into a tubular furnace (Heraeus RO 4/25) with PID control. The sample bed was within the isothermal zone of 
the oven. The quartz tube was purged with 200 ml∙min-1 of gas, i.e., either synthetic air, oxygen, or argon 
(synthetic air "hydrocarbon-free", oxygen, Argon 5.0, all Linde). The heating and cooling ramps were 3 K∙min-1

and the holding time at either 823 K (ZH, SZH) or 923 K (MnSZH, FeSZH) was 3 h. The cooling ramps could 
not be maintained at lower temperatures. The heating program is shown in Figure 4-5.
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Figure 4-4:  Quartz boats for calcination Figure 4-5:  Standard temperature program for 
calcination. Dotted line: pure and sulfated zirconia, 
Tmax = 823 K; dashed line: promoted sulfated 
zirconia, Tmax = 923 K. Heating rate: 3 K∙min-1.

Catalytic tests: Isomerization of n-butane to isobutane was conducted at atmospheric pressure in a once-through 
plug-flow fixed bed reactor with 13 mm inner diameter employing 500 mg of catalyst. Analysis was performed 
with on-line gas chromatography (Varian 3800) using a SilicaPLOT capillary column (length 60 m, 0.32 mm ID, 
film thickness 4 µm, Chrompack) and flame ionization detection. For activation, the catalyst was heated with 
30 K∙min-1 to 723 K, held at 723 K for 30 min, and then cooled to the reaction temperature. The entire activation 
was performed in a 50 ml∙min-1 flow of dry nitrogen (nitrogen 5.0, Linde; further purified with Oxysorb® and 
Hydrosorb® cartridges, Messer-Griesheim). The isomerization was run at 338 K, feeding 80 ml∙min-1 of a 1% n-
butane in nitrogen mixture (n-butane 3.5). The mixture contained 20 ppm of isobutane as the only detectable 
impurity; the value of 20 ppm was subtracted from the isobutane concentration in the effluent stream.
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4.1.3 Bed Temperature Measurements during Calcination

The results of the thermal treatments of zirconium hydroxide ZH in synthetic air are given 
in Figure 4-6 and Figure 4-7, depicted is the sample bed temperature vs. the oven set 
temperature. Figure 4-6 shows the profiles obtained when zirconium hydroxide was treated in 
synthetic air using the three differently sized boats. During the heat-up period, at oven 
temperatures of 675 to 700 K, a rapid temperature rise inside the bed was observed, followed 
by a rapid cool-down. The entire event proceeded within less than 10 min. The onset of the 
temperature deviation from the ramp shifted to lower temperature with increasing batch size, 
with a difference of about 20 K between the small and the large batch. The extent of the 
overshoot increased with increasing batch size and reached as much as 260 K for the large 
batch (17.1 ml boat). The increase in temperature was as fast as 45 K∙s-1 as shown in Figure 
4-7.
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Figure 4-6:  Influence of batch size, sample bed 
temperature vs. oven temperature as recorded 
during thermal treatment of zirconium hydroxide. 
Conditions: 200 ml∙min-1 air, 3 K∙min-1.

Figure 4-7:  Influence of batch size, temperature 
increase rate vs. time for thermal treatment of 
zirconium hydroxide. Same experiments as in 
Figure 4-6.
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Figure 4-8:  Influence of heating rate, sample bed 
temperature vs. oven temperature as recorded 
during thermal treatment of sulfated zirconium 
hydroxide. Conditions: 200 ml∙min-1 air, boat 
contained ca. 13 g, with quartz well around 
thermocouple.

Figure 4-9:  Influence of heating rate, temperature 
increase rate vs. time for thermal treatment of 
sulfated zirconium hydroxide. Same experiments as 
in Figure 4-8.

Figure 4-8 shows the effect of variation of the heating rate; again zirconium hydroxide 
was treated in air. At a heating rate of 10 K∙min-1 the sample bed temperature deviated
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considerably from the oven set temperature, also before the overheating; this effect mostly 
originates from a lag of the oven temperature behind the set temperature. Increasing heating 
rate did not change the actual bed temperature at the start of the overheating much, the event 
only occurred at different oven set temperatures. The extent of the overshoot was higher at 
higher heating rate and the temperature also increased more rapidly as shown in Figure 4-9.

The presence of sulfate, or promoters, or both in the sample changed the characteristics of 
the overheating effect. Any additive shifted the onset to higher temperatures and appeared to 
attenuate the overshoot. For example, the presence of 2 wt% Fe or Mn in zirconium 
hydroxide shifted the overshoot by 33 or 87 K, respectively, in the 8.4 ml boat (Figure 4-10), 
and the overshoot occurred at 80 K higher temperature for sulfated zirconium hydroxide than 
for zirconium hydroxide in the 17.1 ml boat (Figure 4-11).
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Figure 4-10:  Presence of promoters, sample 
temperature vs. oven set temperature for thermal 
treatment of zirconium hydroxide with different 
additives. Conditions: 200 ml∙min-1 air, 3 K∙min-1, 
8.4 ml boat.

Figure 4-11:  Presence of sulfate and promoters, 
sample temperature vs. oven set temperature for 
thermal treatment of zirconium hydroxide with 
different additives. Conditions: 200 ml∙min-1 air, 
3 K∙min-1, 17.1 ml boat.

The influence of promoter concentration 
is displayed in Figure 4-12. The onset shifted 
to higher temperatures with increasing 
promoter content. This effect was more 
pronounced for Mn than for Fe. In the 17.1 
ml boat, the intended maximum calcination 
temperatures of 823 K and 923 K (horizontal 
lines in Figure 4-11) for unpromoted and 
promoted zirconia catalysts, respectively, 
were exceeded during the temperature 
overshoot.

Table 4-2 gives an overview on the 
observed trends with the parameters batch 
size, heating rates, and promoter content.
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Figure 4-12:  Variation of promoter content, 
sample temperature vs. oven set temperature for 
thermal treatment of promoted sulfated zirconium 
hydroxide. Conditions: 200 ml∙min-1 air, 3∙K∙min-1, 
17.1 ml boat.
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Table 4-2: Trends observed during overheating effect

Increase of ... Onset temperature of 
overshoot

Extent of 
overshoot

Maximum rate of temperature 
increase during overheating

Boat / batch size Decrease Increase Increase
Heating rate No effect Increase Increase

Promoter content Increase No clear trend Decrease

4.1.4 Calcination Conditions and Catalytic Activity

The influence of the batch size for 
thermal treatment on the catalytic activity 
was investigated for Mn- and Fe-promoted 
sulfated zirconia at 2 wt% promoter 
content. The temperature profiles that were 
recorded during calcination in the three 
differently sized boats are presented in 
Figure 4-13, and the results of the catalytic 
tests using the very samples produced by 
the calcination are presented in Figure 4-14. 
The temperature profiles for 2.0MnSZH 
and 2.0FeSZH show (i) a 20 K difference in 
the onset between the largest and the 

smallest boat, consistent with the result for zirconium hydroxide (Figure 4-6), (ii) a 40 K 
difference in the onset temperature between 2.0MnSZH and 2.0FeSZH at equal boat size, (iii) 
a sample temperature higher than 923 K only in the 17.1 ml boat. In the 2.2 and the 8.4 ml 
boats, the main temperature overshoot of 2.0FeSZH was preceded by a slight deviation to 
higher temperature with respect to the linear course. This effect was observed often and is 
considered to be real.
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Figure 4-14:  Effect of variation of boat size on activity, isobutane yield vs. time on stream, left: 2 wt% Fe-
promoted SZ, right: 2 wt% Mn-promoted SZ. Actual calcination temperature profiles shown in Figure 
4-13. Conditions: 500 mg catalyst, 1 kPa n-butane in balance of N2, total flow 80 ml∙min-1, 338 K.

The performance in n-butane isomerization of the samples whose calcination is 
characterized by the profiles in Figure 4-13 is shown in Figure 4-14. The samples calcined 
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temperature vs. oven set temperature for thermal 
treatment of promoted sulfated zirconium hydroxide. 
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from the same precursor batch but in differently sized batches exhibited a different activity, 
although for the most active catalysts, the true maximum activity could not be determined 
under the selected conditions due to lack of time resolution in the gas phase analysis. The 
observed maximum isomerization activity was always affected by the calcination batch size 
while the long term activity in some cases was not affected (Figure 4-14). The larger the 
calcination batch size, the higher the maximum isomerization activity; with differences of up 
to a factor of 8 between samples from the 17.1 ml and the 2.2 ml boats.

A change in atmosphere for the thermal treatment altered the overheating behavior only 
marginally. Figure 4-15 contains the sample temperatures recorded during the thermal 
treatment of 2.0FeSZH in air, oxygen, or argon. The onset temperature varied within 5 K. 
There was neither a correlation of the onset temperature with the oxygen content nor with the 
thermal conductivity of the purged gas (at 800 K O2 > air >> Ar522). This behavior is 
consistent with the work of Srinivasan et al.220 who found similar glow temperatures in air 
and helium, and a much lower temperature only in hydrogen (all for sulfated zirconia). The 
activity of promoted sulfated zirconia materials obtained by thermal treatment in different 
atmospheres was very different. The activity of the Fe-promoted sulfated zirconia samples 
whose thermal treatments are characterized in Figure 4-15, is depicted in Figure 4-16. Oxygen 
atmosphere during the thermal treatment always produced the highest maximum activity, 
followed by air. Thermal treatment in argon yielded largely inactive materials; however, these 
materials were still more active than unpromoted sulfated zirconia calcined in air. These 
trends were observed for both Fe and Mn promotion.
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Figure 4-15:  Variation of atmosphere, sample 
temperature vs. oven set temperature for thermal 
treatment of 2 wt% Fe-promoted sulfated 
zirconium hydroxide. Conditions: 200 ml∙min-1

gas, 3 K∙min-1, 8.4 ml boat contained ca. 13 g.

Figure 4-16:  Effect of variation of atmosphere for 
thermal treatment on catalytic activity, isobutane 
yield vs. time on stream, 2 wt% Fe-promoted sulfated 
zirconia. Conditions: 500 mg catalyst, 1 kPa n-butane 
in balance of N2, total flow 80 ml∙min-1, 338 K 
(samples from experiments shown in Figure 4-15).

4.1.5 Characterization of Samples Calcined in Differently Sized Batches

The samples calcined in differently sizes batches were investigated by N2 adsorption and 
by X-ray diffraction. Figure 4-17 shows the BET surface areas of promoted sulfated zirconia 
samples as a function of boat size.
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All sulfate-containing samples are made 
from the same precursor; it can be assumed 
that they have a similar surface area before 
calcination. The surface area increases with 
increasing boat size. The increase amounts to 
about 30% from the smallest to the largest 
boat. Another effect is seen in Figure 4-18, 
which shows the complete N2 adsorption 
isotherms recorded for 2.0FeSZ. The 
isotherms can be classified as Type IV, and 
some exhibit an H2 type hysteresis loop. H2 
loops have been thought to arise from ink-
bottle shaped pores, but this picture is now 
considered too simple.523 With increasing 
boat size, a more pronounced hysteresis loop 
was observed; this applied also for sulfated 
zirconia and Mn-promoted sulfated zirconia.

X-ray diffractograms of 2.0MnSZ are 
shown in Figure 4-19. Independent of the 
boat size, the zirconia phase in the 2.0MnSZ 
and 2.0FeSZ series was the tetragonal one; 
and the amount of amorphous material was 
<10% and not distinguishable within the 
detection limits. An interesting trend is seen 
in Figure 4-20: as well for 2.0MnSZ as for 
2.0FeSZ, the c/a ratio (lattice constants of the 
tetragonal unit cell) increases with increasing 
boat size. Factors influencing the lattice 
constants will be discussed in detail in 
Chapter 6.1.4.
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4.1.6 Origin of the Glow Phenomenon, Literature

The sudden surge to high temperatures during heating is a well-known phenomenon for 
many substances and is not restricted to catalysts. The origin of the phenomenon however is a 
matter of debate, i.e. different reactions with different enthalpies have been reported. Effects 
of additives are also discussed controversially.

The temperature rise results in the emission of visible light, which led to discovery of the 
effect already 200 years ago and the name “glow phenomenon” (related are the terms “glow 
exotherm” or “glow peak”, which are used in thermal analysis). It was Berzelius524,525 in 1812 
who during heating of antimonates and antimonites observed the effect first; he already 
excluded oxidation as a cause. In 1818 Berzelius526 mentioned that Davy had observed a 
similar phenomenon during the heating of hydrous zirconia. Ruer527 in 1905 measured the 
sample temperature during the thermal treatment of hydrous zirconia to give ZrO2; and with 
these data and cp(ZrO2) = 0.45 J∙g-1∙K-1 (55 J∙mol-1∙K-1) he estimated the minimum heat of 
reaction to be –38.5 J∙g-1. A more detailed study was published 1926 by Wöhler,528 including 
oxides of chromium, iron, zirconium, titanium, and magnesium pyrophosphate. He conducted 
experiments similar to ours in that he calcined different amounts of the hydrous zirconia and 
experimented with more and less shallow beds. The glow phenomenon lasted about 20 s. The 
highest temperature overshoot was observed with the largest amount and the non-shallow 
packing; the calculated heat of reaction in this case was –95 J∙g-1. Wöhler used samples of 
different water content; it appears for this particular experiment about 10% of water were 
present, so that –95 J∙g-1 corresponds to a molar heat of reaction of about –12 kJ∙mol-1. Based 
on sorption experiments, Wöhler ascribed the heat to a reduction in surface area (“combustion 
of surface”) and not to a transition of amorphous to crystalline material, crystallization was 
seen as a result and not as a cause of the evolved heat. He attempted to determine the surface 
area from the evolved heat.529

The glow phenomenon was further investigated in 1969 by Sorrentino et al.,530 using 
commercial differential thermal analysis equipment. The authors heated colloidal hydrous 
oxides of chromium, aluminum, and iron, and mixtures thereof. They report a dependence of 
the glow phenomenon on the particle size of the colloid, i.e. on its surface area. Neither 
mixtures of two “glow” materials nor mixtures of a glow and a non-glow material exhibited a 
glow phenomenon. From these results it follows that at very high promoter contents, the glow 
may become subdued. More recent reports focus on the thermal analysis of hydrous zirconia 
with hafnium cations,531 manganese cations,532 or sulfate533,534 mixed in.

Srinivasan et al.531 claim that crystallization and sintering are separate events, without 
significant heat release during crystallization but with significant heat release during 
coalescence of the particles. The surface area of ZrO2 shrank from 240 m2∙g-1 to 82 m2∙g-1

after 4 h at 673 K. Keshavaraja et al.532 favor the heat of crystallization as origin of the glow 
exotherm. The temperature of the exotherm increased linearly with increasing Mn content 
while the evolved heat decreased. The authors determined the enthalpy of crystallization to be 
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–28.7 kJ∙mol-1 for pure zirconia and to be –12.1 kJ∙mol-1 for a mixture of zirconia with 16 
wt% Mn. Haberko et al.142 published a decreasing crystallization enthalpy with increasing 
yttrium content. Chokkaram et al.533 found the onset temperature of the glow exotherm 
increasing linearly with increasing sulfate content; concomitantly, the exotherm, which was 
believed to arise from crystallization, became subdued. Armendariz et al.65 reported the 
crystallization temperature to be independent of the sulfate content; and through combined 
TG/DTA/MS studies they concluded that dehydration and dehydroxylation occurred 
simultaneously with crystallization. Gimblett et al.535 ascribed the glow exotherm “to build-up 
of internal stress which is released as heat energy”. Djuričić et al.177 obtained the glow 
exotherm 100 K beyond the crystallization temperature and without any sudden change in the 
lattice parameters. They concluded that the loss of hydroxyl groups is responsible for the 
exotherm. Mercera et al.138 though found only a small weight loss of about 1–2% associated 
with the glow exotherm. 

In summary, some of our observations such as the shift of the glow exotherm to higher 
temperatures in presence of sulfate or promoters are frequently recurring phenomena, but they 
are not explained. The literature gives an inconsistent account of the events during the 
“glow”.

Hence, it is not clear what transformation enthalpies derived from thermal analysis 
experiments really represent. Enthalpies for various phase changes of zirconia are given in 
Table 4-3. They vary greatly, from less than –5 up to almost –60 kJ∙mol-1. Most enthalpies are 
ascribed to crystallization, suggesting that the initial material is X-ray amorphous (“a-ZrO2”). 
X-ray amorphous, hydrous zirconia is a rather undefined state, and its properties will depend 
on the procedure of preparation. The final state after crystallization is often the tetragonal 
phase, but usually such data are not quantified, i.e. it is not known whether some material 
remained amorphous. Crystallite sizes and surface areas are further characteristics of the 
material after the transformation. For the enthalpies of transformation listed in Table 4-3, 
initial and final states may indeed be very different, which is one explanation for the large 
scatter of values for a seemingly identical transformation.

The enthalpy contribution of surface area loss can be estimated from surface energies, 
which are available in the literature196 and which approximate the surface enthalpy.536 For t-
ZrO2, values between 1.107 and 1.453 J m-2 are reported for different surfaces. A loss of 
100 m2∙g-1 through sintering during calcination would correspond to a heat evolution of 
110.7–145.5 J∙g-1 or 13.6–17.9 kJ∙mol-1. It follows that this contribution may not be 
negligible. A change in surface energy will also result for the transition from amorphous to 
tetragonal zirconia.538 The surface of the amorphous phase is about 1.19 ± 0.08 J∙m-2 more 
stable than that of the tetragonal phase, which at a surface area of 100 m2∙g-1 would 
correspond to an energy difference of +14.6 kJ∙mol-1. According to these literature data, the 
thermal effects of surface area loss and of the change in the surface structure would have 
opposite signs for the crystallization of amorphous to tetragonal zirconia.
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Crystallization will always be accompanied by rearrangement of atoms at the surface and, 
hence, a change in surface energy. Unless special measures are taken, particles will coalesce 
and surface area and surface energy will shrink. A typical calcination experiment will 
encompass all of these effects and the heat release will be a sum of individual effects. For 
better understanding, a complete characterization of both initial and final state would be 
necessary.

Table 4-3: Enthalpies of reaction for phase changes of ZrO2

Reaction Enthalpy of reaction /
kJ∙mol-1

Reference

Crystallization of ?-ZrO2 –28.7 Keshavaraja532 / 1995
Crystallization of ZrO2, 
independent of phase formed

–23.2 Srinivasan et al.48 / 1988

Crystallization of t-ZrO2 or m-
ZrO2

–4.3 to –22.5 Chuah et al.45 / 1998

Crystallization of t-ZrO2 or m-
ZrO2

–105 J∙g-1, may relate to raw 
material weight, expressed in 
kJ∙mol-1: –12.9 

Tatsumi et al.44 / 1996

Crystallization of t-ZrO2 –29.3 to –33.4 Livage537 / 1968
Crystallization of t-ZrO2 –19.6 Mercera et al.43 / 1990
Crystallization of t-ZrO2 –30.1 ± 0.8 Haberko et al.142 / 1975
Crystallization of t-ZrO2 –53 Molodetsky538 / 2000
Transformation a-ZrO2 to t-ZrO2 –13 Xie et al.174 / 2000
Crystallization of m-ZrO2 –58.6 ± 3.3 Molodetsky538 / 2000
Change in surface energy upon
a-ZrO2 → t-ZrO2

assumption ABET = 100 m2 g-1

+14.6 Molodetsky538 / 2000

Transition c-ZrO2 → t-ZrO2 –5.9 Molodetsky539 / 1998
Transition t-ZrO2 → m-ZrO2 –5 Molodetsky538,539 / 1998, 

2000
Transition t-ZrO2 → m-ZrO2 –6 Xie174 / 2000
Transition t-ZrO2 → m-ZrO2 –6 Coughlin540 / 1950

4.1.7 Interpretation of Glow Effect in the Investigated Zirconia Materials

Because of the relevance of the batch size and the linked characteristics of the glow 
phenomenon for the catalytic activity it would be desirable to identify the heat generating 
reaction(s) for our samples. Combustion of hydrocarbon impurities as a source of heat can be 
excluded because the glow was not subdued in argon. It is thus useful to estimate on the basis 
of the literature data if the measured temperature increase can be produced by crystallization 
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or sintering effects. An assumption has to be made for the heat transfer during the glow. The 
thermal conductivity of zirconia is extremely small as reported by Adams541 and 
Kingery.542,543 The conductivities given in Table 4-4 refer to zero porosity; a porosity of 20% 
reduces the thermal conductivity of zirconia by about 50%.543 Heat transfer in the packed bed 
in the boat will thus mainly occur through radiation and not through conductance or 
convection. The cooling down back to the ramp temperature, though slower than the 
temperature rise, happens within minutes, indicating that the heat transfer is rather efficient. 
Thus, the values that we measured for the temperature are less than the actual overshoot but 
the deviation is difficult to calculate. Therefore, we can only estimate the released heat with 
the assumption that the system is quasi-adiabatic and we must realize that the heat is 
underestimated. Vice versa, if we try to estimate the temperature overshoot from enthalpies in 
the literature, it will be overestimated.

Table 4-4: Thermal conductivity of ZrO2 and some other materials

Thermal conductivity /
W K-1 cm-1

473 K 873 K

ZrO2
542 0.0196 0.0213

Al2O3
542 0.2249 0.0911

Cu544 3.89 3.66
To estimate the temperature increase for a certain reaction, the heat capacity of the system 

must be known. For the adiabatic case, the surroundings are neglected and only the sample 
powder is considered. No values are available for the hydroxide precursors; a molar heat 
capacity for monoclinic ZrO2 of 56.1 J∙mol-1∙K-1 108 is used here as an approximation. The 
values for the heat of crystallization range from –4.3 to –58.6 kJ∙mol-1 (Table 4-3). The 
maximum temperature increase calculated for the range of heats of crystallization would then 
be ca. 75 to 1000 K. Our values for the temperature overshoot reach up to 260 K and fall well 
within this range, i.e. the crystallization enthalpy alone would suffice to explain the 
overshoot. The materials crystallize during the calcination as evidenced by XRD 
measurements, but samples from the same precursor exhibit different surface areas 
afterwards, indicating different degrees of sintering. Literature data545 confirm that during 
crystallization of zirconia not only the number of crystallites increases but also their size, 
consistent with sintering. From the present data, individual contributions from crystallization 
and sintering cannot be extracted. Further clarification would require calorimetric 
measurements in combination with XRD and BET experiments before and after calcination.

Nevertheless, some trends allow for more insight. A higher temperature overshoot should 
correspond to higher heat evolution, unless it is solely the result of inferior heat transfer. 
However, if different products are obtained, as is the case, the chemistry and thus the evolved 
heat must have been different. A high heat should be equivalent to a well-crystallized material 
with a low surface area; or, vice versa, a sample exposed to high temperature would be 
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expected to sinter and have a small surface area. However, we observe the highest surface 
areas for the large boat calcinations with the highest temperature overshoots. On one hand this 
means that the short dwell time at high temperature does not have the usual effect of a 
prolonged treatment at high temperature, which generally leads to a substantial decrease in 
surface area (see below). On the other hand it means that the origin of the highest overshoots 
cannot be sintering. An explanation for the higher surface area could be that there is a higher 
number of crystal nuclei and less growth of these; but it is not clear why this would be the 
more exothermic process as opposed to a smaller number of larger sized crystallites.

Additives shift the glow effect of our 
materials to a higher onset temperature. 
Figure 4-21 shows the correlation between 
promoter content and the bed temperature at 
the onset of the glow peak. For Mn as a 
promoter, the onset temperature increases 
steadily for our samples. The correlation with 
the promoter content is not linear; at high Mn 
contents, the onset temperature appears to 
level off. The observation of a higher onset 
temperature with increasing promoter 
content is consistent with Keshavaraja’s532

work on manganese-doped zirconia; a steady increase of the (zirconia) glow temperature was 
also established with increasing iron,220 hafnium,531 or yttrium142 content. The presence of 
sulfate also increases the exotherm onset temperature,534 consistent with our results. Some 
authors even report a linear increase of the onset temperature with the amount of sulfate 
adsorbed.533

A linear correlation of the reaction temperature with the molar concentration is 
reminiscent of the melting and boiling point elevation effect, but may only be observed for a 
homogeneous promoter distribution in the precursor. No linear correlation seems to exist for 
Fe; only a limited increase of the onset temperature with increasing Fe content is obtained. 
Such a result would suggest that Fe for some reason is not as homogeneously distributed in 
the sample as e.g. Mn. This argumentation is supported by the fact that only Fe-promoted 
samples show a slight increase in sample temperature before the actual glow peak (see Figure 
4-13), this effect could arise from a fraction of the material with a very low Fe content. In 
Chapter 6.1 it will be shown that the distribution of Fe in these catalysts is not as 
homogeneous as the distribution of Mn.

4.1.8 Discussion of Calcination Chemistry and Relation to Catalytic Activity

The batch size affects the maximum temperature that the sample experiences. The 
temperature affects the rate of solid-state reactions, and volatilization of components in the 
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precursors may become possible or not depending on the maximum temperature. With respect 
to volatilization, a secondary effect of the batch size is the length of the escape path of gases 
and the chance for interaction in the form of readsorption or reaction. The gas phase 
composition in the large(r) boats may consist not only of the purge gas but also of an 
atmosphere generated by the sample.

The run-away of the reaction and hence, the temperature, occurs earlier with increasing 
batch size when compact beds are used. For practical reasons, the boat size could not be 
increased until a limit to this effect was reached. Equally, no plateau or maximum was 
observed in the activity of the resulting catalysts as a function of the boat sizes. Tatsumi et 
al.44 attempted to judge the catalytic activity from the shape of the glow exotherm in DTA 
experiments conducted on a series of sulfated zirconia materials prepared from solutions of 
different pH. A sharp exotherm, explained by rapid crystallization of small particles, was 
related to high activity. However, this correlation may only be valid for materials of similar 
composition. In our experiments, the presence of sulfate subdues the glow exotherm 
somewhat; however, sulfate renders zirconia catalytically active. Furthermore, a change in the 
atmosphere does not affect the glow peak for iron-promoted sulfated zirconia but the activity 
of the resulting catalyst varies dramatically.

Miller and Ko546 plotted the catalytic activity of a mixed silica-zirconia material for 1-
butene isomerization vs. the prehydrolysis ratio during synthesis and obtained a roughly linear 
relation. The plot of the exotherm temperature vs. the prehydrolysis ratio also gave a roughly 
linear relation, suggesting a correlation between activity and glow temperature. Again, such a 
relation may only hold for a family of catalysts. Our results evidence a much more complex 
relation for sulfated zirconia materials, e.g. Fe-promoted and Mn-promoted catalysts exhibit 
activities of the same order of magnitude but very different glow temperatures.

According to the data published by Mercera et al.,43 a higher temperature during 
calcination should lead to a lower surface area and a larger crystallite size of zirconia. Our 
observations show an opposite trend, indicating that the short overheating is not equivalent to 
a longer treatment (=15 h in Mercera’s work) at higher temperature. Additives that form solid 
solutions prevent sintering by inhibiting surface diffusion,138 yielding higher surface areas and 
smaller crystallites. Addition of Mn or Fe, which do form solid solutions (see Chapter 6.1), to 
sulfated materials did not affect the surface area. An effect of the promoters may be obscured 
by sulfate whose presence already results in materials with higher surface areas in comparison 
to pure zirconia.

The overheating could be speculated to favor solid solution formation. As will be shown 
in Chapter 6.1, for solid solutions of manganese and iron the c/a ratio of the tetragonal phase 
decreases with increasing promoter content. The existing structural data on our catalysts show 
an increase in c/a ratio with increasing batch size, suggesting a lower degree of incorporation 
of the promoters for the larger boats. The incorporation of manganese ions in zirconia 
stabilizes a higher surface area in comparison to pure zirconia.603 We observe a higher surface 
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area with increasing batch size, i.e. the correlation between solid solution formation and 
surface area could not be confirmed for our catalysts. However, the variations in the lattice 
parameters could have reasons other than the incorporation of manganese or iron, e.g. a more 
defective structure or a higher average valence of the promoter. Further analysis will be 
necessary to elucidate slight structural variations in the catalysts calcined in differently sized 
batches; such analysis is under way.

As previously stated, the larger the bed, the more difficult the gas phase exchange with 
the purge gas. As the type of purge gas affected the catalytic activity of iron-promoted 
sulfated zirconia, a significant diffusion of gas through the bed must take place. The larger the 
bed, the more the sample will be exposed to its self-generated atmosphere. In zirconium 
hydroxide, water is the main decomposition product. A room temperature-dried hydroxide 
contains about 25 wt% water, i.e. 25 g of sample contain 6.25 g of water. At 373 K, the water 
transforms to 9.7 l of vapor. For comparison, the flow through the calcination tube is 200 ml 
min-1. Murase and Kato181 reported that water vapor enhances surface diffusion and as a 
consequence crystallite growth, which reduces the surface energy and stabilizes the tetragonal 
phase. Many of our samples were purely tetragonal but the crystallite size shrank with 
increasing boat size although in a large bed a higher fraction of the sample should experience 
“self-steaming”. However, most of the water desorbs well before the glow.

The sulfated raw materials can additionally produce sulfur oxides and ammonia, the 
promoter precursors produce nitrogen oxides. Morterra et al.95 proposed that calcination, if 
performed at sufficiently high set temperature, removes sulfate from “highly energetic 
crystallographic defects”. This effect could be more pronounced with a higher overshoot. 
However, at too high an overshoot, eventually too much sulfate could be lost. Also, the larger 
the bed, the higher the chance for readsorption of volatile sulfur species.

The samples produced through calcination in differently sized batches present a unique 
chance for property – activity relationships because they originate from the same raw material 
and compositional variations must be a result of the calcination. Different than the catalytic 
tests, characterization experiments have not yet revealed any striking variations with the batch 
size. Quantitative correlations between characterization data and “activity” are difficult 
because the maximum activity is not the ultimate activity, and the long-term activity may 
depend on the deactivation. XRD data showed only very small changes in the lattice constants 
with variation of the calcination batch size; however, it is of course difficult to predict the 
effect of a change in a lattice parameter on the catalytic performance. The effect of the more 
abundant ink-bottle pores in the large-batch samples is difficult to judge. For n-butane, the 
bimolecular isomerization mechanism is faster than the monomolecular one.105 Retention of 
reactant or product in the pore system may be favorable for a bimolecular mechanism. The 
BET surface areas increased with increasing calcination batch size but there seems to be no 
proportionality between performance and surface area. This would suggest that the abundance 
of sites is not just a function of the surface area; rather the sites could be a certain type of 
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defect that is only formed under particular conditions. Indeed Torralvo and Alario171 report 
different types of defects such as trapped electrons in oxygen vacancies or Zr3+ in zirconia 
depending on treatment. They suggest that through a high local temperature, oxygen could be 
eliminated from the structure; however, all of their treatments involved a step in vacuum. 
Their results may not be transferable to our experiments for additional reasons beyond the 
difference in gas phase environments; the chemistry of our system is much more complex 
through the presence of the sulfate- and promoter-containing components.

4.1.9 Implications of Glow Effect for Catalyst Preparation

An extrinsic, usually neglected parameter, i.e. the batch size (and packing) for calcination, 
influences the catalytic activity of the resulting material. This phenomenon may, at least in 
part, account for the reported lack in reproducibility of these catalysts, and also for the large 
variation in catalytic activity in samples from different laboratories. While attention is paid to 
the formation of the primary solid, and the process of making the same is usually described in 
detail, the parameters for the subsequent calcination are often incomplete in the literature. The 
amount of sample employed, the shape of the bed, heating ramps, or flow conditions may be 
missing.

The promoters manganese and iron have a systemic influence on the calcination 
chemistry. Different glow temperatures are observed for the two promoters, and for different 
promoter contents. The calcination chemistry is ruled by the additives present in the raw 
material. 

The IUPAC recommends547 that a 
thermal treatment is performed such that all 
catalyst particles experience the same 
atmosphere and temperature, e.g. in a 
fluidized bed. Calcination in a packed bed 
enclosed in a boat does not fulfill these 
conditions. The major goal of the IUPAC 
procedure appears to be to achieve a 
homogeneous product. The compact-batch-
calcination produces materials with an 
excellent catalytic performance with respect 
to maximum activity (Figure 4-22) and its 
application appears thus justified.
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Figure 4-22:  Arrhenius-plot developed from 
maximum rates in n-butane isomerization obtained 
with Mn- and/or Fe-promoted sulfated zirconia 
catalysts. Squares represent catalysts calcined in 
the large batch, other data are from literature.
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4.2 Handling and Investigation of Zirconia-Based Materials

4.2.1 Introduction and Purpose of Experiments

Catalysts are frequently metastable compounds. When studying such materials, it is thus 
necessary to check for the following two potential problems: (i) Does the sample remain 
unaffected by any type of preparation that is necessary to apply an analytical technique or 
conduct a certain experiment, and (ii) does the sample change during its shelf life?

After drying or calcination procedures, powders are sometimes caked together. Many 
analytical techniques require a fine and homogeneous powder; sometimes a standard needs to 
be mixed in. In order to obtain fine particles it is thus quite common to grind samples by hand 
in a mortar, to mill them (e.g. vibrating mills are sold as accessories for IR spectroscopy), or 
to immerse a suspension of the sample in a sonic bath and finally let the liquid evaporate. 
Mixing is usually achieved by grinding. Some techniques such as transmission IR or X-ray 
absorption spectroscopy require pellets, which either consist of the pure sample or of the 
sample and a diluent. Pressing (and sieving) is also performed to avoid uncontrolled 
distribution of the sample in a vacuum environment or to obtain a defined particle size for 
catalytic testing. The samples are thus submitted to procedures inflicting mechanical stress, 
sometimes to more than one such procedure, and to different types of procedures depending 
on the experiment. In order to be able to correlate data from different experiments it is 
necessary to exclude that the sample is significantly altered in the preparation for an 
individual experiment.

It has been reported in the literature that mechanical stress can alter the bulk structure of 
pure zirconia. The phase transitions a-ZrO2 → t- or m-ZrO2, t-ZrO2 → m-ZrO2 and m-ZrO2

→ t-ZrO2 can be achieved by ball milling,84,182 and the transition t-ZrO2 → m-ZrO2 can be 
achieved by pressing79,183 or sonication.170 There are hints that conditions less forceful than in 
a ball mill suffice for the t-ZrO2 → m-ZrO2 transition,183,184 e.g. the grinding in a mortar.184

The room temperature stable phase of pure zirconia is the monoclinic one,110 m-ZrO2, but in 
the usual preparation of ZrO2 catalysts through calcination of an amorphous hydroxide 
precursor at 723–923 K, the tetragonal phase, t-ZrO2, or mixtures of both phases are obtained. 
The presence of the sulfate increases the fraction of t-ZrO2,30 and a stabilizing effect for the 
tetragonal phase has thus been ascribed to the sulfate. Cationic promoters such as Mn or Fe 
are incorporated into the zirconia lattice and stabilize the tetragonal or the cubic phase147,266,548

(see also Chapter 6.1.4).
The purpose of the experiments presented here was to determine whether sulfated 

zirconia and promoted sulfated zirconia catalysts are affected by mechanical stress despite the 
presence of stabilizing additives. The selected methods to inflict the mechanical stress were 
(i) grinding in a mortar, (ii) milling in a vibrating mill, and (iii) pressing in undiluted form. 
The central question is whether the catalytic activity is affected by the treatment. For further 
analysis, XRD and nitrogen sorption measurements were performed. The choice of these two 
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methods was prompted by the reports in the literature on the change of phase composition of 
zirconia182-183184 and on the collapse of the pore system of mesoporous materials (MCM-48) 
upon pressing.549

The literature suggests that zirconia materials may “age”. This term frequently does not 
refer to the changes during “shelf life” but rather to changes during the application of the 
material, i.e. typically at elevated temperature. The aging conditions are often far from what 
our catalysts experience, e.g. temperatures of 1073 K and higher.128-129130,133,180 There are 
reports of aging, i.e. a transformation of the bulk phase, at temperatures in the range of 298–
773 K within hours depending on the presence of water vapor.109,124,152,174,550-554 From these 
results, it can be imagined that a catalyst ages within months even at room temperature in 
ambient atmosphere. However, nothing can be found in the literature on aging of sulfated 
zirconia. We did not detect any changes in the sulfate-containing samples with time, and the 
issue so far seems irrelevant for the experiments with sulfated zirconia catalysts that are
presented in the following chapters. The investigations on aging were conducted 
predominantly with microcalorimetry and are presented in Chapter 6.2.

4.2.2 Experimental and Sample Nomenclature
Preparation and calcination of sulfated zirconia (SZ), and manganese-promoted sulfated zirconia 
(MnSZ): Preparation and calcination procedures were performed as described under 4.1.2. The Mn content was 
either 0.5 or 2.0 wt% (0.5MnSZ and 2.0MnSZ). The samples for the mechanical stress treatment were calcined 
in the 17.1 ml boat, i.e. the batch size was 20–25 g.
Mechanical stress treatments: The pressing experiments were conducted using flat-surfaced stainless steel 
tools and a manually operated hydraulic press (Perkin-Elmer). Milling was performed in a vibrating mill (Perkin-
Elmer) using 1.5 ml stainless steel capsules, a single ball, and 300 or 600 mg of sample. The maximum interval 
was 30 s, longer milling times were achieved by consecutive intervals. If more than 300 mg of sample were 
required (catalytic tests), several batches were milled and mixed afterwards. Grinding was performed manually 
in an agate mortar.
Catalytic tests: Catalytic tests after mechanical stress treatment were run as described in 4.1.2. Activation was 
in an 80 ml∙min-1 flow of N2. The heating rate was 25 K∙min-1 and the sample was held for 30 min at 723 K. The 
reaction temperatures were 378 K (SZ), 323 K (2.0MnSZ), or 338 K (0.5MnSZ) and the n-butane partial 
pressure was 1 kPa.
X-ray diffraction: For X-ray diffraction, the loose powders were mixed 1:1 by weight with sieved α-Al2O3

(through gentle shaking) in order to determine amorphous fractions; pressed samples were mounted as wafers. 
Diffractograms were recorded between 2θ = 5 and 100° in steps of 0.03° using a STOE STADI-P-diffractometer, 
Debye-Scherrer geometry, and Cu Kα radiation. The diffractograms were fitted using PowderCell v2.4.555 The 
fits did not always reproduce the composition of the internal standard mixture correctly, i.e. in some cases 
crystallization of amorphous ZrO2 and/or amorphization of crystalline ZrO2 through the treatment cannot be 
excluded.
Nitrogen sorption: Surface areas were measured with a 3-point BET method using a Quantasorb Jr. 
(Quantachrome). Samples were outgassed at 473 K over night.
Thermogravimetry: The samples were investigated in a NETZSCH STA 449 C at a heating rate of 10 K∙min-1

from room temperature to 1373 K and with an argon flow of 20 ml∙min-1.
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4.2.3 Catalytic Activity after Mechanical Stress Treatment

Catalytic tests focused on untreated, ground, or milled samples because these materials 
could be tested as fixed powder beds without further sample manipulation. Figure 4-23 shows 
the isobutane production rate as a function of time on stream for unmilled and milled sulfated 
zirconia. The catalytic performance was severely affected by mechanical stress. Milled 
sulfated zirconia passed through an induction period similar to the one observed for its 
unmilled state but the maximum isobutane formation rate was only about 25% of its value for 
untreated sulfated zirconia.
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Figure 4-23:  Effect of milling on catalytic activity 
of SZ for n-butane isomerization. Milling 
performed in vibrating mill. Conditions: 500 mg of 
sample, 1 kPa n-butane in balance of N2, total flow 
80 ml∙min-1, 378 K.

Figure 4-24:  Effect of milling on catalytic activity 
of 2.0MnSZ for n-butane isomerization. Milling 
performed in vibrating mill. Conditions: 500 mg of 
sample, 1 kPa n-butane in balance of N2, total flow 
80 ml∙min-1, 323 K.

A different picture evolves from the catalytic tests with milled 2.0MnSZ as shown in 
Figure 4-24. The isomerization activity of the catalyst is also severely reduced, but the effect 
is limited to the induction period and maximum activity. The long term activity (> 2 h) 
remained largely unaffected by the milling. The results in Figure 4-24 also demonstrate the 
influence of the loading of the mill: At twice the amount of sample in the mill (600 instead of 
300 mg), there is hardly any change in isomerization activity.

Grinding in a mortar also had a negative 
effect on the catalytic activity, presented in 
Figure 4-25. Ground 0.5MnSZ exhibits a 
behavior that appears to be a combination of 
the observations made for SZ and 2.0MnSZ 
after milling. The initial rapid activity 
increase towards a high maximum activity 
was not only subdued as for milled 2.0MnSZ 
but entirely missing, resulting in a prolonged 
induction period. The long term activity was 
also diminished as for milled SZ; the 
isomerization rate was never more than 30% 
of values measured for the untreated catalyst.
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Figure 4-25:  Effect of grinding on catalytic activity 
of 0.5MnSZ for n-butane isomerization. Grinding 
performed manually in agate mortar. Conditions: 
500 mg of sample, 1 kPa n-butane in balance of N2, 
total flow 80 ml∙min-1, 338 K.
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4.2.4 Phase Composition after Mechanical Stress Treatment

The phase composition was altered by mechanical stress treatments. All diffractograms of 
untreated, milled, or ground samples were normalized to the reflex at 43.4° of the internal 
standard, corundum. In Figure 4-26, the effect of 10 min milling (300 mg load) on the phase 
composition of sulfated zirconia is shown, these diffractograms were recorded of the samples 
whose catalytic performance is presented in Figure 4-23. It can be seen that the sample, which 
was entirely tetragonal within the detection limits before milling, contained about 30 wt% 
monoclinic zirconia after the milling procedure. The effect of 10 min milling (300 mg load) 
on the phase composition of 2.0MnSZ was comparable; the content of monoclinic zirconia 
increased from <5 wt% to 30 wt%. The diffractograms are shown in Figure 4-27, the 
corresponding catalytic data were presented in Figure 4-24.
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Figure 4-26:  XRD, effect of milling on phase 
composition of SZ. Milling performed in vibrating 
mill, load 300 mg. Dotted line: non-milled sample, 
solid lines: 10 min milled.

Figure 4-27:  XRD, effect of milling on phase 
composition of 2.0MnSZ. Milling performed in 
vibrating mill, load 300 mg. Dotted line: non-milled 
sample, solid lines: 10 min milled.

Figure 4-28 shows diffractograms of 0.5MnSZ before and after 10 min grinding. The 
grinding effected a partial transition from t-ZrO2 to m-ZrO2 in this material, from about 
8 wt% m-ZrO2 to 19 or 57 wt%. The extent of transformation was poorly reproducible in this 
type of experiment, and an operator influence is likely. The catalytic data shown in Figure 
4-25 were obtained from the ground sample that contained 19 wt% m-ZrO2.
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Figure 4-28:  XRD, effect of grinding on phase 
composition of 0.5MnSZ. Grinding performed 
manually in agate mortar. Dotted line: non-
ground sample, solid lines: 10 min ground.

Figure 4-29:  XRD, effect of pressing on phase 
composition of SZ. Pressing: 10 min 540 MPa. Dotted 
line: untreated sample, solid line: wafer.
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The influence of pressing was investigated by applying a pressure of 540 MPa, which is 
typical for the making of self-supporting wafers for transmission IR spectroscopy. The 
diffractogram of such a wafer is shown in Figure 4-29 in comparison with that of the 
untreated sample. These diffractograms are normalized to the most intense peak because the 
wafer could not be mixed with the standard. The reflections of m-ZrO2 were present in the 
diffractogram of the wafer, and indicate about 33 wt% of m-ZrO2.

4.2.5 Influence of Mechanical Stress on Surface Area and Sulfate Content

There were no significant changes to the 
BET surface area of SZ and 2.0MnSZ after 
10 min milling as shown in Figure 4-30. The 
milling, if at all, leads to a slight increase in 
surface area. There also were no significant 
changes to the surface area of 0.5MnSZ after 
pressing at 750 MPa for 10 min.

The sulfate content was estimated by 
means of thermogravimetry coupled with 
mass spectrometry; the weight loss at about 

968 K was attributed to the decomposition of sulfate (evolution of SO2, formal loss of SO3). 
The weight loss was 4.6% for the unmilled SZ and 4.2% for the 10 min milled SZ.

4.2.6 Discussion

The results show that the catalytic activity of sulfated zirconia catalysts can be affected by 
mechanical stress treatments such as milling or grinding. When comparing the reaction 
profiles in Figure 4-23 through Figure 4-25 it becomes evident that the catalytic performance 
should be divided into an initial and a long term behavior. Under the selected reaction 
conditions, sulfated zirconia shows an induction period but no pronounced maximum activity, 
and hence, no deactivation. Mechanical stress does not change the length of the induction 
period in a detectable way, but sulfated zirconia exhibits a much lower long term activity after 
the mechanical treatment. Promotion with 0.5 or 2.0 wt% Mn increases conversion and 
isomerization rate by about a factor of 10; and after the induction period the conversion 
reaches a maximum and then declines rapidly. At a Mn content of 2 wt%, the full profile 
including induction period and pronounced maximum is also observed after the mechanical 
stress treatment, but in a subdued manner (Figure 4-24), and the long term activity is 
unaffected. At a Mn content of 0.5 wt%, grinding leads to a prolonged induction period and a 
pronounced maximum is lacking, and the long term activity is reduced with respect to the 
unground catalyst (Figure 4-25). The 0.5MnSZ catalyst behaves like a mixture of the two 
other materials, SZ and 2.0MnSZ: The long-term and the short term activity both are affected 
by mechanical stress treatment. The experiments were not exactly the same because SZ and 
2.0MnSZ were milled while 0.5MnSZ was ground. However, it appears that with increasing 
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Mn content the initial as well as the long term activity are less affected by the mechanical 
treatment. The change in catalytic activity cannot be ascribed to a collapse of the pore 
structure because the BET surface areas are not affected by milling.

For non-sulfated zirconia, phase transformations as a consequence of mechanical stress 
have already been reported. In 1965, Whitney184 wrote in a footnote that “tetragonal zirconia, 
even if gently ground in a mortar at room temperature, will rapidly transform to the 
monoclinic modification”, and in 1975, Agron et al.183 reported an “unanticipated … partial 
transformation of the metastable tetragonal zirconia to the monoclinic phase … with the 
pressed ZrO2 disk”. These results referred to pure, non-stabilized zirconia. Sulfate stabilizes 
the tetragonal phase, at least with respect to thermal treatments.534 The nature of the 
stabilization effect has not been clarified. The incorporation of cations, particularly yttrium, 
into the zirconia lattice in order to stabilize the tetragonal or the cubic phase is widely applied 
in ceramic science and manufacturing. The purpose of the stabilization is usually to avoid the 
volume change that goes along with the phase transformation and thus cracking of a work 
piece upon temperature change. Manganese and iron were reported to be incorporated into the 
zirconia lattice in 1960 by Stöcker.147 He observed the pure cubic phase at an Mn content 
corresponding to 20 mol% MnO1.5 (9.6 wt% Mn) and an Fe content corresponding to 30 
mol% FeO1.5 (15.3 wt% Fe). A number of other authors have also reported the incorporation 
of Mn and Fe into the zirconia lattice, see Chapter 6.1. It would thus be expected, that the 
tetragonal phase in the promoted catalysts is more stable than in sulfated zirconia. As far as 
the milling is concerned, the presence of Mn does not make a significant difference in the 
fraction of monoclinic phase that is formed (Figure 4-26 and Figure 4-27).

It is tempting to correlate the decrease in activity with the formation of the monoclinic 
phase, which according to the literature is less active than the tetragonal phase. But the 
different behavior of the catalysts at short and at long time on stream makes the interpretation 
less straightforward.

The loss of sulfate during milling seems to be too small to account for the decrease in 
activity; the loss of sulfate is roughly 10% of the amount present, while about 75% of the 
activity is lost. The percentage of sulfate in the sample corresponds to an SO3 content of about 
575 µmol∙g-1. There are reports in the literature claiming that only a fraction (ca. 20%) of the 
sulfate actually contributes to the catalytic activity, with maybe only 1–2% of the sulfate 
groups adsorbing “active surface reaction intermediates”.87 It has also been said that the 
number of Brønsted sites is only about 1/12 of the number sulfate groups after activation at 
723 K.556 If the mechanical treatment specifically destroys “instable” and thus the most 
reactive structures, it is thus possible that activity changes are more pronounced than changes 
in sulfate content, surface area, or phase composition.



4. Preparation and Handling of Sulfated Zirconia Catalysts

91

4.2.7 Conclusions

Mechanical stress not only converts the metastable tetragonal phase of zirconia into the 
thermodynamically stable monoclinic phase, but in sulfated zirconia based catalysts, 
concomitantly reduces the alkane isomerization activity.

For many experiments it is necessary or common practice to press powders, e.g. in order 
to produce particles of a certain size for a catalytic test, to produce a wafer or pellet for 
transmission spectroscopy, or to avoid uncontrolled distribution in a vacuum environment. 
Equally, grinding is often used to homogenize samples or to mix them with standards or 
diluents. Particularly in situ experiments often require such sample preparation techniques.
Our results demonstrate that all of these "standard laboratory practice" treatments alter not 
only the structural, but also the catalytic properties of sulfated zirconia catalysts. The 
sensitivity towards mechanical stress renders investigation of sulfated zirconia catalysts 
difficult and may explain why the system has so far escaped fundamental understanding. Data 
correlation is hindered because data obtained in experiments that involve different sample 
handling procedures can reflect the properties of partially different materials and thus do not 
represent pieces of the same puzzle. In Table 4-5, it is summarized which role mechanical 
stress plays for the results presented in the following chapters.

Table 4-5: Overview on experiments and sample preparation

Experiment Sample form & preparation / Problems with mechanical stress?
Catalytic tests Powder / No problems
XRD Powder / No problems
EPR Powder / No problems
XPS / ISS Powder pressed between indium sheets / No influence on 

elemental distribution assumed 
Adsorption calorimetry Pressing 20 s at 125 MPa, sieving to obtain fraction 0.1–0.4 mm 

Comparison of pressed and non-pressed sample has been made, 
see Chapter 6.2

In situ DRIFTS, in situ 
UV–vis, in situ XAS

Powders measured in reflectance or fluorescence mode / No 
problems

Ex situ XAS,
transmission

Mixed with PE and pressed into pellet at 75–225 MPa / Possible 
problems but PE may soften mechanical stress during mixing and 
pressing
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5. Powder Model Systems without Tetragonal or Monoclinic Zirconia

5.1 Sulfated Zirconia with Uniformly Sized Mesopores and X-ray-Amorphous Walls

5.1.1 Introduction and Purpose of Experiments

As described in section 2.1.2, the role of the zirconia bulk structure for the catalytic 
activity of sulfated zirconia has been debated extensively, and the focus of the debate has 
been on the (metastable) tetragonal and monoclinic phases. The findings suggest that both 
phases are active but that the tetragonal phase is more active. Some groups reported that 
monoclinic zirconia is only weakly active,73 others called the difference in activity between 
monoclinic and tetragonal phase “not dramatic”.192 The cubic phase in its yttria-stabilized 
form has also been studied, and Morterra et al.194 claimed that the cubic is more active than 
the tetragonal form. The presented rate profiles however only showed the phase of declining 
activity so that the true maximum activity of the compared catalysts remains unknown. The 
stabilization with yttrium is a problem, because yttrium is a lower valent cation that is 
incorporated and may thus act as a promoter (see Chapter 6.1).

Here, we are taking a different, preparative approach to elucidate the function of the 
zirconia bulk structure. We sought to prepare sulfated zirconia materials in which the zirconia 
is not present as monoclinic, tetragonal, or cubic zirconia, and to test these materials for their 
isomerization activity. Two pathways were selected to achieve this goal, (i) the preparation of 
an ordered mesoporous zirconia with the MCM-41 structure, discussed here in Chapter 5.1, 
and (ii) the preparation of highly dispersed sulfated zirconia with particles too small to have a 
defined bulk structure, supported on either alumina or silica. The second approach is 
discussed in Chapter 5.2 below.

M41S materials are a class of mesoporous molecular sieves, which were discovered in the 
early nineties.557 The original MCM-41 is a hexagonally packed structure of silica tubes and 
is obtained in a template assisted synthesis. Surfactant molecules form a hexagonal assembly 
of micellar rods, which direct the growth of the silica matrix from an organic silicon 
precursor. The template is removed in a calcination step. Oxides other than silica can also be 
prepared in this form. A pathway to obtain zirconia in the MCM-form had already been 
published558-562 and further developed;563 and foreign materials such as manganese oxide have 
been introduced into the channels.564 Knowledge on the catalytic activity of sulfated zirconia 
of the MCM-form is limited. Romannikov et al.562 found their material inactive for n-hexane 
isomerization. The options of (i) incorporation of zirconium into siliceous MCM-41 or (ii) the 
use of MCM-41 as a support for sulfated zirconia have both been investigated. As these 
catalysts can be rather classified as “dispersed” zirconia than as zirconia with an unusual bulk, 
they are discussed in Chapter 5.2.

The synthesis procedure for MCM-41 type zirconia needed to be adapted to suit our 
purposes and a number of failed preparations preceded the one now described in the 
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experimental part. It should also be mentioned, that the term “mesoporous” is of course 
applied in the literature to any zirconia materials with pores in the according size range (2–50 
nm), without distinction between materials with a structure-determined and a morphology-
determined pore system. Materials with well-defined MCM-41 type structure are sometimes 
designated as hexagonal zirconia.565 As not all of our preparations showed the higher 
reflections in the diffractogram that allow identification of the packing of the zirconia tubes, 
we refer to just “mesoporous sulfated zirconia”, although this term, as outlined above, is 
somewhat unspecific.

5.1.2 Experimental
Preparation of mesoporous sulfated zirconia: In all experiments, hexadecyl-trimethyl-ammonium bromide 
(CTAB) was chosen as the template for the preparation of ZrO2/surfactant composites. Synthetic procedures 
were adapted from the ones published by Ciesla et al. using zirconium n-propoxide as the oxide precursor.560 As 
first step, 2.50 g (6.85 mmol) of CTAB (Fluka) were dissolved in a solution of 115.0 g water and 12.2 to 24.4 g 
37 wt% HCl. Then 5.99 g (12.80 mmol) of 70 wt% Zr(O-nPr)4 in 1-propanol (Aldrich) were slowly added under 
stirring. Hydrolysis products of Zr(O-nPr)4 precipitated immediately upon contact with water. After ca. 0.5 h of 
stirring, the precipitates dissolved so that the slurry became a translucent sol. To this sol was added a solution of 
0.85 to 1.69 g (6.43 to 12.80 mmol) (NH4)2SO4 in 23.0 g water. The mixture was further stirred for 1 h, before it 
was sealed in a polypropylene bottle and heated to 373 K for 3 days under autogeneous pressure. Finally, the 
suspension was filtered, the solid products were washed with water, ethanol, and again with water, dried at 
333 K overnight and calcined at 813 K for 16 h in air.
X-ray diffraction: Diffractograms were recorded in theta-theta geometry on a STOE STADI-P X-ray 
diffractometer with a secondary monochromator and a scintillation counter, using Cu Kα1,2 radiation (λ = 1.542 
Å). The range of 2θ = 1 to 40° was scanned in steps of 0.02° (10 s per point) in order to gain information about 
the porous structure and the possible presence of bulk crystalline phases simultaneously. For the same reason, no 
antiscattering filter was used so that the diffractograms obtained have high baselines, especially in the small 
angle range.
X-ray absorption spectroscopy: X-ray absorption spectra were recorded at the Zr K edge (17.998 keV) at 
beamline X1.1 at the Hamburger Synchrotron Radiation Laboratory, HASYLAB, using a Si(311) double crystal 
monochromator. The storage ring operated at 3.6 GeV with injection currents of 150 mA. Samples were mixed 
with PE and pressed into pellets at 75–225 MPa. X-ray absorption fine structure (XAFS) analysis was performed 
using the software package WinXAS v2.1.566 EXAFS data analysis was carried out using theoretical 
backscattering phases and amplitudes calculated with the ab-initio multiple-scattering code FEFF7.567 Single 
scattering and multiple scattering paths in the employed model structures were calculated up to 4.1 Å with a 
lower limit of 2.0% in amplitude with respect to the strongest backscattering path. EXAFS fitting and simulation 
were performed using the standard EXAFS formula (k range from 3.6 to 15.2 Å-1, R range 1.1 to 4.2 Å). 
Refinements were carried out in R space to magnitude and imaginary part of a Fourier transformed k3-weighted 
experimental χ(k). Structural parameters refined are (i) E0 shifts for Zr and O backscatterers, (ii) Debye 
temperatures for Zr and O backscatterers, (iii) distances of single scattering shells with the same backscatterers 
in the monoclinic ZrO2 structure that differ by less than 0.05 Å were constrained to vary the same in the 
refinement. Coordination numbers and S0

2 were kept invariant in the refinement. The crystallographic 
parameters presented in Table 2-2 were used.
Thermal analysis: Thermogravimetric and differential thermal analysis (TG-DTA) were carried out on a 
SEIKO microbalance with a heating rate of 10 K∙min-1 from room temperature to 1173 K. The sample was 
mounted horizontally and purged with a synthetic air flow of 100 ml∙min-1.
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Scanning electron microscopy and energy dispersive X-ray analysis: SEM-EDX measurements were 
performed on a Hitachi S-4000 microscope equipped with a cold field emission gun and an energy dispersive X-
ray detector. SEM images and EDX spectra were recorded with acceleration voltages from 3 kV to 15 kV.
Surface area and pore size analysis: Adsorption/desorption measurements were carried out using a 
Micromeritics TriStar 3000 automatic unit at 77 K with N2 as adsorbate. Samples were outgassed at 423 K for 16 
h in vacuum before the adsorption was started.
Catalytic tests: Reactions were performed in a flow-type fixed bed reactor with an internal diameter of 13 mm. 
200 mg of catalyst powder were charged and activated at 723 K for 90 min in a nitrogen flow of 30 ml∙min-1. 
After cooling down to 378 K, a flow of 1 vol% n-butane in N2 at a rate of 30 ml∙min-1 was fed at atmospheric 
pressure. Analysis was performed by on-line gas-chromatography using a Carboxen 1000 column (Supelco) and 
a flame ionization detector.

5.1.3 Characterization of Mesoporous Sulfated Zirconia

X-ray diffractograms of the sample before and after calcination at 813 K are given in 
Figure 5-1. The as-synthesized sample exhibited only one XRD peak at d = 4.6 nm, with no 
diffraction peaks corresponding to condensed crystalline ZrO2 phases. After calcination, the 
peak had shifted to d = 3.6 nm but remained well resolved. In the 2θ range of 4–7°, where the 
higher indexed peaks should be present assuming hexagonal ordering, two weak diffraction 
peaks were observed. No peaks of the tetragonal or monoclinic zirconia phase appear at 2θ ≈ 
30°, indicating that no bulk crystallites of zirconia phases were formed during calcination. A 
sample recovered from the reactor after the isomerization produced a largely unchanged 
diffractogram in comparison to the fresh catalyst.
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Figure 5-1:  XRD patterns of a sample synthesized 
with Zr(O-nPr)4 and CTAB with Zr:S:CTAB = 
2:2:1 in the starting mixture; in the as-synthesized 
state and after calcination at 813 K.

Figure 5-2:  TG/DTA curves for a ZrO2/CTAB 
composite synthesized with Zr(O-nPr)4 in the 
presence of sulfate ions at Zr:S:CTAB = 2:2:1, 
measured with 10 K∙min-1 in an air stream.

Thermal analysis, presented in Figure 5-2, showed a weight loss and a significant 
exotherm at around 600 K; this event is assigned to combustion of the template. A further 
weight loss associated with endothermic effects occurred at 950 K, and is attributed to the 
decomposition of strongly bonded sulfate species. Below 850 K there was no significant 
exothermic heat flow signal that can be assigned to crystallization of a ZrO2 phase. The 
results of N2 adsorption and desorption are shown in Figure 5-3 and Figure 5-4. The isotherm 
is of type IV,568 with a steep increment of the adsorbed volume at low pressure and a second 
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one at p/p0 around 0.2, corresponding to pore filling. A hysteresis between the adsorption and 
desorption branches is insignificant. This is typical for a mesoporous material with narrowly 
distributed pore diameters, which are not far above 2 nm. Application of the BJH method569 to 
the desorption data gave an estimated pore diameter of ca. 2.2 nm. From the comparison of 
this value with the mean lattice distance obtained by XRD (d = 3.6 nm), the average thickness 
of pore walls can be calculated roughly as 1 nm. The BET specific surface area, calculated 
from the adsorption data in the range of p/p0 = 0.05 to 0.15, is 202 m2∙g-1, i.e., ca. 25250 
m2∙mol-1. In comparison, Si-MCM-41, which is synthesized using the same template, 
possesses usually a BET specific surface area of around 1000 m2∙g-1, or 60000 m2∙mol-1.570
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Figure 5-3:  N2 adsorption/desorption isotherm at 
77 K for mesoporous sulfated zirconia.

Figure 5-4:  BJH pore diameter distribution 
calculated from the desorption data shown in 
Figure 5-3.

SEM images and EDX spectra of the calcined sample are shown in Figure 5-5 and Figure 
5-6. The sample consisted largely of particles with identical morphology, specifically spheres 
with a typical diameter of 2 µm and mostly in the range of 1–5 µm. Aggregates of such 
spheres were also observed. Plate-like aggregates were also found, though seldom, and their 
puff-pastry-like appearance suggests they may be traces of a lamellar phase that has been 
described in the literature.565 EDX analysis at various locations, e.g., at the sphere shell and in 
the core of broken spheres, as well as at the surface of a plate-like aggregate, showed that 
sulfur species are homogeneously integrated in the particles, with an average of 5 wt% S 
throughout the sample. The spherical morphology provides an explanation for the weak and 
broad XRD peaks in the 2θ range of 4–7°. Recently published diffractograms of a new 
modification of siliceous MCM-41 with spherical morphology also show no distinct higher 
order reflections.571 The authors argued that hexagonal packing of the pores is seen only 
within short ranges in a spherical particle while the long-range order is disturbed.

Transmission electron microscopy was performed on the uncalcined and the calcined 
sample after embedding the materials and thinning the specimens. The materials were 
sensitive to the beam and better images could be obtained with the more stable uncalcined 
material. As can be seen in Figure 5-7, an irregular pattern of units with identical dimensions 
is observed for both the uncalcined and the calcined state. Typical distances between similar 
features are in the 2–3 nm range and thus consistent with the XRD and nitrogen sorption data. 
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Because pores and walls have a similar size it is not possible to tell whether the light contrast 
in the images represents pores or walls.

20 µm 2 µm

2 µm 2 µm

Figure 5-5:  SEM images of mesoporous sulfated zirconia from ZrO2/CTAB composite synthesized using 
Zr(OPr)4 with Zr:S:CTAB = 2:2:1 in the starting mixture and calcined at 813 K. Top left: overview; top 
right: enlargement of spherical particle; bottom left: plate-like aggregate; bottom right: broken sphere.
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Figure 5-6:  EDX spectra of the sample shown in Figure 5-5. Left: at the sphere surface; middle: at the 
surface of the plate-like aggregate; right: in the core of a broken sphere.

None of the images showed ordering of units into a hexagonal structure over a larger 
range. It can be concluded that the pores are uniformly sized but that a worm-like structure 
has been formed. The pore walls are amorphous, no diffraction pattern was observed at angles 
corresponding to one of the three crystalline zirconia structures. Although an MCM-41-like 
structure has not been obtained, the synthesis was successful in that the material does provide 
a sulfated zirconia surface without an underlying tetragonal or monoclinic bulk.

Worm-like materials have been described in the literature for silica572,573 and titanium 
phosphate.574 When made of silica, such structures were of higher thermal and hydrothermal 



5. Powder Model Systems without Tetragonal or Monoclinic Zirconia

97

0.1

0.2

0.3

0 1 2 3 4

FT
(χ

(k
)*

k3 )

R, (Å)

c-ZrO2

t-ZrO2

m-ZrO2

b)

a)

stability then the corresponding MCM-41. It has been hypothesized that the network-like 
channel structure is less prone to blockage than the ordered structure of MCM-41.572 For 
catalytic applications in acid-catalysis, where coking is a frequent problem, the worm-like 
structure may thus be superior to an ordered structure.

Figure 5-7:  TEM images of ZrO2/CTAB composite (left) synthesized using Zr(OPr)4 with Zr:S:CTAB = 
2:2:1 in the starting mixture and mesoporous sulfated zirconia (right) obtained by calcination of composite 
at 813 K.

Figure 5-8 (left):  Radial distribution function (not 
phase-corrected) of Zr K edge EXAFS of the (a) as-
synthesized and (b) calcined mesoporous material, 
as obtained from experiments. For comparison, 
cubic, tetragonal, and monoclinic zirconia (c-, t-, m-
ZrO2), calculated using model structures.

Figure 5-9 (below):  EXAFS refinement to the 
spectrum of the calcined mesoporous sample.

10 nm 5 nm

0.02

0.04

0.0

-0.02

0 1 2 3 4

FT
(χ

(k
)*

k3 )

R (Å)

Experiment
Refinement



5. Powder Model Systems without Tetragonal or Monoclinic Zirconia

98

Figure 5-8 shows FT(χ(k)) of the sample in as-synthesized and calcined form obtained by 
experiment, and FT(χ(k)) for cubic, tetragonal, and monoclinic zirconia (c-, t-, m-ZrO2) 
obtained by calculation using model structures and FEFF. By applying Zr and O Debye 
temperatures similar to those obtained in the XAFS refinement to the three model systems, 
the amplitude of the Fourier transforms was tailored to match that of the experimental data. A 
satisfactory XAFS fit to the experimental χ(k) of the as-synthesized sample required a 
mixture of 70% m-ZrO2 and 30% t-ZrO2. The calcined form could be sufficiently described 
by modification of an m-ZrO2 structure as shown in Figure 5-9, and indicating a local (< 4 Å) 
structure definitely less well ordered than that of cubic or tetragonal zirconia. The Zr-O 
coordination in the first shell of the as-synthesized and the calcined sample did not change 
significantly upon calcination, but a slight contraction of the Zr-Zr distances in the higher 
shells occurred. For the calcined sample, the data exclude the presence of tetragonal 
crystallites of a size below the XRD detection limit. Given the thinness of the walls, a large 
fraction of zirconium atoms are surface atoms and are expected to have a coordination that is 
incomplete or different from the bulk, at least in the second shell (Zr-Zr). Consistent with this 
picture, the data are most similar to the least symmetric reference, i.e. the monoclinic 
modification of ZrO2.

In summary, the characterization data suggest a sulfated zirconia material consisting of 
rather disordered walls enclosing uniformly sized mesopores with a diameter of 2.2 nm. 
Although an MCM-41-like structure was not obtained, the material fulfills the desired 
characteristics, i.e. a tetragonal or monoclinic bulk structure is absent.

5.1.4 Catalytic Performance of Sulfated Mesoporous Zirconia and Conclusions

The catalytic performance of 
mesoporous sulfated zirconia in n-butane 
isomerization at 378 K is compared to that 
of conventional sulfated zirconia in Figure 
5-10. When tested under the same 
conditions, the conventional, i.e. tetragonal, 
sample produces a typical reaction profile 
with induction period, a high maximum rate, 
and partial deactivation to a near-steady-
state-level. The sulfated mesoporous 
zirconia does not pass through an activity 
maximum within the observation span of 
nearly 20 h. It is clearly less active than the 
conventional, tetragonal zirconia. The selectivity towards isobutane is 100% within the 
detection limit, which may be ascribed to the low conversion. It was first assumed that the 
material may not deactivate because coke formation is prevented in the mesopores; this idea 
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5. Powder Model Systems without Tetragonal or Monoclinic Zirconia

99

had to be revised when the material deactivated rapidly in n-pentane isomerization (see 
Chapter 7.1.7).

In conclusion, the mesoporous zirconia with X-ray-amorphous walls is much less active 
in n-butane isomerization than tetragonal zirconia. The difference in activity cannot be 
ascribed to differences in the surface area, as the mesoporous material provides more surface 
area. With 17.7 wt% SO3, it has a more than three times as high sulfate content as the 
conventional material. The role of the sulfate content is more difficult to assess; the catalytic 
activity could not be correlated to it.88 As it is almost impossible to change just one property 
of the sulfated material, an unambiguous correlation between catalytic activity and a single 
characteristic is hard to achieve. Our observations with the sulfated mesoporous zirconia 
disprove Morterra’s statement191 that the tetragonal phase is necessary. We move further than 
Stichert and Schüth192 who reported the monoclinic phase also to be active, by showing that 
no crystalline phase is necessary at all. The reason for the particularly high activity of the 
tetragonal phase remains to be resolved. It may be speculated that tetragonal zirconia provides 
more adjacent sites that favor the bimolecular, faster isomerization mechanism. Another 
possibility is that the isomerized product, which is most likely involved in the alkylation step 
of the bimolecular mechanism, is retained on the surface or in the ink-bottle-type pore 
structure of the conventional tetragonal zirconia.
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5.2 Dispersed Sulfated Zirconia

5.2.1 Introduction and Purpose of Experiments

As described in section 5.1.1, our goal was to synthesize sulfated zirconia catalysts that 
do not consist of any of the classical crystalline phases such as the monoclinic, tetragonal, or 
cubic structure. The second approach to this goal was to disperse sulfated zirconia on various 
supports, namely, alumina or silica. Zirconia has been supported previously on these oxides,
but mostly with a different intention, i.e. to produce novel, more active catalysts.

Zirconia-alumina mixed oxides have been prepared and investigated over a wide range of 
compositions,406,575 and zirconia has also been dispersed on alumina.397,409,576,577 Aluminum 
(as Al3+) has been added as a promoter to sulfated zirconia and these systems were tested for 
n-butane isomerization,215,225-226227228229230 n-pentane isomerization,228 isobutane 
isomerization,333,466 and benzoylation of toluene with benzoyl chloride.228,578 Mixed oxides of 
zirconia and alumina have been sulfated and tested for n-hexane isomerization,451,463 or, in the 
presence of Pt, for n-butane hydroisomerization316 and n-hexane isomerization.579 Mixed 
alumina-zirconia treated with persulfate was found active for n-butane isomerization.226

Alumina-supported sulfated zirconia materials are active catalysts for methanol dehydration, 
n-butane isomerization,446 and n-hexane cracking and isomerization.444 Pt-containing physical 
mixtures of sulfated zirconia and γ-alumina were tested as catalysts for the 
hydroisomerization-cracking of n-octane.580

Zirconia and silica have been combined as mixed oxides over a wide range of 
compositions,400,581,582 as zirconia dispersed on silica,397,401,576,577,583,584 and as zirconium 
embedded in the walls of MCM-41585-588 or SBA-15.589 Under hydrothermal conditions, 
microporous zirconium silicates can be obtained.590-592 Silicon has not been used as a minority 
species in sulfated zirconia, i.e. not as a promoter. Mixed zirconia-silica materials have been 
sulfated456 and tested for the conversion of cyclopropane to n-hexane,465 the alkylation of 
toluene by styrene,462 the isomerization of cyclohexene,433 the but-1-ene double bond 
isomerization,462 and after combining with Pt also for the isomerization of n-hexane.426 Silica-
supported sulfated zirconia has been tested for the alkylation of isobutane with butenes,420

cyclohexene isomerization,442 n-butane isomerization,450 cracking and isomerization of n-
hexane,443 and dehydration of methanol;443 and MCM-41 supported sulfated zirconia is active 
for the isomerization of n-butane452 and n-pentane,449 the formation of MTBE from t-BuOH 
and MeOH,449,457 and cracking of hexane, cumene, and 1,3,5-triisopropylbenzene.458

Sulfated zirconia and aluminum-promoted sulfated zirconia were supported on MCM-41 
and SBA-15; and aluminum-promoted sulfated zirconia supported on MCM-41 was more 
active for n-butane isomerization than aluminum-promoted sulfated zirconia supported on 
silica or sulfated zirconia supported on MCM-41.453,593 Similarly, addition of gallium to 
sulfated zirconia supported on MCM-41 enhanced the activity for n-butane isomerization.467
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Pt-containing physical mixtures of sulfated zirconia and silica were tested as catalysts for the 
hydroisomerization-cracking of n-octane.580

Zirconia and titania have also been combined in several ways401,594-597 but this option is 
not addressed in the present work.

The goal of most of the listed papers was to obtain a high surface area catalyst for acid-
catalyst reactions, i.e. to benefit from the acid strength of sulfated zirconia and from the high 
surface areas of silica or alumina. This concept appears successful for both supports and a 
number of reactions. Dispersion of sulfated zirconia should thus be possible. A noteworthy 
difference between aluminum and silicon is that aluminum is a promoter for sulfated zirconia 
while silicon is not; the reason for this behavior will become clear in Chapter 6.1.

The approach here was to try to disperse zirconia by supporting it on silica or γ-alumina. 
Zr(SO4)2 was used as sulfate source and was impregnated in varying amounts onto the 
supports. The two series of catalysts were characterized and their performance in n-butane 
isomerization was investigated. The goal was to prepare nano-sized zirconia particles and to 
investigate the catalytic performance at the transition from highly dispersed zirconium species 
to bulk phase zirconia.

5.2.2 Experimental
Catalyst preparation: The support materials, amorphous silica (Merck Kieselgel 500, ABET ≅ 500 m2∙g-1) and γ-
alumina crystallites (ALON, ABET ≅ 200 m2∙g-1) were calcined at 773 K for 4 h. Supported sulfated zirconia was 
prepared by the incipient wetness method. Calculated amounts of Zr(SO4)2 * 4 H2O (Alfa Aesar, 99%) were 
dissolved in 10.0 g of water and 0.4 g of 98% H2SO4. The solutions were added drop wise to 5.0 g of each 
support within a time of 3 h, achieving samples of 10, 20, and 50 wt% ZrO2. The materials were dried and 
calcined 3 h at 923 K. Unsupported Zr(SO4)2 * 4 H2O and a commercial SZ catalyst, MEL Cat. XZO 682/01 
(MEL Chemicals) were also calcined at 923 K and used as reference catalysts.
X-ray diffraction: Diffractograms were recorded in Debye-Scherrer geometry using a STOE STADI-P X-ray 
diffractometer equipped with a primary monochromator and a linear position sensitive detector with an internal 
resolution of 0.01°, using Cu Kα radiation (λ = 1.542 Å) at 20 kV, 40 mA. The range of 2θ = 20° to 70° was 
scanned in steps of 0.03° (18 s per point).
Thermal analysis: For TG/DTA see section 5.1.2. Thermogravimetry and differential scanning calorimetry 
(TG/DSC) were measured on a NETZSCH STA 449 C with a heating rate of 10 K∙min-1 from room temperature 
to 1373 K and with a synthetic air flow of 100 ml∙min-1.
Diffuse reflectance UV–vis spectroscopy: Spectra were recorded with a Perkin-Elmer Lambda 9 spectrometer 
in the range of 240–700 nm with a scan speed of 240 nm∙min-1 vs. Spectralon (Labsphere) as a white standard.
X-ray absorption spectroscopy, scanning electron microscopy and energy dispersive X-ray analysis: see 
section 5.1.2.
Transmission electron microscopy: Images were taken using a JEOL 4000 microscope with a LaB6 cathode at 
an acceleration voltage of 200 kV.
Catalytic tests: Catalytic tests were carried out in a flow-through fixed bed reactor with an internal diameter of 
13 mm. Catalysts containing 200 mg ZrO2 were charged and activated at 723 K for 90 min in a N2 flow of 30 
ml∙min-1. After cooling to 378 K, a flow of 1 vol% n-butane in N2 at a rate of 30 ml∙min-1 was fed through the 
reactor at atmospheric pressure. The weighted hourly space velocity (WHSV) was ca. 0.2 h-1. Product analysis 
was performed by on-line gas-chromatography (PE Autosystem) using a Carboxen 1000 column (45/60 mesh, 
packing density 0.5 g∙ft-1, length 2 ft, ID 2.1 mm, Supelco) and a flame ionization detector.
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5.2.3 Characterization of Supported Sulfated Zirconia

Figure 5-11 shows the X-ray diffractograms of silica-supported samples. The as-
impregnated samples show the reflections of Zr(SO4)2 * 4 H2O (PDF [8-495]) while in the 
calcined materials containing 10 and 20 wt% ZrO2, reflections of tetragonal zirconia become 
discernable (peaks around 30, 50 and 60°, PDF [42-1164]). Small amounts of monoclinic 
zirconia may be present in some of these samples, as indicated by a weak reflection at ca. 
28.5° and a shoulder at about 31.5° on the (101)-reflection of tetragonal zirconia. The 
composition of the 50 wt% ZrO2/SiO2 samples is somewhat surprising in that only minute 
amounts of crystalline tetragonal and monoclinic zirconia were detected. The diffractogram is 
dominated by the reflections of the alpha-phase of Zr(SO4)2,598,599 PDF [24-1492]. Some very 
weak reflections indicate traces of the beta-phase of Zr(SO4)2,600 PDF [20-1474].
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Figure 5-11:  X-ray 
diffractograms of silica-
supported samples. 
Top: uncalcined 10 
wt% ZrO2 on SiO2 with 
Miller indices for 
Zr(SO4)2 * 4 H2O; 
middle: calcined 10 
wt% ZrO2 on SiO2 with 
Miller indices for 
tetragonal zirconia; 
bottom: 50 wt% ZrO2
on silica with Miller 
indices for Zr(SO4)2
alpha phase. Asterisk 
marks artifact from 
detector.

Diffractograms of the Zr(SO4)2/Al2O3 samples are more complex as can be seen in Figure 
5-12. Reflections characteristic of γ-Al2O3, PDF [10-425] and [29-63], are present but there is 
also a reasonable match with δ- and δ*-Al2O3, PDF files [4-877], [46-1131], and [46-1215], 
and the quality of the diffractograms does not permit an unambiguous assignment. There were 
no prominent reflections of Zr(SO4)2 in the diffractograms of the uncalcined materials, 
suggesting a stronger interaction of the Zr(SO4)2 solution with the alumina surface than with 
the silica surface. This is further corroborated by the formation of Al2(SO4)3 during 
calcination. Two intense reflections at 21.3° (104) and 25.3° (113) of this compound, PDF 
[30-43], are found in the diffractograms of all calcined alumina-based samples. Reflections of 
monoclinic zirconia can not entirely be excluded for the 20 and 50 wt% sample, because 
contributions from the Al2O3 interfere. In the calcined samples, tetragonal zirconia was 
detected only at the highest concentration of ZrO2 of 50 wt%. At this content, Guevara-Franco 
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et al.451 found tetragonal and monoclinic zirconia; Lei et al.446 observed tetragonal zirconia 
already at 15 wt% ZrO2.
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Figure 5-12:  X-ray 
diffractograms of 
alumina-supported 
samples. Top: 
uncalcined 10 wt% 
ZrO2 on γ-Al2O3 with 
Miller indices for γ-
Al2O3; middle: calcined 
20 wt% ZrO2 on γ-
Al2O3 with Miller 
indices for Al2(SO4)3; 
bottom: calcined 50 
wt% ZrO2 on γ-Al2O3
with Miller indices for 
tetragonal ZrO2. 
Asterisks mark artifact 
from detector.

For our samples, the dispersion of the precursor and of the zirconia on alumina is higher 
than on silica, and at low zirconium concentrations, particles or thin layers with dimensions 
below those detectable using XRD are formed. A stronger interaction of zirconia with 
alumina than with silica was also postulated by Lei et al.450 The dispersion of zirconia on 
silica is strongly preparation-dependent. Zirconia can be dispersed on or interspersed with 
silica by sol-gel methods using binary solutions433,456 or it can be dispersed on the extremely 
large surface area of MCM-41226,227,449 by liquid deposition. It may be well dispersed on silica 
when an alkoxide is used as precursor576,583 but poorly dispersed when nitrate is used.576 For 
both supports, silica and alumina, the dispersion may even be dependent on the solvent used 
during deposition.397 No general conclusions on the interaction between zirconia and the 
supports can thus be drawn from one specific preparation route.

Thermal analysis of the as-impregnated samples confirms the suppositions derived from 
the XRD data, namely, a stronger interaction of the Zr(SO4)2 with alumina. TG and DTA 
profiles for the 10% ZrO2 samples are presented in Figure 5-13. Both samples lost some 
weight at low temperature, which was associated with the evaporation of water. Several steps 
can be recognized for the Zr(SO4)2/SiO2 sample while for Zr(SO4)2/Al2O3 a single step at 
370 K is observed. A second weight loss was observed beyond 850 K, and this temperature is 
typical for the decomposition of sulfate. The weight loss is abrupt for Zr(SO4)2/SiO2, while it 
is slow for Zr(SO4)2/Al2O3 and is not finished at the final temperature of about 1173 K. The 
weight loss can thus not be properly quantified, it is more than 10%. For Zr(SO4)2/SiO2, an 
exotherm is observed towards the end of the high-temperature weight loss (near 1000 K). 
Although the peak is rather broad, it can be attributed to the crystallization of zirconia. This 
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feature is absent in the curve for Zr(SO4)2/Al2O3, consistent with the diffractogram, which 
does not show crystalline zirconia at this low zirconium content.
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Figure 5-13:  TG/DTA curves of (left) silica and (right) alumina samples as-impregnated with Zr(SO4)2, the 
loadings correspond to 10 wt% ZrO2.

Images from scanning electron microscopy are reproduced in Figure 5-14, and they give 
an idea of the morphology of the samples with 20 wt% ZrO2 loading. The silica-supported 
sample exhibits rounded particles on which smaller particles seem to adhere. The alumina-
containing sample consists of more edgy particles whose agglomerates have a stacked or 
scaly appearance.

Figure 5-14:  SEM images of calcined samples: (left) 20 wt% ZrO2 on SiO2; and (right) 20 wt% ZrO2 on γ-
Al2O3.

SEM-EDX was used to investigate the homogeneity of the samples before and after 
calcination. The results are presented in Table 5-1; as oxygen contents from SEM-EDX tend 
to be not very reliable, oxygen was excluded in the calculations.

Table 5-1: Composition of supported sulfated zirconia materials from SEM-EDX in at%

The silica-supported samples are more heterogeneous as can be seen from the consistently 
larger standard deviations. Also, about 60% of the original sulfur is retained in the alumina-

Sample Si or Al Zr S
20 wt% ZrO2/SiO2 uncalc. 70.5 ± 11.5 9.0 ± 3.8 20.6 ± 7.7
20 wt% ZrO2/Al2O3 uncalc. 66.8 ± 4.1 8.6 ± 0.7 24.7 ± 3.6
20 wt% ZrO2/SiO2 calc. 84.5 ± 6.3 9.1 ± 3.6 6.4 ± 2.8
20 wt% ZrO2/Al2O3 calc. 75.3 ± 4.2 9.7 ± 1.0 15.0 ± 3.6
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supported samples while only 31% is retained in the silica-supported samples. A relatively 
large amount of sulfate thus appears to be bound in Al2(SO4)3 or as surface sulfate on 
alumina. This result is consistent with reports by Grau et al.580 who found a higher sulfate 
content in alumina- than in silica-supported sulfated zirconia samples.

In Figure 5-15, TEM images are presented. In the images of the silica-supported sample, 
zirconia crystallites with sizes up to 5–10 nm can be seen. They are found accumulated or as 
individual particles attached to the SiO2 surface. Not all crystallites could be unambiguously 
assigned to a phase but the top right image in Figure 5-15 shows two crystallites viewed along 
zone axes. One of them is clearly monoclinic oriented along the [0-11] zone axis revealing 
lattice fringes separated by 0.31 nm, 0.28 nm, and 0.26 nm corresponding to the (-111), (111), 
and (200) planes, respectively. The other crystal reveals lattice fringes separated by 0.30 nm 
corresponding to tetragonal ZrO2 oriented along [100] or cubic ZrO2 oriented along [101].

Figure 5-15:  TEM images of calcined samples. Top left and right and bottom left: 20 wt% ZrO2 on SiO2; 
bottom right: 20 wt% ZrO2 on γ-Al2O3.

These observations are consistent with the XRD data. In the image shown of the alumina-
supported sample (Figure 5-15, bottom right), zirconia crystals do not stand out from alumina 
crystallites. Observable lattice spacings can either be assigned to monoclinic ZrO2 or γ-Al2O3. 
The fact that fewer well-defined zirconia crystals and accumulations thereof are present in the 
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images is consistent with higher dispersion of zirconia on alumina as indicated by the X-ray 
diffractograms. For the silica-supported sample, the ZrO2 crystallites reached the size of 10–
20 nm and appeared to be loosely agglomerated with the silica rather than coating it. Such 
crystallites were not detected in the 20 wt% ZrO2/Al2O3 sample, even at higher 
magnifications, indicating good dispersion of the zirconium in the sample.

According to the TG/DSC data of the calcined 20 wt% ZrO2 samples (Figure 5-16), a 
high water content goes along with a high sulfate content. The initial weight loss at low 
temperatures, which is ascribed to desorption of water from the surface, is about twice as 
large for the alumina- as for the silica-supported ZrO2. The weight loss at high temperature, 
which can be taken as a measure of the SO3-content, amounts to 1.5% for the silica-based 
samples and to 9% for the alumina-based sample. These data are consistent with the bonding 
of sulfate not only to zirconia but also to alumina and the presence of Al2(SO4)3 as detected 
by XRD. The sulfur contents do not quite correspond to the EDX results; potential reasons are 
(i) only the decomposable sulfate is observed in the thermal analysis, and (ii) errors in 
absolute values obtained from SEM-EDX, particularly for the interfering Zr and S signals.
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Figure 5-16:  TG/DSC curves of calcined samples: (a) 20 wt% ZrO2 on SiO2; (b) 20 wt% ZrO2 on γ-Al2O3.

Figure 5-17 shows UV–vis spectra of a 
typical tetragonal sulfated zirconia and of the 
calcined supported samples with 20 wt% 
ZrO2. Alumina and silica are insulators 
without features in the investigated range, 
only the reflectivity of the alumina was 
generally lower. While the reference sulfated 
zirconia catalyst absorbs only below 300 nm, 
both supported catalysts show contributions 
up to 400–450 nm. The broad absorption can 
not be attributed to a shift of the band gap as 
an effect of zirconia particle size, because 

these spectra are very similar to the spectra of the uncalcined samples (not shown), which do 
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Figure 5-17:  Diffuse reflectance UV–vis spectra: (a) 
reference sulfated zirconia catalyst MEL Cat. XZO 
682/01, (b) calcined 20 wt% ZrO2 on SiO2, and (c) 
calcined 20 wt% ZrO2 on γ-Al2O3.



5. Powder Model Systems without Tetragonal or Monoclinic Zirconia

107

not contain zirconia. Spectra of finely dispersed zirconia on silica583,601 do not exhibit 
contributions at wavelengths higher than 250–300 nm, suggesting that the sulfate in our 
samples may be part of the species causing the absorption towards longer wavelengths. On 
the other hand, a broad shoulder extending towards 360 nm in the spectrum of ZrO2 has been 
explained by defects and non-stoichiometry.409 Broadening of the charge-transfer band at 240 
nm has also been interpreted by the presence of more than one type of zirconium species.587 A 
band at 276 nm has been assigned to Zr3+.602 The minimal conclusion from these data is that a 
fraction of the zirconium ions in supported zirconia has a different local environment than 
zirconium in bulk sulfated zirconia.

This interpretation is supported by 
EXAFS data, presented in Figure 5-18, again 
looking at the 20 wt% samples. For 
comparison, data of a sulfated tetragonal and 
a monoclinic ZrO2 have been added. The 
radial distribution function for both 
supported samples is more similar to that of 
monoclinic than to that of the sulfated 
tetragonal zirconia. The broader Zr-O first 
shell of the monoclinic reference is a 
combination of 7 different Zr-O distances 
while the tetragonal structure has only two 
different Zr-O distances. The maximum at 
about 3.1 Å is formed by combinations of Zr-
Zr distances for both references, and is of 
lower amplitude for the supported samples 
than for the references, indicating greater 
disorder, dispersion, or a combination of 
ordered structures. Additionally, such 
changes may indicate next nearest neighbors 

that are not Zr, for instance Zr-Si which has been reported for silica-supported zirconium 
oxides584 or perhaps Zr-Al. The amplitude of the radial distribution for the alumina-supported 
sample is lower than that of the silica-supported sample and this may indicate more disorder 
or a broader combination of structures or more highly dispersed zirconium species. The small 
zirconia particles on silica and the highly dispersed zirconia on alumina show somewhat 
similar local coordination around the Zr ions.

According to the XRD and TEM, zirconia is not as well dispersed on silica as on alumina, 
and even at low ZrO2 concentrations crystallites of tetragonal zirconia form on silica. On 
alumina, zirconia is well-dispersed and does not form a detectable crystalline phase. 
Additionally, sulfate reacts with the support to form Al2(SO4)3, which increases the sulfate 
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content in these samples. UV-vis and XAFS spectra show for both supports that at a content 
of 20 wt% the supported zirconia is decidedly different from bulk zirconia.

5.2.4 Catalytic Performance of Supported Sulfated Zirconia

For comparison purposes, the reaction 
profiles of conventional sulfated zirconia 
and the product of calcination of 
Zr(SO4)2 * 4 H2O are depicted in Figure 
5-19. Both catalysts pass through a period 
of increasing conversion, reach a maximum 
after 4 and 0.5 h on stream, respectively, 
and then deactivate. The catalyst obtained 
from the MEL precursor exhibits a more 
than one order of magnitude larger 
maximum activity, deactivates much more 
slowly and has a remaining activity that is 
still larger than the maximum activity of the 
calcined Zr(SO4)2 catalyst.

The reaction profiles of the supported catalysts are presented in Figure 5-20. For the 
samples with up to 20 wt% ZrO2 loading, the short-term high activity is absent. The catalysts 
seem to undergo a long induction period. The activity increases gradually with time on stream 
for up to the maximum test time of 20 h and is more stable than those of the unsupported 
sulfated zirconia catalysts. A similar observation of steady conversion was reported by Guo et 
al.,420 who compared the performance of silica-supported sulfated zirconia and unsupported 
sulfated zirconia in alkylation. There is no striking difference between the silica- and the 
alumina-based materials although the silica-supported materials contain detectable (XRD) 
amounts of tetragonal zirconia. The reaction profiles of supported catalysts with 50 wt% ZrO2

show a maximum catalytic activity at early time on stream and a more or less steady activity 
between 2 and 15 h on stream. Samples made from a raw material with a high content of 
zirconium and sulfate quite logically approach the catalytic performance obtained for the 
calcined zirconium sulfate. The isomerization selectivity of all of these supported catalysts is 
100% under the test conditions. There are very few data in the literature that are comparable 
to our zirconia contents and reaction conditions, and that show the time on stream behavior. 
Lei et al.446,450 e.g. tested ZrO2/γ-Al2O3and ZrO2/SiO2 catalysts in n-butane isomerization at 
523 K, but under their conditions, the catalysts deactivated from the beginning.

Although the maximum n-butane isomerization rates achieved with the supported samples 
were 1–2 orders of magnitude lower than that of the calcined commercial material, all 
samples were active, no matter whether they contained detectable amounts of bulk tetragonal 
zirconia or not. It follows that there must be a species responsible for the basic activity, and 
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Figure 5-19:  Isomerization rate vs. time on stream. 
Conditions: sample containing 200.0 mg ZrO2, 378 K, 
1 kPa n-butane in N2 at 30 ml∙min-1 total flow. Top: 
MEL XZO 682; bottom: calcined Zr(SO4)2 * 4 H2O.
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these sites are rather easily formed as long as zirconium and sulfate are present in the raw 
material and the calcination temperature is within a certain range. When these conditions are 
fulfilled, it is almost impossible to make a totally inactive material. Consistent with this is the 
observation that the tetragonal phase is not a prerequisite for catalytic activity; e.g. 
monoclinic zirconia has been reported as active.192
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Figure 5-20:  Isomerization rate vs. time on stream. Conditions: sample containing 200.0 mg ZrO2, 378 K, 
1 kPa n-butane in N2 at 30 ml∙min-1 total flow. Left: silica-supported samples; right: alumina-supported 
samples.

On the basis of the XRD data and the hypothesis that the tetragonal phase should be 
particularly active, three samples are expected to perform outstandingly: 10 and 20 wt% 
ZrO2/SiO2 and 50 wt% ZrO2/Al2O3. This is obviously not the case. In the silica series, the 
highest maximum activity is, though short-lived, displayed by the 50% ZrO2 sample, which 
contains zirconium sulfate and hardly any tetragonal zirconia. The 50 wt% ZrO2/Al2O3

sample, which is the only one in the series containing detectable (XRD) amounts of tetragonal 
zirconia, is overall less active than the other two alumina-supported samples, which do not 
contain tetragonal zirconia. The results of the alumina-series may be somewhat obscured by 
the fact that sulfate is associated with zirconia and alumina. Nevertheless, a simple correlation 
between the observation of high catalytic activity and the presence of the tetragonal zirconia 
phase can not be made.

Rather than the presence or absence of tetragonal zirconia, the site density may be a 
decisive parameter, because a low site density may allow only for the slower monomolecular 
isomerization mechanism while a high density might favor the faster (lower activation 
energy105) bimolecular mechanism. Dilution of active sites, equal to the presence of an inert 
material such as a support, appears advantageous in that it prevents rapid deactivation that 
goes along with the bimolecular mechanism, see Chapter 7.1. Consistent with this hypothesis, 
only the supported materials with high zirconia content deactivate during the observation 
span. The origin of the pronounced high initial activity in the case of the 50 wt% ZrO2/SiO2

sample may be the zirconium sulfate phase, which possibly provides a high site density. As an 
active phase in unsupported sulfated zirconia catalysts, a surface sulfate can be imagined, 
because S K edge absorption spectra of such materials resemble the spectrum of zirconium 
sulfate.221
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Our investigations show that the correlation between (high) activity and phase 
composition is much more complex than thought on the basis of the results obtained with the 
mesoporous sulfated zirconia. Catalysts that do not contain tetragonal zirconia may exhibit 
considerable activity while catalysts that do contain tetragonal zirconia may perform 
moderately. Reaction profiles here and in the literature show a rapid, though never complete, 
deactivation. This behavior can be explained by two models: (i) two types of sites are present, 
a highly active but deactivating type, and a less active but stable type, or (ii) site ensembles 
and isolated sites are present, and only ensembles deactivate because they evoke the 
bimolecular mechanism with its side products, which eventually yield “coke” (Chapter 7.1).

5.2.5 Summary and Conclusions

The interaction between zirconium ions and silica is weak, small particles of tetragonal 
zirconia form on the silica support after impregnation with zirconium sulfate solutions and 
calcination, also at low zirconia loadings (10 and 20 wt%). On alumina with the same 
loadings, the dispersion of zirconia is higher than on silica, formation of a crystalline zirconia 
phase is not observable. Additionally, sulfate reacts with the support to form Al2(SO4)3, which 
increases the sulfate content in these samples. UV–vis and XAFS spectra show for both 
supports that at a content of 20 wt% the local zirconium environment in supported zirconia is 
decidedly different from that in bulk tetragonal zirconia.

All supported sulfated zirconia materials were active. With increasing zirconium sulfate 
content in the precursor, the reaction profiles resembled more and more that of the catalyst 
made by calcination of Zr(SO4)2 * 4 H2O, i.e. the conversion reached a maximum within the 
first 2 hours on stream and then decreased. For the investigated series of samples, neither the 
maximum activity nor the steady state activity correlate with the presence of detectable 
(XRD) amounts of tetragonal zirconia, suggesting that other factors such as site density or 
zirconia defect structure are more important.
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6. Characterization of Promoted Sulfated Zirconia Catalysts

6.1 Nature and Role of Promoters

6.1.1 Introduction and Purpose of Experiments

Attempts have been made to characterize the promoter species in Fe- and/or Mn-
promoted sulfated zirconia. Srinivasan et al.220 found Fe2O3 by XRD and also assumed a 
manganese oxide phase. Tábora and Davis233 concluded from Fe K edge EXAFS that Fe does 
not substitute isomorphously into bulk tetragonal zirconia but is present as small oxide 
clusters or rafts on the surface. Millet et al.212 found isolated Fe3+ species as well as Fe2O3

using Mössbauer spectroscopy. On the basis of XPS results, Coelho et al.218 and García et 
al.219 suggested that Mn helps disperse Fe. Scheithauer et al.255 applied a number of 
techniques including EPR and confirmed the presence of nanometer-sized Fe2O3-particles, but 
also some Fe3+ in different environments as well as highly dispersed Mn2+. Jentoft et al.221

identified an average Mn oxidation state of +3 in the absence of sulfate and of about 2.7 in the
presence of sulfate, indicating mixed valences for this element.

Tanaka et al.234 and Yamamoto et al.217 studied sulfated zirconia promoted with Fe and/or 
Mn using Fe and Mn K edge XAFS, including changes inflicted on these elements by n-
butane. According to their interpretation, Fe was always trivalent and was located at the 
center of distorted oxygen octahedra in interstitial-type solid solutions with ZrO2. Mn was on 
the surface, and was in the form of α-Mn2O3 on sulfate-free and in the form of MnSO4 on 
sulfated zirconia. Hino and Arata211 concluded from the position of the Fe 2p3/2 signal in XP 
spectra that Fe was present as Fe2O3 on the surface of iron-promoted sulfated zirconia. Miao 
et al.215 investigated among a number of promoters also Mn and Fe. Because no reflections of 
promoter oxides were detected in their XRD patterns, they suspected that promoters may be 
present in the form of oxide solid solutions or highly dispersed on the surface of zirconia. The 
promoter content in the samples was only 1.5% metal, an amount most likely insufficient for 
detection by XRD, and no further evidence was delivered for solid solution formation. The 
location and the state of the promoters thus remains a matter of debate.

As far as the formation of solid solutions is concerned, they are well known in the 
systems Mn-Zr-O and Fe-Zr-O. Early systematic investigations were published by Stöcker, 
who described solid solutions of zirconia with many oxides,147,148 among them oxides of 
manganese, iron, and nickel. Stöcker prepared his samples by rapid coprecipitation from a 
solution containing cations of zirconium and of the second metal, and subsequent heating in 
reducing or oxidizing atmosphere in the temperature range 873–1023 K. In general, 
preparation methods with mixing of zirconium and the second metal in the solution stage 
yielded solid solutions, as well for manganese266,267,532,603-605 as for iron.143,548 Impregnation of 
ZrO2 with metal cation solutions followed by calcination produced supported α-
Fe2O3

264,265,606,607 with sometimes additional highly dispersed Fe3+ species present,265,606 or, 
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accordingly, supported α-Mn2O3.608 Another possibility to form solid solutions is through 
solid state reactions between e.g. ZrO2 and MnO at 1823 K in N2.609 Whether such 
incorporation also occurs in the promoted sulfated zirconia catalysts which are not 
coprecipitated but prepared by the incipient wetness method and calcined at moderate 
temperatures (823–973 K) is not clarified.

A characteristic of these solid solutions is their structure. While the monoclinic phase is 
the thermodynamically stable structure for pure zirconia at room temperature, the tetragonal 
or the cubic zirconia phases, which are the high temperature polymorphs of ZrO2, are 
stabilized through the incorporation of Fe or Mn. The stabilization of the tetragonal or cubic 
phase alone is insufficient evidence for incorporation of promoters because the presence of 
sulfate during calcination also leads to an increased fraction of tetragonal material in the final 
product191,534 in comparison to pure zirconia. This effect of the promoters is obscured by a 
similar effect that sulfate has.

The goal of this part is to investigate the nature and location of the two most interesting 
promoters of sulfated zirconia, i.e. Fe and Mn. Catalysts with different Fe or Mn contents 
were prepared by the incipient wetness method, and a set of sulfate-free reference compounds 
was prepared by the coprecipitation method in order to achieve incorporation of Mn and Fe 
into the zirconia lattice. Experiments were conducted to dissolve surface species in both 
catalysts and reference compounds. The samples were studied using surface and bulk 
techniques, specifically ion scattering spectroscopy (ISS), X-ray diffraction (XRD), X-ray 
absorption spectroscopy (XAS), and electron paramagnetic resonance (EPR).

6.1.2 Experimental
Preparation of catalysts and catalytic tests: See Chapter 4.1.2.
Preparation of reference compounds: ZrO(NO3)2 * 2 H2O (Aldrich) and either Mn(NO3)2 * 4 H2O or 
Fe(NO3)3 * 9 H2O (both Merck, p.a.) were dissolved in about 100 ml of distilled water in amounts corresponding 
to the desired stoichiometry. Rapid addition of a 25% aqueous solution of ammonia led to precipitation; as much 
of the ammonia solution was added as was necessary to reach pH ≈ 9. The precipitate was filtered by vacuum, 
washed several times with a 10% ammonia solution, and dried for about 24 h at 383 K. Calcination was 
performed in a 200 ml∙min-1 stream of synthetic air; 3 g of sample were heated in a quartz boat at 3 K∙min-1 to 
923 K and were held at this temperature for 3 h. The compositions of the samples were determined by AAS after 
digesting the samples in HF in an autoclave. Coprecipitated samples are denoted as xMnZc and xFeZc with x 
being the promoter content in wt%.
Washing procedures for manganese-zirconia reference samples: For the washing procedures with EDTA or 
HCl solutions 0.2 g of sample were suspended in 5 ml aqueous solution of 0.1 M Na2EDTA or 1 M HCl and 
stirred for 48 hours at room temperature. After subsequent washing with distilled water and drying, the samples 
were measured by EPR.
Washing procedures for iron-zirconia reference samples: In order to dissolve potentially present bulk iron 
oxides iron-promoted samples were subjected to acidic digestion. The sample (0.25 g) was mixed with KHSO4

(1.5 g) and heated first to 523 K for 30 min (clear melt) and then to 673 K for 15 to 45 min. The resulting gray 
mass was dissolved in diluted sulfuric acid, washed with water, centrifuged, and dried at 373 K.
Washing procedures for iron-promoted catalyst: About 100 mg of sample were suspended in 5 ml 0.1 M 
oxalic acid and stirred at room temperature. All samples were washed first for 2 h (washed sample 1). Three out 
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of four samples underwent a second washing step in 5 ml of fresh 0.1 M oxalic acid after decanting of the initial 
washing liquid. The second washing step lasted 4 h 40 min, 20 h 40 min, or 44 h 40 min, respectively (labeled as 
washed samples 2, 3, and 4). The samples were washed twice with 5 ml H2O and were then separated from the 
liquid by centrifugation and decanting before they were dried at 383 K. Washing liquids tested positively for 
sulfate ions (precipitate formation with Ba2+).
Ion scattering spectroscopy: The powders were pressed between two sheets of indium, which was freshly cut 
from a bar (Goodfellow, 99.999%), yielding a homogeneous sample layer embedded in indium. The “sample 
side” of single sheets was analyzed. Spectra were acquired on a Leybold LHS 12 MCD instrument with a 
hemispherical analyzer, using 2 keV He+ ions and a flood gun.
X-ray diffraction: XRD measurements were taken in transmission geometry with a STOE STADI-P X-ray 
diffractometer using Cu Kα radiation (λ = 1.542 Å) with a focusing Ge primary monochromator. The diffracted 
radiation was measured using a position-sensitive detector. The samples were measured in part using α-Al2O3 as 
an internal standard, mixed in a 1:1 weight ratio with the samples. The zirconia lattice constants were refined 
using the software PowderCell v2.4.555

X-ray absorption spectroscopy: Fe K edge spectra were measured at Hasylab beamline E4 in the fluorescence 
mode using a 5 element Ge detector at 90° to the incident beam. The detector channels were adjusted to measure 
an approximately 600 eV energy range including the Kα radiation at 6403 eV and excluding scattered radiation 
with greater than 7000 eV energy. The samples (80 mg) were mixed with PE (120 mg) and pressed into 13 mm 
pellets at 75–225 MPa. The XAS data are presented as the averaged fluorescence signal divided by the incident 
beam signal. The spectra were energy calibrated to the first inflection of a simultaneously measured Fe foil 
(7112 eV), and a linear background was subtracted from each file.
Electron paramagnetic resonance: Continuous wave EPR spectra were recorded on a JEOL JES RE2X system 
at X band frequency and temperatures from 293 to 130 K. The spectra were measured at a microwave frequency 
of ca. 9.05 GHz with a microwave power of 5 mW, modulation amplitude of 0.4 mT, time constant 0.1 s and a 
modulation frequency of 100 kHz. The g and A values were calibrated using Mn2+ (nuclear spin I = 5/2) 
embedded in MgO as standard and DPPH (2,2 diphenyl 1 picryl hydrazil; g = 2.0036) as additional standard. 
Experimental errors are: Δg = ± 0.002, ΔA = ± 3 × 10-4 cm-1. The influence of the atmosphere (vacuum) on the 
EPR spectra of Mn2+ was studied as follows: The samples were heated in high vacuum (10-4 hPa) for 1 h at 
423 K in the EPR tube and then measured. Subsequent measurement was performed after direct introduction of 
pure oxygen at room temperature.

6.1.3 Catalyst Appearance

The uncalcined Mn-containing reference samples deepened in color from pink to purple 
with increasing Mn content. After calcination, the samples with low Mn content were bluish-
gray, the samples with high Mn content dark brown. The uncalcined Fe-containing samples 
also deepened in color with increasing promoter content, from off-white via beige to ochre. 
The calcined samples had more or less the same color as the uncalcined ones, some were a 
shade darker. At an equal Mn content of 2 wt%, the coprecipitated reference sample was 
slightly more bluish than the sulfate-containing incipient wetness-prepared catalyst. In the 
case of promotion with 2% Fe, the sulfate-containing incipient wetness-prepared catalyst was 
more pinkish than the corresponding reference sample.

6.1.4 Phase Composition and Lattice Parameters from XRD

Figure 6-1 shows examples of diffractograms taken from MnZc (coprecipitated) and 
MnSZi (impregnated) samples, specifically a MnZc sample with 1.36 wt% Mn and a MnSZi 
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sample with 2 wt% Mn. As for all other Mn-containing samples, with between 0.27 and 3.53 
wt% Mn, the diffractograms were devoid of contributions from the monoclinic phase. No 
reflections indicative of any manganese oxides were observed. An interesting difference 
between the coprecipitated, sulfate-free reference material and the promoted catalyst material 
becomes evident from the reflections at around 35 and 60°. The separation into two 
reflections, which is indicative of the tetragonal phase, is clearly recognizable for the catalyst 
while for the reference material there seems to be only a single reflection as would be the case 
for the cubic phase. It is reported in the literature, that the tetragonal and the cubic phase are 
difficult to distinguish by X-ray diffraction and that the cubic fraction may be 
underestimated.117,118 Because the peaks are still asymmetric, the diffractograms were fit with 
the pattern of the tetragonal phase. However a mixture of tetragonal and cubic phases can not 
be excluded. The size of the crystalline domains (tetragonal phase) in all Mn-doped samples 
was within 100–120 Å without any trend with the Mn content.
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Figure 6-1:  Diffractograms of a coprecipitated Mn-
doped sample 1.36MnZ (top) and of an impregnated 
Mn-doped sample 2.0MnSZi (bottom).

Figure 6-2:  Diffractograms of an impregnated Fe-
doped sample 2.0FeSZi (top) and of sulfated zirconia 
calcined at 823 K (middle) and at 923 K (bottom). 
Asterisks indicate peaks from internal standard α-
Al2O3.

In Figure 6-2, diffractograms of sulfated zirconia and 2% Fe-promoted sulfated zirconia 
(FeSZi) are presented; the narrow reflections in these patterns originate from an internal 
standard α-Al2O3. None of the diffractograms of the Fe-doped samples, which ranged from 
0.26 to 4.70 wt% in Fe content, exhibited reflections of the monoclinic phase. At an Fe 
content of 5% in the impregnated promoted sulfated zirconia, α-Fe2O3 was detected. 
Differences between coprecipitated and impregnated samples were similar to those observed 
for the Mn-doped samples, i.e. the reflections at 35 and 60° were not clearly separated for the 
coprecipitated materials. The diffractograms were also fit with the tetragonal pattern. The size 
of the crystalline domains in the Fe-doped samples varied between 100–160 Å without 
correlation to the Fe content.

SZ calcined at 823 K contained no or only a small amount of monoclinic phase, while 
calcination at 923 K produced a predominantly monoclinic zirconia sample as shown in 



6. Characterization of Promoted Sulfated Zirconia Catalysts

115

Figure 6-2. Typically, the monoclinic fraction increases with increasing temperature46,99,176-

177178 when initially amorphous material is calcined, and this is reproduced in our results. In 
comparison with the sulfated zirconia samples it is interesting to see that as soon as Fe or Mn 
are present, no monoclinic phase is formed during calcination at 923 K.
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Figure 6-3:  Tetragonal unit cell volume vs. promoter 
content in mol% for sulfated zirconia (diamond), 
coprecipitated Mn-doped series MnZc (full circles), 
and impregnated Mn-doped series MnSZi (open 
circles).

Figure 6-4:  Tetragonal unit cell volume vs. promoter 
content in mol% for sulfated zirconia (diamond), 
coprecipitated Fe-doped series FeZc (full squares), 
and impregnated Fe-doped series FeSZi (open 
squares).

Figure 6-3 shows the results of refinement of the tetragonal zirconia structure (P42/nmc) 
to the XRD data; specifically the unit cell volume of the tetragonal phase is plotted vs. the 
promoter content. The largest unit cell volume was observed for a promoter content of zero, 
i.e. for sulfated zirconia. Both the coprecipitated samples and the sulfate-containing incipient 
wetness samples show a more or less linear decrease of the unit cell volume with increasing 
Mn content. The coprecipitated samples have a unit cell volume that is about 0.5% smaller 
and decreases more rapidly with increasing promoter content than that of the impregnated 
samples. The data points of the impregnated samples are in line with that of sulfated zirconia. 
Shrinkage of the unit cell volume is predominantly caused by a shortening along the c axis. In 
principle, similar observations were made for the Fe containing coprecipitated reference 
compounds, see Figure 6-4, which also showed shrinkage of the unit cell with increasing Fe 
content. For the Fe-doped sulfated zirconia prepared by the incipient wetness method there 
was seemingly a slight shrinkage of the unit cell volume with the promoter content; however, 
the change is smaller than the uncertainty. The data points were again in line with that of 
sulfated zirconia.

6.1.5 Analysis of Manganese and Iron by Electron Paramagnetic Resonance

Although an Mn2+ precursor was used, no signals were detected in the spectra of the 
uncalcined coprecipitated Mn-doped samples. It is not likely that Mn has changed to an EPR 
silent oxidation state, but rather that an undefined environment of the Mn2+ ions leads to a 
broad distribution of crystal fields and thus fine structure parameters, ultimately yielding lines 
too broad to be observed.
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The EPR spectra of all calcined MnZc samples indicate the presence of Mn2+ (S = 5/2) in 
a distorted octahedral environment (Figure 6-5 and Figure 6-6). Depending on the Mn2+

concentration the line widths of the signal at g =2.007 and the resolution of the Mn hyperfine 
structure vary. For Mn contents ≤ 0.5 wt%, the hyperfine structure arising from I(55Mn) = 5/2 
is well resolved (A(55Mn) = 82 × 10-4 cm-1, assuming isotropic contributions only, line width 
∆Bpp = 2 mT), i.e. the Mn2+ centers do not show any mutual magnetic interactions. As an 
example, spectra of 0.27MnZc are presented in Figure 6-5. The resolution of the spectra does 
not allow for identification of forbidden EPR transitions (ΔmI = ±1) between the sextet lines; 
however, they cannot be excluded. The EPR parameters are very similar to those for Mn2+ in 
an octahedral environment in the lattice of MgO. For Mn contents > 0.5 wt%, the signal at 
g = 2.007 is superimposed by a broad symmetric line of Mn2+ species dominated by dipol-
dipol broadening due to Mn2+ species in close proximity. The spectra of the 1.36MnZc sample 
(shown in Figure 6-6) demonstrate such behavior.
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Figure 6-5:  X-band EPR spectra of MnZc samples 
(0.27 wt%) at Trec = 150 K in different atmospheres: 
(a) after evacuation at T = 423 K for 1 h (10-4 mbar), 
(b) after exposure to air, (c) after exposure to pure 
oxygen at room temperature and (d) after treatment 
with EDTA solution for 48 hours. The spectra are 
superimposed by the Mn2+/MgO sextet of the 
standard, small sharp lines.

Figure 6-6:  X-band EPR spectra of Mn-doped 
samples recorded at Trec = 150 K. Coprecipitated 
reference sample after different treatments: 
1.36MnZc (a) before, (b) after 48 h treatment with 
0.1 M EDTA, (c) after 48 h treatment with 1 M HCl. 
Impregnated Mn-doped catalyst (d) 0.5MnSZi. The 
spectra are superimposed by the Mn2+/MgO sextet of 
the standard, small sharp lines.

In order to distinguish surface from bulk species, two types of experiments were 
conducted. The first series of measurements is given by the spectra in Figure 6-5, which were 
obtained of the 0.27MnZc sample in different environments, i.e. vacuum (6-5a), air (6-5b), 
and oxygen (6-5c). If the Mn2+ species were accessible to the gaseous paramagnetic oxygen, 
the line widths should be broadened. This effect is expected to be pronounced for isolated 
species showing well resolved hyperfine structure and narrow lines, as are present in the 
MnZc samples with lower Mn content. The line widths did not change significantly in the 
spectra recorded of 0.27MnZ in different atmospheres and vacuum, indicating that these Mn2+

species do not represent surface species. In the second series of experiments, documented by 
Figures 6-5d and 6-6, it was attempted to remove surface Mn species by suspending the 
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samples for 48 h in 0.1 M EDTA (or 1 M HCl). The spectra of 0.27MnZc before (Figures 6-
5a-c) and after washing (Figure 6-5d) are very similar, as are the spectra of 1.36MnZc before 
(Figure 6-6a) and after the washing procedures (Figures 6b-c), indicating that the majority of 
EPR active Mn was unaffected. The two samples 0.27MnZc and 1.36MnZc were also treated 
with HCl, a procedure which is reported to dissolve MnO, Mn2O3, Mn3O4, and MnO2.605 The 
solubility of manganese oxide species will, however, strongly depend on the temperature and 
duration of the preceding treatments and on the crystallite size. For samples with small 
manganese content (0.27 wt%) neither the signal intensity nor the spectral parameters 
changed. The resolved hyperfine structure (sextet) of Mn2+ did not change for the higher 
manganese content sample (1.36 wt%). However, the broad line at g ≈ 2 superimposing the 
sextet changes its structure and g-value. This is due to restructuring of the coordination sphere 
around the Mn2+ species as result of the treatment with EDTA or HCl. The previously 
octahedral symmetry around the manganese is increasingly disturbed as is evident from the 
shift of a shoulder toward lower field and lower g-values, indicating that these species are at 
least partially surface species.

EPR spectra of Mn-promoted sulfated zirconia with low Mn content (0.5 wt%) showed 
the same features as the reference samples, i.e. a well-resolved hyperfine splitting 
superimposed by a broader band (Figure 6-6d). At a Mn content of 2 wt%, only a very broad 
signal was detectable.

Only an EPR signal at g = 4.1 was observed for the uncalcined Fe-doped reference 
samples. All spectra of the calcined Fe-containing reference samples are a superposition of 
several signals with varying relative intensities arising from Fe3+ ions in different 
coordination environments (Figure 6-7). The spectral patterns are dominated by the fine 
structure parameters D and E, which are strongly influenced by the symmetry of the 
paramagnetic centers. Accordingly, Fe3+ can give rise to a large variety of resonances over a 
wide range of effective g-values.610 The signal at geff = 4.1 is assigned to isolated Fe3+ in cubic 
symmetry with a strong rhombic distortion, with E/D ≈ 1/3. The broad and intense signal at 
g = 2.030 arises from antiferromagnetically coupled {Fe3+-O2-} clusters (small D) or 
(α)-Fe2O3 particles. This signal’s intensity and line width varies expectedly with the iron 
content and particle size. However, this variation is not simple. Increasing cluster sizes can 
have different effects than the formation of crystalline antiferromagnetic α–Fe2O3.611

Accordingly, a quantitative interpretation of these spectra is difficult.
For very low Fe concentrations (≤ 0.5 wt%) the signal at g = 2.030 is structured, 

indicating different Fe3+ species in cubic symmetry (slightly distorted oxygen octahedron, 
smaller zero field splitting); signals at geff ≈ 2.6 (and 3.2) are also observed. In some cases a 
sharp signal at g ≈ 2 is present.
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Figure 6-7:  Typical X-band EPR spectra of Fe-
doped samples at Trec = 150 K for different Fe 
concentrations: (a) 0.26FeZc before and (b) after 
calcination, (c) 0.63FeZc after calcination, (d) 
2.0FeSZi. The spectra are superimposed by the 
Mn2+/MgO sextet of the standard, small sharp lines.

Figure 6-8:  X-band EPR spectra of FeZc samples 
(0.26 and 0.63 wt%) at Trec = 150 K before and after 
acid digestion with KHSO4 (melt; see text): (a) 
0.26FeZc before and (b) after 45 min at T = 673 K in 
the melt and (c) 0.26FeZc after 30 min at T = 873 K 
in the melt, (d) 0.63FeZc after 45 min at T = 673 K 
in the melt. The spectra are superimposed by the 
Mn2+/MgO sextet of the standard, small sharp lines.

To identify surface and bulk species, different experiments were performed to dissolve 
iron species. Neither stirring in solutions of oxalic acid for several days nor acidic digestion 
with KHSO4 removed all iron species completely from zirconia. Figure 6-8 shows spectra of 
0.26FeZc before (Figure 6-8a) and after digestion at different temperatures (Figure 6-8b, c). 
Treatment at 673 K (Figure 6-8b) did not visibly change the spectrum, i.e. no Fe was 
removed, while digestion at 873 K (Figure 6-8c) led to a decrease in all Fe signals. This is due 
to the beginning of dissolution of the zirconia lattice, the reduced signal intensity is due to the 
small amount of catalyst that remained after all treatments. Obviously, selective dissolution of 
the supported iron oxides by acid digestion (KHSO4 melt) did not succeed and the zirconia 
support started to dissolve; it can in principle be brought into solution by this procedure. 
Analogous effects were observed for a sample with 1.63 wt% iron (Figure 6-8d). The signal at 
g = 4.1 was not reduced at all by the oxalic acid or KHSO4 treatment. For higher iron 
contents, the signals at g = 2.030 and geff = 2.6 (and 3.2) are partially reduced in intensity 
(EPR signal double integration) and their line widths were changed, indicating that these 
species were located on the surface.

As already mentioned, for higher iron contents (≥ 2 wt%) the quantitative interpretation 
of the EPR spectra of the strongly magnetically interacting iron (oxide) species (like in α–
Fe2O3) is very difficult. The removal of some smaller iron oxide clusters or crystallites may 
not show remarkable effects on the EPR line intensity because the highest contribution 
originates from larger Fe2O3 crystallites, which are expected to be much more difficult to 
dissolve.

The incipient wetness prepared Fe-doped samples showed essentially the same features as 
the references samples, as an example the spectrum of a 2.0FeSZi sample is presented in 
Figure 6-8d. Again, the signal at g = 4.1, indicative of isolated Fe3+, is present.
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6.1.6 Surface Composition by Ion Scattering Spectroscopy

Only the sulfate-containing incipient 
wetness prepared catalysts were analyzed 
with this method. All IS spectra showed 
intense signals of oxygen (broad signal 
around 815 eV) and zirconium (1675 eV). 
The signal of sulfur (ca. 1255 eV) was very 
weak and disappeared after the first few 
scans because the sample was being 
sputtered while being analyzed. The 
signals of Mn and Fe, if detected, were 
located in the range 1520–1525 eV. These 
positions are shifted by about 75 eV with 
respect to the expected value as a result of 
charging. At a nominal content of 2 wt% 

promoter, Fe was detected on the surface while Mn was not, as shown in Figure 6-9. At a 
nominal Mn content of 3.5 wt%, a weak Mn signal appeared in the spectrum.

6.1.7 Identification of Surface and Bulk Species by X-ray Absorption Spectroscopy

Figure 6-10 shows the near edge spectra of a calcined 2.0FeSZi sample, and the same 
sample after different washing cycles. After the first washing cycle the edge jump height is 
reduced by 23 ± 3% indicating a corresponding loss of Fe from the sample, after the second 
washing cycle the edge jump height indicates that the sample has lost about 42 ± 3% of the Fe 
present in the calcined sample. Prolonged washing did not further reduce the amount of Fe in 
the sample (spectra 3 and 4 in Figure 6-10). The XANES spectra of the calcined sample and 
those of the washed samples do not match any reference Fe compound that we have 
measured, viz. Fe3O4, Fe2O3, Fe(NO3)3, FeSO4, Fe2(SO4)3.
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Figure 6-10:  Fe K edge X-ray absorption spectra of 
2.0FeSZi after a series of washing cycles in oxalic 
acid: before washing (solid line), 1-4: after different 
washing cycles (dotted lines).

Figure 6-11:  XANES difference spectrum of 
spectrum of unwashed samples and average of 
spectra 2-4 from Figure 6-10 (dotted line) and Fe2O3
reference spectrum (solid line).
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Figure 6-9:  Ion scattering spectra (2 keV He+) of 
promoted sulfated zirconia catalysts prepared via 
impregnation with different Fe (2.0 wt%) and Mn 
content (2.0 and 3.5 wt%).
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Figure 6-11 shows the difference spectra of the calcined sample minus the average of the 
spectra taken after the 2nd, 3rd, and 4th washing cycles. The shape of the difference spectra is 
similar to that of the XANES spectra of Fe2O3 also shown in Figure 6-11, but not identical so 
that additional iron compounds, e.g. sulfates, cannot be excluded.

6.1.8 Catalytic Data

Figure 6-12 shows the n-butane 
isomerization rate vs. time on stream at 
338 K for a number of incipient-wetness 
prepared catalysts. The activities of Mn-
promoted catalysts are within the same 
order of magnitude as those of Fe-
promoted catalysts; the promoting effect 
of Mn is thus verified. At equal promoter 
content, Mn actually produces a higher 
maximum activity, and at a promoter 
content of 0.5 wt% a much better long-
term activity than Fe. Typical is the 
slightly longer induction period of the 2 
wt% Fe-promoted catalyst in comparison 

to the corresponding Mn-promoted catalyst. A promoter content of 2 wt% produces a higher 
maximum activity than a promoter content of 0.5 wt%, but is associated with rapid 
deactivation.

6.1.9 Reference Samples: Incorporation of Manganese and Iron into the Zirconia Lattice

The reference samples were prepared following the procedures described by 
Stöcker,147,148 i.e. the base was added rapidly to ensure precipitation of Fe or Mn species and 
Zr species at the same time. In this way, a zirconium hydroxide raw material is obtained that 
is interspersed with Fe or Mn cations. Incorporation of these ions into the zirconia lattice as 
the sample crystallizes during calcination is then facilitated.

Stabilization of the tetragonal and the cubic phase of zirconia through solid solution 
formation has been investigated for a wide variety of foreign cations. Particularly yttria-
stabilized zirconia is technologically important. The general trend for such a stabilization is 
that at low (a few wt%) dopant level, the tetragonal phase is stabilized while at higher dopant 
level the cubic phase is stabilized.110 Our Mn- and Fe-doped reference compounds parallel 
this phase behavior with increasing promoter content, which is an indication for 
incorporation.

X-ray diffraction has been used to analyze for incorporation of first row transition metal 
cations into zirconia; Stöcker,147,148 Valigi et al.,605 and Keshavaraja and Ramasvamy604

investigated Mn; Stöcker,147,148 Navío et al.,548 López et al.,267 and Boot et al.265 investigated 
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Figure 6-12:  Rate of n-butane isomerization vs. time on 
stream for a set of promoted sulfated zirconia catalysts. 
Circles: Mn-doped samples, squares: Fe-doped samples; 
open symbols: 0.5 wt%, solid symbols: 2.0 wt%. 
Conditions: 500 mg catalyst, 1 kPa n-butane in N2, total 
flow 80 ml min-1, reaction temperature 338 K.
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Fe. For Mn, all samples were prepared by a coprecipitation method, and stabilization of the 
tetragonal phase at low Mn content and of the cubic phase at high Mn content was reported. 
Valigi et al.605 found 100% cubic phase at 7.8 wt% Mn, Stöcker147 already at 3 mol% MnO 
(≈1.35 wt% Mn). López et al.267 only detected the tetragonal phase over a wide range of range 
of compositions (Mn:Zr from 1:9 to 9:1). For Fe-doped samples prepared from mixed Fe, Zr-
solutions by coprecipitation or gelation, stabilization of the cubic phase was reported by 
Stöcker,147,148 and of the tetragonal phase by Navío et al.548 (at 3–5 wt% Fe). Lajavardi143

reported greatest thermal stability of the cubic phase at 20 mol% Fe(III). Boot et al.265 used a 
crystalline zirconia support and from their results excluded solid state reactions between 
support and iron phase. Okamoto et al.,607 using Mössbauer spectroscopy, found iron 
incorporated into zirconia only when the sample was prepared by coprecipitation.

Beyond the mere phase composition, lattice parameters have been extracted from XRD 
data. Stöcker reported shrinkage of the parameter a in cubic solid solutions of zirconia 
containing Fe and Mn.148 Stöcker147 and also Valigi et al.605 reported a decrease of c/a with 
increasing dopant level in tetragonal zirconia stabilized with Mn. We find corresponding 
behavior for Mn- and Fe-doped reference compounds, and consistent with Valigi’s results, 
mainly c is decreasing and not so much a. The shrinkage of the unit cell volume with 
increasing dopant level, which is connected to the changes in the lattice parameters, is rather 
seldom in case of zirconia. Yashima et al.,612 who investigated the validity of Vegard’s law 
for solid solutions of cubic and tetragonal zirconia, compiled data on the unit cell volume and 
found an increasing volume with foreign cation content for calcium, yttrium, and a large 
number of rare earth elements, and a decreasing volume only for magnesium, germanium and 
scandium. 

Decisive parameters for increasing or decreasing volume may be the size, the valence 
(lower valence may cause oxygen vacancies), and the location (substitutional / interstitial) of 
the incorporated ion. As an example, Y3+ is lower valent but larger than Zr4+, its local 
environment in the zirconia lattice120,132 has been debated, and its incorporation causes an 
increase in the lattice parameter c with increasing content.120 The Mn2+ ion with an effective 
ionic radius of 0.96 Å (coordination number CN = 8) is larger than the Zr4+ ion with 0.84 Å 
(at CN = 8), while Mn3+ is smaller at 0.65 Å (CN = 6), as is Fe3+ at 0.78 Å (CN = 8).613

Stöcker and Valigi heated their samples initially in H2 and obtained thus almost exclusively 
Mn2+, a treatment in oxygen at 753 K oxidized more than 70% of the manganese to Mn3+ and 
Mn4+.605 As the reference samples were treated in an oxidizing atmosphere, it is likely that 
manganese is present not only as Mn2+ as detected by EPR but also in higher oxidation states, 
which are EPR silent. In Valigi’s experiments, the slope for the shrinkage of the unit cell 
depended on the Mn oxidation state and was less steep for Mn2+ than for the combination 
Mn3+/Mn4+.605 Our slope (Figure 6-3) is steeper than those reported by Valigi and that 
reported by Keshavaraja for zirconia with incorporated Mn4+ but still only roughly 1/5 of the 
slope created by incorporation of increasing amounts of scandium, another representative of 
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the first row transition metals.612 Comparison of Valigi’s and Kesharavaja’s slopes gives no 
trend with the Mn oxidation state, suggesting that consistency may be obtained within one set 
of samples but that other factors influence the unit cell volume.

EPR can give information on the nature of the promoter species. At low Mn 
concentrations (0.27 wt%), the EPR data indicate that Mn2+ is present solely in an isolated and 
incorporated state (Figure 6-5). The EPR spectra are very similar to the spectra of Mn2+

incorporated in Y2O3-stabilized ZrO2 crystals as presented by Sasaki and Maier.127 The 
contribution of manganese surface species to the EPR spectra can be neglected in their work 
due to the macro-crystalline (single-crystalline) character of their ZrO2. Sazaki and Maier also 
stated that the EPR results do not depend on the microstructure of ZrO2, as evidenced by 
identical results obtained for single crystals, polycrystals, and powder samples. Bacquet et 
al.614 summarized EPR data on Mn2+ incorporated into different oxides, i.e. MgO, CaO, SrO, 
TiO2, and calcia-stabilized zirconia; the reported hyperfine coupling constants are between 
80.5 and 81.0 × 10-4 cm-1 and are thus slightly lower than ours at 82.1 × 10-4 cm-1. Nishizawa 
et al.615 who investigated Mn in calcia-stabilized zirconia even concluded from the sharpness 
of the lines that Mn2+ should not be in interstitial sites because then a broad range of local 
environments, equivalent to broadened EPR lines, would be expected. At a Mn content of 
1.36 wt% in our samples, the well-resolved hyperfine structure of the isolated Mn ions is 
superimposed by a broader signal (Figure 6-6). Nishizawa et al.615 inferred that such a 
superimposed single broad line, which increased with increasing calcium content in their 
samples, is characteristic of Mn2+ in a cubic zirconia crystal. Alternatively, dipole-dipole 
interaction of manganese ions in proximity inside the lattice could be responsible for such a 
broad line. This issue is currently being clarified on the basis of semi-empirical calculations. 
The fact that washing has little effect on the EPR spectrum of 1.36MnZc indicates a high 
degree of incorporation at this Mn concentration.

For all calcined iron-doped reference samples signals indicating several different species 
are observed in the EPR spectra, even at the lowest concentration of 0.26 wt% Fe (Figure 
6-7). The acid digestion attempts conducted with little effect on 0.26FeZc and 0.63FeZc are 
somewhat inconclusive as it is not clear if incorporated or resilient surface species did not 
dissolve (Figure 6-8). Taking into account all experimental (preparation, digestion), 
spectroscopic (EPR parameter and parameter variation, line widths and line width variations) 
and literature arguments one can conclude that only the iron signal at geff = 4.1 corresponds to 
Fe3+ incorporated into the zirconia lattice. This Fe3+ species is also the only one found by 
Sasaki et al.127 for Fe3+ incorporated in Y2O3-stabilized ZrO2 single crystals, polycrystals, and 
powder samples.

With respect to the position and local environment of iron and manganese in the zirconia 
lattice, it should be mentioned that not even for the well-investigated incorporation of yttrium 
are all details known. The yttria-zirconia system is considered a substitutional solution; 
clustering of oxygen vacancies and yttrium ions with the formation of YO6 units that can have 
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near-octahedral coordination has been proposed,132 but other authors report an eight-fold 
coordination around yttrium inside tetragonal as well as cubic zirconia.120 Our EPR data are 
consistent with a highly symmetric environment for Mn2+ and Fe3+, the exact nature of which 
we currently reveal by quantum-chemistry supported analysis of EPR spectra and fitting of 
EXAFS data.

For Mn, XRD and EPR data consistently point towards a high degree of incorporation: 
steady shrinkage of the unit cell with increasing Mn content (Figure 6-3), and the inability to 
remove Mn in the washing experiments. Further support for incorporation of considerable 
amounts comes from Valigi et al. who did not observe any manganese oxide at a content of 
7.79 wt% Mn, but only at 11.5 wt%. For Fe, the XRD data also reveal a steady shrinkage of 
the unit cell (Figure 6-4), but the EPR results indicate also extra-lattice Fe species.

It would be intriguing to use the correlation between unit cell volume and promoter 
content as a calibration line to determine the incorporated fraction of promoter in any catalyst 
sample. However, for Mn the high likelihood for the simultaneous presence of several 
oxidation states renders this nearly impossible. Additionally, a decrease in c/a has been found 
at constant yttrium content with decreasing particle size (tuned by treatment temperature).114

The unit cell volume thus depends on several factors and is no simple function of the 
promoter content in the lattice. As the size of the crystalline domains in our reference samples 
did not have any particular trend with the promoter content, the particle size effect can be 
excluded.

6.1.10 Evidence of Incorporation of Manganese and Iron in Promoted Sulfated Zirconia 
Catalysts

For the Mn-promoted sulfated zirconia samples that were prepared by the incipient 
wetness method, a consistent picture evolves from the data. XRD analysis reveals 
stabilization of the tetragonal phase in comparison to Mn-free sulfated zirconia that was 
calcined under the same conditions (Figure 6-1 and Figure 6-2). A shrinking unit cell volume 
with increasing Mn content is also observed (Figure 6-3), although the degree of shrinkage is 
not as large as for the reference materials at equal Mn content. This does not automatically 
mean that incorporation into the bulk is incomplete as many parameters influence this slope 
and the presence of sulfate obscures the results. The intercept with the y-axis, i.e. the 
extrapolated unit cell volume in absence of Mn, is different for sulfated and non-sulfated 
samples (Figure 6-3). A strong argument for rather complete incorporation is given by the ISS 
data; no Mn is detected by this highly surface-sensitive method for the lower Mn content 
samples (2 wt% and less, Figure 6-9). Further evidence arises from Mn K edge XANES 
spectra,221 which did not match the spectra of any of the references, MnSO4, MnS, MnO, 
Mn(NO3)2, MnCO3, Mn3O4, MnOOH, Mn2O3, or MnO2, as would be expected for a Mn 
species in the zirconia lattice. The average Mn valence can be determined from the edge 
position,616 and for 2.0MnSZi, a value of 2.7 was obtained. It is thus obvious that the Mn2+
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species in a well-defined environment that are detected by EPR and correspond to those 
detected in the reference samples, represent only a fraction of the manganese. Higher valences 
are present but can not be discriminated with XAS, which only delivers an average. Mn3+ and 
Mn4+ are both likely candidates, and it was shown by Valigi et al.605 that after treatment of 
Mn/ZrO2 samples in oxidative atmosphere, Mn2+, Mn3+, and Mn4+ can coexist inside the 
zirconia lattice. In our incipient wetness prepared catalysts, manganese in different oxidation 
states seems to be largely incorporated into the zirconia bulk.

Little information is available in the literature on the state of Mn in sulfated zirconia 
promoted with Mn alone.215-216217,220,221,232 Miao et al.215 suspected oxide solid solutions or 
highly dispersed surface species on the basis of diffractograms that did not show a Mn-
containing phase at Mn concentrations of 1.5 wt%. Srinivasan et al.220 proposed “manganese 
oxide” on the surface of zirconia from TG-DTA-MS results of the thermal decomposition of 
precursors, and Yamamoto et al.217 suggested surface-MnSO4 with Mn K edge XAS spectra, 
which changed upon exposure of the sample to n-butane, as evidence (0.27 wt% Mn). 
Scheithauer et al.255 assigned a weak peak at 641 eV in the XP spectrum to Mn2+ (1.8 wt% 
Mn). In mixed Fe, Mn- promoted sulfated zirconia, the Mn concentration is usually chosen so 
low that only limited statements on the nature of Mn can be made.233 Scheithauer et al.255

reported EPR spectra indicative of isolated Mn2+ (hyperfine splitting) in “unknown locations” 
but could not detect Mn by XPS. Benaissa et al.252 could not find any manganese oxide 
particles with HRTEM.

Variations in the preparation conditions may favor formation of surface or bulk 
manganese species, and mixtures of both will also be obtained. Miao’s215 samples were made 
by coprecipitation of mixed Zr, Mn solutions with a calcination temperature of 923 K, 
Scheithauer255 used the incipient-wetness method to introduce the promoters and calcined at 
923 K, Benaissa et al. impregnated followed by calcination at 998 K, and Yamamoto217

applied the equilibrium adsorption technique followed by calcination at 873 K. A single 
technique such as XANES or EPR may not deliver sufficient information on all Mn species. 
Our results are consistent with the EPR data in Scheithauer’s work and the suppositions by 
Miao; the formation of MnSO4 cannot be confirmed and may have been the result of the 
different preparation conditions applied by Yamamoto.

For incipient-wetness-prepared iron-promoted sulfated zirconia, again the tetragonal 
phase is stabilized in comparison with unpromoted sulfated zirconia (Figure 6-2), suggesting 
incorporation of Fe into the zirconia lattice. The unit cell data are (Figure 6-4), however, 
inconclusive in that there is no shrinkage with increasing Fe content. Most literature and all 
our data point towards Fe(III) as the oxidation state and accordingly, the situation is simpler 
than for Mn and there should be no influence of different oxidation states on the unit cell 
volume. Evidence for incorporation arises from EPR spectra (Figure 6-7d), which show the 
presence of isolated Fe3+ species in a highly symmetric environment (g = 4.1). The EPR 
spectra also indicate oxidic Fe surface species, and the ISS data (Figure 6-9) confirm a 
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considerable Fe surface concentration. Incorporation is thus by no means complete. 
Consistently, the washing experiments were successful (Figure 6-10) in removing Fe from the 
surface, which had not been possible for the reference compounds. About 42% could be 
removed by washing treatments; again, it is not guaranteed that all surface species dissolve in 
oxalic acid, making quantification of the actual amount incorporated into the lattice difficult. 
It was attempted to identify the washed-off component by subtracting the average of the 
XANES spectra of the washed samples from the original spectrum. Consistent with the EPR 
data, the spectrum of the washed-off component resembles that of Fe2O3. In comparison to 
Mn, Fe is obviously less easily incorporated into the zirconia lattice by way of the incipient 
wetness method. This result is consistent with the lower calculated solution energy of Mn 
than of Fe in zirconia, as well in the trivalent as in the bivalent state.617

Fe as a single promoter has drawn more attention in the literature than Mn because there 
is agreement on its promoting effect and because it is the major component in the well-
investigated mixed promoted Fe, Mn sulfated zirconia (typically 1.5 wt% Fe, 0.5 wt% 
Mn).211-212213214215216217,220-221,223,232 Hino and Arata211 found an XPS signal for Fe-promoted 
sulfated zirconia (2 wt% Fe) at 711.4 eV, which they rated as close to that of Fe2O3; 
Ardizzone and Bianchi213 assigned a peak at 710.9 eV to Fe2O3. Srinivasan et al.220 detected 
Fe2O3 in the diffractogram at 3 wt% Fe content. Morterra et al.232 identified sulfate- and OH-
free, oxidized iron species (Fe3+) as centers of activity. Miao et al.215 argued in an analogous 
way for iron as for manganese, i.e. the absence of peaks in the diffractogram (at 1.5 wt% Fe) 
was ascribed to formation of a solid solution or highly dispersed species; similarly Benaissa et 
al.252 could not find any iron oxide species with HRTEM (at 1.5 wt% Fe). Yamamoto et al.217

favored the idea of a solid solution with Fe3+ substituting for Zr4+ on the basis of XANES and 
EXAFS results; Fe K edge spectra were unchanged upon admission of n-butane to the reactor. 
The authors also pointed out that the formation of a solid solution requires that zirconium 
hydroxide and not oxide is reacted with the iron compound and that according to the Fe-Zr-O 
phase diagram, Fe2O3 (hematite) will be formed at high Fe concentration. The quoted phase 
diagrams,618 however, cover temperatures of 1373 K and above. Millet et al.212 combined 
Mössbauer and XP spectroscopy and identified two iron species, an isolated Fe3+ “at the 
surface or in the bulk near the surface of ZrO2” and Fe2O3. Very recently, Ohtsuka222

promoted the idea of Fe-Zr-O solid solution formation in sulfated zirconia catalysts after 
performing extensive XRD studies. In mixed Fe, Mn promoted sulfated zirconia, Scheithauer 
et al.255 and Tábora and Davis233 are in agreement on the presence of small rafts of Fe2O3 on 
the surface of zirconia, whereby Tábora and Davis explicitly excluded solid solution 
formation although they prepared their catalyst by coprecipitation. While all these studies 
agree on Fe being trivalent, Wan et al.23 proposed an Fe(IV) species. In light of the cited 
literature and our data, it appears that incorporated Fe3+ species and Fe2O3 surface species 
coexist, and the amount of each depends on the preparation conditions.
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The differences in incorporation behavior of Mn and Fe are interesting with respect to 
mixed Fe, Mn-promoted sulfated zirconia. Resasco and coworkers218,246 and García et al.219

have claimed that the main function of manganese is to help disperse iron in these mixed 
promoted catalysts. These suppositions were made on the basis of a higher Fe/Zr 
intensity219,246 ratio in XP spectra in the presence of manganese. We believe that an alternative 
interpretation emerges from our findings: as Mn is more easily incorporated than iron it may 
be preferably incorporated, preventing incorporation of iron and thus leading to a higher 
surface iron concentration. Incorporation of Mn into the zirconia lattice in mixed promoted 
sulfated zirconia is supported by data presented by Scheithauer et al.255 who did not detect Mn 
with XPS although 0.5 wt% Mn should be within the detection limit when located on the 
surface. XPS can thus easily mislead: usually, low promoter to support signal intensity ratios 
are interpreted as poor dispersion of the promoter on the surface, but if the promoter is 
incorporated, XPS will also give a low promoter to support intensity ratio.

6.1.11 Implications of the Presence of Bulk and Surface Promoter Species for Catalysis

The paramount question arising from the characterization of the manganese or iron 
promoted sulfated zirconia is whether surface or bulk species are responsible for the 
promoting effect. Unfortunately, the washing procedures performed on the FeSZi did not only 
remove the Fe surface species but also sulfate, so that the catalytic activity of these materials 
would not reflect that of an Fe-promoted sulfated zirconia with only iron species incorporated 
in the zirconia lattice.

Our catalysis results show that at a content of 0.5 wt%, Mn has a stronger promotional 
effect than Fe (Figure 6-12). At a promoter content of 2 wt%, the Mn-promoted catalyst also 
exhibits higher activity than the Fe-promoted catalyst within the first hour; but after 5 h on 
stream the situation is reversed. Differences in assessment of promoters in the literature, in 
part, result from this rapid change in performance. The higher maximum rate (conversion) 
that is achieved at high promoter content is of questionable benefit as long as it is 
accompanied by rapid deactivation. The decline in isomerization rate may be a result of 
coking (see Chapter 7) and it has been shown that high activity of promoted catalysts can be 
conserved by addition of Pt to the catalyst and H2 to the feed.342

An argument for a role of surface species in the promoting effect comes from Miao`s 
tests.215 He prepared catalysts by coprecipitation, which should thus resemble our reference 
materials with a high degree of incorporation, and he observed a weak promoting effect for 
iron and a negative effect for Mn. On the other hand, some transition metals (Cr) developed a 
good promoting effect despite the preparation method. Another argument for the relevance of 
surface species arises from Arata’s460 experiments who showed that sulfated zirconia can be 
promoted for butane isomerization by physically mixing it with Fe2O3. These mixtures 
however, were calcined at 673 K and above.
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A number of arguments speak for the promoting effect being caused by Mn or Fe species 
in the zirconia bulk. First of all, the stabilization of the tetragonal phase should have a positive 
effect on the catalytic activity; the monoclinic phase has also been reported as active, but as 
less so.192

It has been suspected that the promoters act by generating alkenes through oxidative 
dehydrogenation.212,247 If this was indeed the function of the promoters, then it would be 
noteworthy that Mn/ZrO2 is used as n-butane oxidation catalyst and works best if a solid 
solution is formed.266 Many first row transition metal cations—e.g. cations of the elements 
Mn, Fe, Co, Ni—are promoters for sulfated zirconia and while their redox potentials are 
different they may all have a common way of acting via incorporation. All these promoters 
feature stable oxidation states that are lower valent than zirconium in zirconia, meaning that 
their incorporation must lead to oxygen vacancies for charge compensation. Accordingly, the 
promoters change the structural and electronic properties of the catalysts’ bulk. Near the 
surface such oxygen vacancies could create sites with a high degree of unsaturation, i.e. 
strongly acidic Lewis sites.

If the solid solution formation was crucial, one would hope for a correlation between 
catalytic performance and bulk structural data. For the Mn-doped samples, the catalytic 
activity seemingly improves with increasing contraction of the lattice. With further increasing 
promoter content, this positive effect may eventually be diminished as bulk promoter oxides 
cover active surface sites. However, the data points are few, and no such correlation is seen 
for Fe-doped samples. Furthermore, catalysts that were made from the same raw material 
(same promoter content) by calcination in differently sized batches exhibit very similar unit 
cell parameters yet perform very differently in n-butane isomerization as shown in Chapter 
4.1.619 It appears that there is no simple correlation of catalytic activity and unit cell 
parameters. However, as stated above, the unit cell volume is a function of several parameters 
and effects may cancel each other out. Incorporated cations may also change the redox 
properties of the catalyst. TPR experiments with Ce- or Y-doped zirconia proved that the 
reducibility of the material was enhanced with increasing dopant content.620 This was 
interpreted as increased oxygen mobility and reactivity through incorporation of the dopants, 
and such an effect could also be exerted by Mn or Fe.

Experiments on the state of the promoters during or after reaction may deliver 
information on whether the promoters are directly involved into the isomerization reaction or 
not. Iron was found reduced to Fe2+ after n-butane isomerization, and oxidative 
dehydrogenation to give alkenes was suggested as the promoting effect.212 As will be seen in 
Chapter 7.2, the Mn valence does not change in a detectable manner throughout the entire n-
butane reaction profile.621,622 From these data it can be excluded that a significant amount of 
Mn is involved in stoichiometric redox reactions. If the first row transition metal promoters 
operate through the same mode, then either the sensitivity of XAS was too low to detect the 
change in Mn oxidation state on a small amount of sites, or the reducible Fe3+ sites reported 
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by Millet212 were a spectator species. Yamamoto et al.217 observed a change in the Mn K edge 
data upon exposure to n-butane while the Fe K edge remained unaffected. The to date 
accumulated data are contradictory. In principle, in situ techniques are a promising solution to 
the problem, though analysis in cases of several different promoter species might be 
challenging.

An inconsistent picture evolves from literature and our data as to which preparation 
method favors incorporation. From our data, we would conclude that coprecipitation favors 
incorporation, which is supported by Miao’s215 data and by Stöcker’s147 as well as 
Okamoto’s607 remarks. Tábora and Davis233 though also used this method and did not find any 
incorporation. Yamamoto et al.217 reported incorporation for Fe and not for Mn, where our 
experience says that Mn should be incorporated more easily. In order to achieve more 
consistent information on these promoted catalysts and avoid the formation of several 
promoter species in one sample, the preparative potential needs to be exhausted in that the 
promoters are added in a controlled manner.

6.1.12 Conclusions

The promoters Fe and Mn are in part incorporated into the zirconia lattice in promoted 
sulfated zirconia catalysts. Incorporation was concluded from XRD, EPR, ISS, and XANES 
data, and from the comparison of these characterization data to those of a series of sulfate-free 
reference compounds with deliberately incorporated promoters (via coprecipitation). Mn and 
Fe gave rise to narrow, well-resolved EPR lines indicative of isolated species in a highly 
symmetric environment. Mn and Fe could thus in the future be used as probes inside the 
zirconia lattice for better understanding of its bulk properties. In a typical catalyst containing 
about 2 wt% promoter metal, incorporated and surface promoter species may coexist. At 2 
wt% promoter content, ISS showed Fe at the surface but not Mn, indicating a higher degree of 
incorporation of Mn for our catalyst preparations. The extra-lattice Fe formed an Fe2O3-like 
species that accounted for at least 50% of the Fe and could be removed by washing with 
oxalic acid as shown by XANES.

The incorporation leads to a stabilization of the tetragonal (or cubic) ZrO2 structure. The 
unit cell volume of the tetragonal phase shrank with increasing promoter content for the 
reference compounds and for Mn-promoted sulfated zirconia; there was no clear trend for Fe-
promoted sulfated zirconia. It was not possible to correlate the catalytic performance with 
simple bulk structural information such as the unit cell parameters. The more or less complete 
incorporation of Mn suggests that embedded species in near-surface regions are responsible 
for the promotional effect. The lower valent promoter cations produce oxygen vacancies 
(defects) in the zirconia lattice;623 near the surface such defects are equivalent to surface 
cations with a high degree of unsaturation. In cooperation with sulfate groups, such sites 
could be responsible for the high isomerization activity of promoted sulfated zirconia 
catalysts. Oxygen vacancies are suspected to be present in tetragonal zirconia.171 The sites in 
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promoted and unpromoted sulfated zirconia catalysts could be of the same nature and may 
differ only in their number. Such a situation was already suspected by Hsu et al.21 when they 
first presented Fe- and Mn-promoted sulfated zirconia. The hypothesis of identical sites is 
supported by two observations that apply for unpromoted AND promoted sulfated zirconia 
catalysts, i.e. (i) formation of identical products in alkane isomerization and (ii) identical 
activation energies for n-butane isomerization as reported by Hsu et al.21
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6.2 Sites on Sulfated and Promoted Sulfated Zirconia Catalysts

6.2.1 Introduction and Purpose of Experiments

Many attempts have been made to probe the (active) sites on sulfated zirconia catalysts. 
Based on the idea of a superacidic material, probe molecules suitable for acidic sites have 
been used, such as ammonia or pyridine. As discussed in detail in Chapter 2.3, these probes 
have failed to reveal the extraordinary properties of sulfated and promoted sulfated zirconia. 
In brief, the following reasons may account for the failure: (i) the nature of the sites attacking 
the alkane may be other than acidic, (ii) only a minority of sites is important and this fraction 
cannot be discerned when a strongly interacting probe is used that will also adsorb on 
irrelevant sites, (iii) a combination of two sites is active, either sites of a different type or 
adjacent sites of the same type, or (iv) the state of the catalyst at the end of the activation 
procedure is not yet the active state, i.e. only exposure to the feed generates the active 
surface—this last idea is supported by the observation of an induction period.

The most specific probe for the active sites is the reactant, but there are only very few 
such investigations by e.g. IR,18,424,447 EPR,439 and calorimetry.434 Unfortunately, alkanes are 
not very suitable for IR spectroscopy because changes to their vibrations upon adsorption are 
subtle and not well understood, and the spectrum is usually obscured by gas phase 
contributions. TPD experiments are problematic because the sulfate decomposes so easily. 
Accordingly, we chose adsorption calorimetry to study the interaction of sulfated zirconia 
catalysts with alkanes. To avoid secondary reactions after adsorption, experiments should be 
performed at sub-reaction temperatures; the lowest possible temperature at which the 
available calorimeters could be operated is slightly above room temperature. On promoted 
catalysts, more reactive alkanes may not only adsorb but also react at this temperature. This 
potential disturbance of the measurement may also be an opportunity to follow the formation 
of active sites through exposure to a hydrocarbon. Propane was selected as a less reactive 
probe, n-butane as the reactant, and isobutane as the product and because it provides a tertiary 
carbon atom.

An extensively discussed subject that is pertinent to the measure of the active sites is the 
optimal activation of sulfated zirconia catalysts.106,276,418,429,434,440 The activation has been 
performed in inert or oxidizing atmosphere, and at various temperatures. For promoted 
catalysts, oxidizing atmosphere has been reported to generate higher activity.23,253 Vera et 
al.276 reported increasing activity of sulfated zirconia with higher activation temperatures for 
the range < 898 K. Song and Kydd440 inferred that the Brønsted to Lewis sites’ ratio in 
sulfated zirconia should be adjusted to 2:1 by hydration; the best pretreatment temperatures 
were 423 K for sulfated zirconia and 723 K for promoted sulfated zirconia.253 Following these 
reports, we varied the pretreatment temperature in our calorimetry experiments to identify 
potential changes in the number and the strength of sites. The activation atmosphere has not 
been addressed; the activation was predominantly performed in vacuum.
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The aspect of aging, already mentioned in Chapter 4.2, is also addressed here. Only if the 
sites change with the age of the catalyst, will the aging phenomenon be of interest. If the sites 
are metastable defects, they might heal with time. “Aging” in the literature mainly refers to 
phase transformation, and predominantly partially stabilized zirconia was studied. Kim et 
al.109 aged yttrium- and niobium-stabilized tetragonal zirconia at 343–773 K in air for up to 
150 h and found transformation to monoclinic or rhombohedral ZrO2. The activation energy 
for the transition was about 83 kJ∙mol-1, which, as the authors pointed out, corresponds to the 
activation energy of oxygen diffusion in 3 mol% Y2O3-stabilized zirconia. Chevalier et al.124

found an activation energy of 100 kJ∙mol-1 for the t→m transition of 3 mol% Y2O3-stabilized 
zirconia; their kinetic data, which were obtained in the range 343–403 K, fit the Mehl-
Avrami-Johnson law, suggesting a nucleation-growth mechanism. The apparent activation 
energy of the t→m transition in 4–6 mol% Sc2O3-doped zirconia was 84–92 kJ∙mol-1

according to Hirano and Kato,152 who conducted their experiments at 383–453 K in saturated 
water vapor. The transition can be quite fast: Xie et al.174 found 69 vol% monoclinic phase 
after exposing a purely tetragonal material at 298 K for 100 min to 3 kPa water vapor. At 573 
K, Iio et al.550 observed a much more rapid transition in air than in vacuum and accordingly 
assumed that the transition starts at the surface. Consistently, Sato and Shimada551 also found 
monoclinic zirconia predominantly at the surface of ceria-doped zirconia after treatment in 
water at 413 K. Hughes et al.552 reported the formation of up to 60% monoclinic zirconia from 
yttria-stabilized zirconia within 30 min in moist air at 473 K. Not only water has an 
accelerating effect but also non-aqueous solvents with a lone pair of electrons opposite a 
proton donor site such as alcohols.553 According to Watanabe et al.554 a critical upper grain 
size of the tetragonal phase exists at which transformation sets in; it was about 0.2 µm for 
aging of 2 mol% Y2O3-zirconia sample at 573 K. Consistent with this hypothesis, Sato and 
Shimada stated that the rate of the t→m transition decreases with decreasing grain size.551

From these data it can be imagined that the properties of zirconia catalysts may change 
with their shelf life. In order to be able to correlate data from one batch of catalyst when 
different experiments were not conducted at the same time, significant aging of the materials 
has to be ruled out. Experiments were thus repeated at different sample ages. The “birthday” 
of a sample is defined as the calcination date.

6.2.2 Experimental
Calorimeters and calibration: SETARAM MS-70 Calvet calorimeters, which present a hybrid between 
adiabatic- and isothermal-type calorimeters, were used. The sample cell is surrounded by a thermopile, which 
consists of more than 400 thermocouples in series. The thermopile has two functions; it generates the signal and 
it conducts the heat that evolves during adsorption into the isothermal block, which was kept at a constant 313 K. 
Because heat flow will occur only when a temperature gradient between cell and block exists, the signal is 
delayed with respect to actual heat evolution. The Tian equation reflects the total power output of the calorimeter 
cell:
with Ptot the total power [W], G the thermal conductivity [W∙K-1], g the proportionality factor between voltage 
and temperature gradient [V∙K-1], Uth the signal of the thermopile [V], and τ the calorimeter constant [s].
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The block contains a reference cell with a second thermopile, which in case of no heat evolution in the sample 
cell compensates the voltage of the thermopile of the sample cell. In case of temporary heat evolution a heat 
signal with an exponential decline is obtained. The area under the curve is proportional to the evolved heat.
with A the area under the curve [V∙s] and f the calibration factor [V∙s∙J-1].
The calibration factor is determined by generating a known quantity of heat in the calorimeter cell. This is 

achieved by inserting an ohmic resistance in the cell and varying U (I) and t, i.e. the introduced energy is 
W = U∙i∙t. The resistance is connected to electrical vacuum feedthroughs such that the calibration can be 
conducted under conditions similar to the adsorption experiment. A small error has to be expected from heat 
transfer through the connecting wires.

The performance of the calorimeters is linear in the 
investigated range (Figure 6-13) and the factors did not 
change with time. The error amounts to about 1.5%. 

Calibration factors obtained for Calorimeter 1: 
f = 1685 V∙s∙J-1 March 1998
f = 1659 ± 13∙V∙s J-1 Nov/Dec 2000

Calibration factors obtained for Calorimeter 3:
f = 2098 ± 14 V s J-1 Mar/Apr 1998
f = 2100 ± 31 V s J-1 Dec 2000

Volumetric system and calibration:624 The calorimeter cell body, which holds the sample, consists of a 70 mm 
long cylindrical body with an inner diameter of 15 mm. The body is connected to a 610 mm long tube with an 
all-metal corner valve (CF 16) at the top. The valve enables treatment of the sample outside the calorimeters and 
transfer without exposure to atmosphere. For the adsorption experiment, the cells are connected to a volumetric 
system that allows evacuation and dosing of defined amounts of sorptive. The volumetric system is different for 
both calorimeters. Common to both systems is a calibration volume, consisting of a glass body and an all-metal 
CF 16 corner valve. The size of these volumes (Calorimeter 1: 74.39 ml; Calorimeter 3: 31.8 ml) is determined 
by measuring the amount of water that they can contain. The sorptives are small alkanes, which in the applied 
pressure range can be treated as ideal gases.
Calorimeter 1 consists of 3 compartments: The sample cell volume Vsc, the dosing volume Vdos, and the 
calibration volume Vcal. Vsc and Vdos together are called the total volume Vtot. Vtot can be determined by a series 
of experiments in which Vtot is filled to a certain pressure and then the gas is expanded into the previously 
evacuated Vcal. For each pair of pressures ptot and ptot+cal a value of Vtot is obtained:

Values obtained for Vtot were 225 ± 4 ml (propane at 313 K, December 1997) and 224 ± 5 ml (n-butane at 313 
K, June 2001). Furthermore, from a series of experiments with varying pressure an expansion factor is 
determined for the expansion of gas from Vdos into Vtot:
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This factor was determined to be 0.697 ± 0.007 (propane, December 97) and 0.692 ± 0.004 (n-butane, June 
2001).
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Figure 6-14:  Scheme of the gas dosing and cell 
system in Calorimeter 1. Dosing is performed with 
the valve on top of the sample cell.

Figure 6-15:  Scheme of the gas dosing and cell 
system in Calorimeter 3. Dosing is performed with 
the valve between dosing and cell volume.

Calorimeter 3 consists of 3 compartments: The sample cell volume Vsc, the dosing volume Vdos, and the 
calibration volume Vcal. The size of the dosing volume is determined by filling Vcal and Vdos to different 
pressures pcal and pdos and then equilibrating them to pcal+dos. Vdos is then calculated as

The dosing volume was determined to 138.6 ± 1.3 ml (isobutane, March 1998) and to 139.1 ± 2.6 ml (n-butane, 
May 2002). The number of molecules in the gas phase and on the walls ngw is determined by dosing known 
amounts of gas into the empty cell. The correlation between ngw and the pressure in the sample cell is fit with a 
4th order polynomial y = ax + bx2 + cx3 +dx4 intersecting the origin. In calculating the adsorbed amount, ngw is 
accounted for. Coefficients were determined for all three probe molecules and are summarized in Table 6-1; the 
data are presented in Figure 6-16.

The graphs show an almost linear correlation, 
indicating weak adsorption of the probes on the wall 
and ideal behavior. In principle, the higher order 
polynomial method, which was developed for “sticky” 
probes such as ammonia, could be replaced by a linear 
fit or second order fit (n-butane) in our case. The 
propane and isobutane data agree very well; the n-
butane data yield a steeper slope because another 
pressure gauge was added to the system and the 
volume was enlarged. The sample cell volume was 
estimated to be 234 ml for the propane and isobutane 
experiments and to be 266 ml for the n-butane 
experiments.
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Table 6-1: Polynomial coefficients for determination of number of molecules on wall and in gas phase

Sample pretreatment (activation) and experimental procedure: Samples were pressed for 20 s at 125 MPa 
and then gently crushed. About 0.5 g of the fraction 0.4–0.6 mm was placed into the cell, which was then 
evacuated. After reaching a pressure of < 10-3 hPa the cell was heated with a ramp of 7 K min-1 up to the desired 
temperature, which was held for 90 min. After cooling to room temperature at a typical pressure of < 10-6 hPa 
the cell was closed, disconnected, and inserted into the calorimeter. The cell surrounding was preheated to 
313 K, while the dosing system was at room temperature at this stage. The dosing system was evacuated and 
baked at about 353 K, and cooled to room temperature. The typical pressure in the dosing system was then 2.7–
3.5 × 10-7 hPa. At his point, the corner valve at the top of the cell was opened and the cell volume was connected 
to the dosing and vacuum system. Only then was the dosing system heated to 313 K, and the entire system was 
allowed to thermally equilibrate over night. Gases used were n-butane, isobutane, and propane (all Messer-
Griesheim, 2.5). For both calorimeters, a dosing step is conducted such that the pressure in the dosing volume is 
set to a higher pressure than that in the cell, and then gas is expanded into the cell. The next dosing step is 
performed after the pressure is equilibrated and the heat signal has returned to baseline level. Dosing steps are 
repeated until the pressure in the dosing volume would have to be higher than the range of the gauge, i.e. >1 kPa.
Determination of adsorbed amount: The calculations are different for the two calorimeters because the system 
configuration is different.
Calorimeter 1. The amount adsorbed on the sample in the ith dosing step is determined:

whereby ptot,i represents the equilibrium pressure.
The first pressure difference represents the amount of molecules added to the system, while the second pressure 
difference represents the change of the number of molecules in the gas phase in the system. The total number of 
molecules adsorbed after i dosing steps, nads,tot,i, is calculated as the sum from the individual steps. The 
adsorption isotherm is generated by plotting nads,tot,i related to sample weight or surface area vs. the equilibrium 
pressure. Differential heats of adsorption as a function of the number of adsorbed molecules are obtained by 
dividing the heat evolved in one adsorption step by the number of molecules adsorbed in this step, nads,i.
Calorimeter 3. The amount adsorbed on the sample in the ith dosing step is calculated as follows:

with

and Δpdos,i the difference in pressure in the dosing volume before and after the dosing and ngw,i calculated from 
the polynomial as a function of psc. All other calculations are analogous to those for Calorimeter 1.
Analysis of heat signals Calorimeter 1: The configuration of the dosing system for Calorimeter 1 requires 
opening of the valve on top of the sample cell in order to dose. The necessary torque causes the sample cell to 
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calibration)
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c
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d
µmol∙hPa-4

propane (April / March 1998) 9.2884 –0.2594 0.0682 0.0056
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move inside the calorimeter, which leads to heat evolution through friction. Each peak produced by evolution of 
heat of adsorption is superimposed by a “valve peak”. Figure 6-17 shows a typical heat signal from Calorimeter 
1. The size of the valve peak varies for each valve and with age of the gasket, which determines the torque 
needed to close the valve. There are several possibilities to tackle the problem. Either, the experiment is 
conducted such that the valve contribution is small in relation to the heat evolving from the sample; this can be 
achieved by increasing the sample weight or the amount of gas per dosing step. Alternatively, it can be tried to 
identify the size of the valve peak. Two methods have been tested: (i) the valve-opening-peak is related to the 
previous valve-closing peak, based on the hypothesis that an equal amount of torque is needed for the opening as 
has been applied in closing the valve or (ii) the valve-opening peak is related to the subsequent valve-closing 
peak, based on the assumption that the same number of revolutions as for opening have to be applied in closing, 
which leads to a similar heat generation. Both discussed correlations are presented in Figure 6-18. It can be seen 
that there is absolutely no correlation between opening and previous closing and only a poor correlation between 
opening and subsequent closing. Nevertheless, the correlation between opening and subsequent closing was 
used. Error bars in plots with differential heats of adsorption as determined with Calorimeter 1 reach from zero 
contribution of the valve up to 4 times the value of the subsequent valve-closing peak.

0 1 2 3 4 5 6 7 8
0.10

0.15

0.20

0.25

0.30
X

X

X

X
O

O
O

O

O

X

X: adsorption + valve opening
O: valve closing

H
ea

t s
ig

na
l /

 V

Time / h

y = 0.7013x + 2.3971
R2 = 0.4307

y = -0.1698x + 3.6124
R2 = 0.0253

0

1

2

3

4

5

0 1 2 3 4 5
Heat generated in manual valve closing / mJ

H
ea

t g
en

er
at

ed
 in

 m
an

ua
l v

al
ve

 o
pe

ni
ng

 
/ m

J
open and subsequent
closing 
open and previous closing

Linear (open and
subsequent closing )
Linear (open and previous
closing)

Figure 6-17:  Heat signal of Calorimeter 1, raw data 
for the adsorption of propane on sulfated zirconia.

Figure 6-18:  Correlation of heat signal from opening 
of valve to heat signal from closing of valve. 

6.2.3 Reproducibility of Isotherms and Differential Heats of Adsorption

Figure 6-19 and Figure 6-20 show the 
isotherm and the differential heats of 
adsorption of propane at 313 K on the same 
batch of sulfated zirconia determined from 
two experiments that were conducted with 
four months in between. The pretreatment 
was identical, i.e. 90 min at 523 K in 
vacuum. Both, adsorption isotherms and 
differential heats of adsorption, are well 
reproducible, indicating stable operation of 
the dosing system and the calorimeter. Also 
the sample did not change within the four 
month time span.
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Figure 6-19:  Reproducibility of adsorption 
isotherms, Calorimeter 1. Adsorption of propane on 
sulfated zirconia activated at 723 K in vacuum.
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The heats present a gradual decline from about 60 to 50 kJ∙mol-1 with increasing 
coverage. Initial heats at very low coverages are seemingly somewhat higher, which would 
indicate a minority species that interacts more strongly with propane. Figure 6-21 shows the 
same data as Figure 6-20, but with error bars as they result from the valve contribution. It can 
be seen that the uncertainty for the initial heats, when small amounts were dosed and the 
relative contribution of the valve heat is considerable, is very large and does not permit 
conclusions on minority species.
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Figure 6-20:  Reproducibility of differential heats of 
adsorption, Calorimeter 1. Same experiment as in 
Figure 6-19, 4 months between the experiments.

Figure 6-21:  Same data as in Figure 6-20; error 
bars account only for subtraction of valve-opening 
heat. For small dosings, the error through the valve 
is the major contribution to the total error. 
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Figure 6-22:  Reproducibility of adsorption 
isotherms, Calorimeter 3. Adsorption of isobutane 
on sulfated zirconia activated at 723 K in vacuum.

Figure 6-23:  Reproducibility of differential heats of 
adsorption, Calorimeter 3. Same experiment as in 
Figure 6-22, 1 month between the experiments.

Figure 6-22 and Figure 6-23 demonstrate the reproducibility of experiments with 
Calorimeter 3 using the adsorption of isobutane on sulfated zirconia at 313 K as example. 
Both experiments were performed with the same batch of sulfated zirconia catalyst. Isotherms 
are excellently reproduced, see Figure 6-22. Differential heats agree well for coverages over 
5 µmol∙g-1; below this coverage scatter of the data points is observed. The amounts that have 
to be dosed to achieve such low coverages are very small; accordingly the pressure changes 
and the heat signals are small. For the catalytic performance, a small number of highly active 
sites can be decisive. Extensive data evaluation led to the conclusion that the minimum 
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amount dosed in Calorimeter 1 should be about 1 µmol sorptive or more and for Calorimeter 
3 about 2 µmol or more, considering the heats that evolve from alkane adsorption on zirconia 
catalysts.

6.2.4 Analysis of Adsorption Isotherms

Isotherms were fit with Langmuir and Freundlich models. In the Langmuir model, in 
principle a uniform heat of adsorption is assumed; but the change of the heat with coverage 
was so small for most of the data that the isotherm could still be adequately described. The 
Freundlich model accounts for a decrease of the heat of adsorption with increasing coverage.

A three-parameter higher order Langmuir model was applied:

with Nads the adsorbed amount, Nmono the monolayer coverage, K the adsorption equilibrium 
constant, and n the reaction order.

Alternatively, a Freundlich model that also accounted for a limit in the coverage was 
used:

with Nads the adsorbed amount, and A and n as additional parameters.
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Figure 6-24:  Fit of isotherm obtained from propane adsorption at 313 K on sulfated zirconia activated at 
723 K with three different models.

A comparison of different fit models is shown in Figure 6-24. The three-parameter 
Langmuir model and the Freundlich model fit the data equally well over the whole pressure 
range. A first order Langmuir adsorption does not fit the data in Figure 6-24, particularly not 
at low pressure (left graph). All data were thus fit with the Freundlich and the three-parameter 
Langmuir model, whereby occasionally a reaction order of 1 resulted in the Langmuir fit. The 
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Freundlich model was more robust, while the Langmuir fit sometimes drifted into local 
minima. R-values were always > 0.99.

Because the interaction between our sorptives and the catalysts is weak and mostly 
reversible at the given conditions, no absolute number of sites can be given. The coverage 
under our catalytic test conditions cannot be measured because the alkane partial pressure is 
beyond what can be measured with the calorimeter systems. In the following, the monolayer 
coverage from the Langmuir model and simulations of the Freundlich isotherm extended to 
the applied reaction partial pressures of 1 and 5 kPa are used as quantities to describe the 
number of alkane adsorption sites.

6.2.5 Influence of Pretreatment on the Adsorption of Propane and Isobutane

The importance of the pretreatment for the catalytic activity of sulfated zirconia has been 
stressed by a number of authors.102,104,106,418,429,434,440 The degree of hydration of the surface 
changes with the activation temperature. Typical are an increase in the number of Lewis and a 
decrease in the number of Brønsted sites with increasing temperature. While the type of sites 
cannot be discerned in the calorimetric experiment, a change in the number of sites and their 
strength of interaction with the prospective reactant can be detected.

Figure 6-25 shows the isotherms for the adsorption of propane on sulfated zirconia after 
activation at 473, 573, and 723 K. The reaction orders that resulted from the Langmuir fit 
increased with increasing pretreatment temperature from about 1 at 473 K to 1.5 at 723 K.
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Figure 6-25:  Adsorption isotherms of propane 
adsorption at 313 K on sulfated zirconia activated 
at 473, 573, or 723 K (2 exp.) in vacuum.

Figure 6-26:  Estimation of propane coverage from 
adsorption isotherms in Figure 6-25. Monolayer 
coverage as obtained from three-parameter 
Langmuir model, simulation of Freundlich 
isotherms for p = 1 kPa and 5 kPa.

In Figure 6-26, the coverages predicted by simulation of the Freundlich isotherm are 
presented together with the monolayer coverage from the Langmuir fit. The Freundlich model 
delivers inconsistent information; it predicts increasing coverage with increasing pretreatment 
temperature for a partial pressure of 1 kPa but the opposite effect for a partial pressure of 
5 kPa. The trend predicted by the Langmuir model is that the coverage increases with 
increasing activation temperature, reflecting the impression from the isotherms in Figure 
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6-25. After an activation similar to that for a catalytic test, i.e. at 723 K, the monolayer 
coverage is ≈ 78 µmol∙g-1. The sulfate content of the sample is about 560 µmol∙g-1. If a site 
consisted of one sulfate group, only a fraction (less than 15%) of the sulfate groups would be 
involved in the adsorption of an alkane such as propane.

The differential heats of adsorption for the differently pretreated samples are shown in 
Figure 6-27 without and in Figure 6-28 with error bars. The widely differing values at 
coverages below 2 µmol g-1 can be considered as scatter of data points. For coverages above 
2 µmol∙g-1, the heats are in the range of 45 to 60 kJ∙mol-1. The samples activated at lower 
temperature appear to interact somewhat less strongly with propane than those activated at 
723 K, although the difference is close to what can be distinguished given the error introduced 
by the valve opening. The interaction is not very strong, being only about 25 to 40 kJ∙mol-1

more than the heat of condensation of propane, which is 18.8 kJ∙mol-1.2
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Figure 6-27:  Differential heats of adsorption of 
propane at 313 K on sulfated zirconia activated at 
473, 573, or 723 K (2 exp.) in vacuum.

Figure 6-28:  Same data as in Figure 6-27; error 
bars account only for subtraction of valve-opening 
heat.

Isotherms for the adsorption of isobutane on differently activated sulfated zirconia at 
313 K are presented in Figure 6-29. As with propane, the number of sites increases with the 
activation temperature. The isotherms have more of a curvature than the propane isotherms. 
This is expressed in a higher value for n (reaction order) in the Langmuir fits, which increases 
from 1.4 to about 1.6 with increasing pretreatment temperature. Estimated coverages from 
Langmuir and Freundlich models are given in Figure 6-30. The effect of the pretreatment 
temperature appears less pronounced than for propane. The monolayer coverage is about 
145 µmol∙g-1 after activation at 723 K, which corresponds to ¼ of the sulfate groups.

The differential heats of adsorption measured after activation at different temperatures are 
summarized in Figure 6-31. Disregarding the scattered initial heats, values between 60 and 45 
kJ∙mol-1 are calculated for the sample activated at 723 K. The samples activated at lower 
temperatures exhibit slightly lower heats; for the sample activated at 473 K the heat is 45 
kJ∙mol-1 over the whole coverage range. Increasing pretreatment temperature leads to stronger 
adsorption of isobutane, and most likely also for propane, although the data quality does not 
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permit such a conclusion on the basis of the propane data alone. All following data were taken 
after activation at 723 K.
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Figure 6-29:  Adsorption isotherms of isobutane 
adsorption at 313 K on sulfated zirconia activated 
at 473, 573, or 723 K (2 exp.) in vacuum.

Figure 6-30:  Estimation of isobutane coverage from 
adsorption isotherms in Figure 6-29. Monolayer 
coverage as obtained from three-parameter 
Langmuir model, simulation of Freundlich 
isotherms for p = 1 kPa and 5 kPa.

Slightly more heat is liberated in the 
condensation of isobutane (21.3 kJ∙mol-1) in 
comparison to propane.2 The heat of 
adsorption of isobutane on the sulfated 
zirconia is the same as that of propane. The 
equal heats can be understood if not more 
than the C3-chain part of the molecules will 
interact with the surface while the extra CH3-
group of the isobutane is not involved. 
However, independent of the activation 
temperature, the isobutane monolayer 
coverage was about twice as high as that of 
propane.

6.2.6 Stability of Catalysts: Zirconia

Adsorption calorimetry was used to check for changes of the samples with age (counted 
from the day of calcination). Data for pure zirconia are shown in Figure 6-32 to Figure 6-35. 
The adsorption isotherms are similar at first sight although not quite as similar as a good 
reproduction (compare Figure 6-22). In the low pressure range, differences become more 
obvious, see Figure 6-33. Overall, the curvature of the isotherm diminishes, which leads to 
problems with the convergence of the Langmuir fit. The coverages estimated for reaction 
conditions on the basis of the Freundlich fit show a steady increase with age of the sample, 
while the Langmuir monolayer data show no trend with age. The differential heats of 
adsorption did not vary with age of the material (Figure 6-35), indicating that there is 
essentially no change in the type of available sites.
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Figure 6-31:  Differential heats of adsorption of 
isobutane at 313 K on sulfated zirconia activated at 
473, 573, or 723 K (2 exp.) in vacuum.
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Figure 6-32:  Isotherms for isobutane adsorption at 
313 K on differently aged zirconia samples calcined 
at 823 K and activated at 723 K in vacuum.

Figure 6-33:  Enlarged section of Figure 6-32. 
AH### represent codes for specific samples.

Possible effects of aging include (i) saturation of sites with molecules from the 
environment such as H2O or CO2 and formation of carbonates that will not decompose during 
activation, however, such adsorption from the ambient atmosphere is expected to occur fast 
rather than on the time scale months, (ii) transformation of the tetragonal into the 
thermodynamically more stable monoclinic phase or crystallization of amorphous material, 
and (iii) healing of defects in the solid and on its surface. Only the phase transformation can 
be envisioned to lead to more adsorption sites for a probe. The decrease in curvature of the 
isotherm, expressed by a decrease of the parameter n of the Langmuir equation from 1.7 to 
1.3 could be interpreted as a trend towards a simple 1st order Langmuir adsorption without 
further complications such as activated adsorption or dissociation.
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Figure 6-34:  Estimation of isobutane coverage from 
adsorption isotherms in Figure 6-32. Monolayer 
coverage as obtained from three-parameter 
Langmuir model, simulation of Freundlich 
isotherms for p = 1 kPa and 5 kPa.

Figure 6-35:  Differential heat of adsorption of 
isobutane on zirconia at 313 K. Same experiments 
as in Figure 6-32.

6.2.7 Stability of Catalysts: Sulfated and Promoted Sulfated Zirconia

For sulfated zirconia, the experiments on reproducibility (6.2.3) already demonstrate that 
the adsorption characteristics of propane and isobutane on sulfated zirconia did not change 
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over the observation span; i.e. the sulfated zirconia sample did not change (“age”) within four 
months or one month. More data will be presented in section 6.2.10.

Data on a promoted catalyst, namely a 2 wt% Fe-containing sulfated zirconia, are 
presented in Figure 6-36 and Figure 6-37. The affinity of the material for propane does not 
change much with aging. Included is a comparison of data from the two calorimeters, which 
agree well with each other. For this sample – probe combination, i.e. Fe-promoted sulfated 
zirconia – propane, there is no uniform trend in the coverage estimations with age, Figure 
6-38. The surface of this particular catalyst does not change such that the adsorption of 
propane is affected.
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Figure 6-36:  Isotherms for propane adsorption at 
313 K on 2 wt% Fe-promoted sulfated zirconia 
activated at 723 K in vacuum.

Figure 6-37:  Differential heat of adsorption of 
propane on 2 wt% Fe-promoted sulfated zirconia at 
313 K. Same experiments as in Figure 6-36.

This result could be a hint that phase 
transformation or at least restructuring is the 
cause of aging of pure zirconia: sulfate and 
iron stabilize the tetragonal phase, and a 
phase transformation over a period of months 
could be prevented in their presence. The 
literature data summarized in 6.2.1 also point 
towards a phase transformation of pure or 
insufficiently stabilized zirconia from 
tetragonal to monoclinic with time. It has 
also been proposed that the transformation 
starts at the surface,550,551 and would thus 
become first noticeable in a probe molecule 
adsorption experiment.

6.2.8 Comparison of Probe Molecules

Differences in coverage for the three used probe molecules can be extracted from Figure 
6-39, which contains data for zirconia, sulfated zirconia and promoted sulfated zirconia 
materials.
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Figure 6-38:  Estimation of propane coverage from 
adsorption isotherms in Figure 6-36. Monolayer 
coverage as obtained from three-parameter 
Langmuir model, simulation of Freundlich 
isotherms for p = 1 kPa and 5 kPa.
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For propane, the values are within a very 
narrow range, suggesting that this probe 
molecule is not very suitable to distinguish 
different zirconia-based samples. With 
isobutane, much higher coverages and a 
wider spread are obtained, so that e.g. a 
correlation of the number of sites with the 
catalytic activity seems possible. Too few 
experiments have been performed so far with 
n-butane to understand how it interacts with 
the surface, and this probe is excluded from 
the subsequent discussion.

6.2.9 Comparison of Catalysts – Adsorption of Propane

Propane was adsorbed on a number of sulfated and promoted sulfated zirconia catalysts. 
The obtained isotherms were fit with a Freundlich model and the coverage at 1 kPa was 
estimated, see Figure 6-40. The values varied between 0.025 and 0.035 mmol∙g-1 without any 
effect of the promoters, which essentially confirms what is shown in Figure 6-39, i.e. propane 
is a rather unspecific probe. The differential heats displayed slight variations among the 
different types of catalysts of 5–10 kJ∙mol-1, Figure 6-41, with absolute values of 45 to 60 
kJ∙mol-1. The differences between the catalysts, however, were not larger than those observed 
for a single sample remeasured several times with increasing age (Figure 6-37). Promotion 
certainly does not increase the strength of interaction with propane.
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Figure 6-40:  Estimation of propane coverage at 
313 K and 1 kPa partial pressure from Freundlich 
isotherm simulation for sulfated zirconia and 
promoted sulfated zirconia catalysts.

Figure 6-41:  Differential heats of adsorption of 
propane at 313 K on sulfated zirconia, 2 wt% Fe-
promoted, 2 wt% Mn-promoted, and 1.5 wt% Fe- + 
0.5 wt% Mn-promoted sulfated zirconia.

6.2.10 Comparison of Catalysts – Adsorption of Isobutane

The isobutane adsorption isotherms for zirconia, sulfated zirconia, and promoted sulfated 
zirconia were fit with the Langmuir and the Freundlich model, and these fits were used to 
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generate the coverage values presented in Figure 6-42 and Figure 6-43. Both models show the 
sulfated and promoted sulfated zirconia samples within a narrow coverage range and the pure 
zirconia tending to have higher coverages. The picture for the promoted samples is not quite 
consistent in the two models. Using the Langmuir model, there is a clear separation between 
promoted sulfated zirconia and pure zirconia. The two data points of promoted samples with 
the highest coverages in the Freundlich model originate from experiments with unpressed 
samples. The corresponding heat signals were partially obscured by baseline drifts and are not 
included in the further discussion.

The surface of pure zirconia provides more sites for the adsorption of isobutane than that 
of sulfated zirconia. This effect is more pronounced than Figure 6-42 and Figure 6-43 suggest 
because the coverages are considered per g, and, the unsulfated samples generally exhibit 
lower surface areas. It can be speculated that interaction of isobutane with the sulfated 
materials also occurs, maybe not exclusively, on bare patches of zirconia. DRIFT spectra that 
we recorded previously show that n-butane interacts with the OH-groups of pure zirconia,625

and it was reported that n-pentane interacts with the OH groups of sulfated zirconia.447 The 
bands of sulfate were not shifted appreciably after n-butane;424 after adsorption of n-pentane 
the S=O band at 1416 cm-1 was decreased without formation of additional bands.447 If and 
how sulfate groups are involved in the adsorption of alkanes thus remains to be resolved. But 
as zirconia becomes active only through sulfate, the sulfate should have some function in the 
interaction of alkanes with the catalyst.
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Figure 6-42:  Monolayer coverage for the 
adsorption of isobutane at 313 K on pure zirconia, 
sulfated zirconia, and promoted sulfated zirconia 
materials. Monolayer obtained from Langmuir fit.

Figure 6-43:  Coverage at 1 kPa isobutane at 313 K 
for pure zirconia, sulfated zirconia, and promoted 
sulfated zirconia materials as obtained through 
simulation of a Freundlich isotherm.

A large number of sulfated zirconia catalysts was investigated using isobutane as a probe, 
among them samples calcined in differently sized batches and samples of different age. The 
differential heats of adsorption are shown in Figure 6-44 and Figure 6-45. All samples give 
exactly the same profile with very little scatter. Initial heats are around 60–70 kJ∙mol-1; at 
coverages of 0.06 mmol∙g-1 heats are only 45 kJ∙mol-1. These heats correspond to those 
measured for pure zirconia, compare Figure 6-35, which is further evidence for the adsorption 
of isobutane on similar sites on both zirconia and on sulfated zirconia. It appears as if there 
are some sites with stronger interaction at very low coverages; enlargement of the low 
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coverage section (Figure 6-45) reveals the typical scatter associated with small dosings rather 
than distinctly higher heats. The heats of adsorption are not affected by the batch size during 
calcination, implying that differences in activity between such samples should originate from 
differences in the number of sites or in site density, which may only play a role at higher 
coverages when adsorbed molecules can interact.
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Figure 6-44:  Differential heat of adsorption of 
isobutane at 313 K on sulfated zirconia samples of 
different age and prepared in differently sized 
boats; all calcined at 823 K.

Figure 6-45:  Enlarged section of Figure 6-44. 
AH### and RA## represent codes for specific 
samples.

Figure 6-46 and Figure 6-47 display information on the estimated number of sites. Figure 
6-44 demonstrates that different sulfated zirconia samples exhibit essentially heats within the 
same range and even similar differential heat distributions. Figure 6-46 combines information 
on numbers of sites with age of the catalysts. The graph reveals no remarkable differences in 
the number of sites on sulfated zirconia samples of different age; consistent with the 
previously described findings the Freundlich model reveals no trend with age at all, the 
Langmuir model also no convincing trend. The isotherms of samples calcined in the medium 
or the large boats are quite similar, Figure 6-47. 
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Figure 6-46:  Isobutane coverage at 1 kPa partial 
pressure and monolayer coverage at 313 K (from 
Freundlich and Langmuir models) for sulfated 
zirconia samples as a function of sample age.

Figure 6-47:  Isotherms for adsorption of isobutane 
at 313 K on sulfated zirconia samples calcined in 
differently sized batches.

If nature and number of alkane adsorption sites are indeed not affected by the calcination 
batch size, the number of explanations for the variation of the activity with the calcination 
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batch size will be narrowed down: (i) there exist very few exceptional sites below the 
detection limit of the method, (ii) the site density is important, which cannot be probed so 
easily, or (iii) the catalyst changes during interaction with higher concentrations of alkanes.

Isobutane was also adsorbed on promoted samples; the results are displayed in Figure 
6-48 and Figure 6-49. There were no pronounced differences within this set of promoted 
samples, although e.g. one of the Mn-promoted samples was more than three times as active 
as the other (maximum rate). In some experiments, a decrease of the heats to much lower 
values towards higher coverage was observed. This decrease of the heats could be related to 
secondary reactions that occurred after the adsorption. This phenomenon is discussed in the 
next section.
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Figure 6-48:  Isotherms for adsorption of isobutane 
at 313 K on promoted sulfated zirconia samples.

Figure 6-49:  Differential heats of adsorption of 
isobutane at 313 K on promoted sulfated zirconia 
samples.

6.2.11 Adsorption and Secondary Reactions

In some experiments, the adsorption did not quickly reach equilibrium but continued very 
slowly over hours, as demonstrated in Figure 6-50 and Figure 6-51 for the interaction of 
isobutane with zirconia.
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Figure 6-50:  Raw data for adsorption of isobutane 
on zirconia at 313 K: heat signal and pressure vs. 
time. Small peaks are artifacts from refilling the 
dosing volume.

Figure 6-51:  Enlargement of section of data from 
Figure 6-50.
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While the heat signal often suffers from artifacts – mainly through disturbances from 
other equipment in the room – the pressure signal is usually stable unless there is a leak. 
Leaks towards the outside or towards the dosing volume lead to pressure increases, leaks 
towards the vacuum line would lead to pressure decrease, desorption, and a negative 
(endothermic) heat signal. The combination in Figure 6-51, i.e. a pressure decrease and a heat 
evolution can be a result of decreasing temperature of the sample cell; in the above case a 
temperature decrease of about 1.5 K of the whole cell volume would be needed to create the 
observed pressure drop, in some cases more than 10 K would be necessary to explain the 
pressure change. This option can thus be excluded, and it is concluded that these signals are 
an actual effect involving the sample and the probe molecules.

Before the beginning of the slow uptake or consumption of isobutane shown in Figure 
6-51, the surface was already covered with 0.097 mmol∙g-1. The number of isobutane 
molecules thereafter adsorbed was about 0.23 µmol, corresponding to 34 nmol∙g-1∙h-1. The 
heat evolution is difficult to determine because the baseline course is unclear. However, even 
when assuming a horizontal continuation of the baseline after the last dosing step, the 
resulting heat is about 0.5 J or more than 2000 kJ∙mol-1 (per mole consumed isobutane). For 
adsorption and a subsequent hydrocarbon reaction, this heat would be exceptionally high. 
Isomerization of isobutane to n-butane would be endothermic. Only a reaction like the 
complete combustion of isobutane to CO2 and H2O would deliver that much heat. 
Alternatively, an adsorption-induced solid-state reaction such as a phase transition could be 
the source of the heat. If e.g. all material in the cell was converted from tetragonal to 
monoclinic zirconia, almost 20 J would be generated. Conversion of a small fraction of the 
zirconia bulk or a restructuring of the surface would thus be sufficient.

Figure 6-52 shows data for interaction of 
isobutane with an Fe-promoted catalyst 
precovered with 0.013 mmol∙g-1 or 0.1 
µmol∙m-2. Here, the pressure drop and the 
heat signal are defined, and an evolution of 
about 320 kJ∙mol-1 (per mole consumed 
isobutane) is calculated. The heat of 
adsorption at this coverage is about 45 
kJ∙mol-1, such that a net heat of reaction of 
275 kJ∙mol-1 results. 

Sometimes, the heat evolution and slow 
isobutane consumption proceeded while more isobutane was dosed. Figure 6-53 and Figure 
6-54 show such results, which were obtained with an Fe- and an Mn-promoted sulfated 
zirconia, respectively. After each dosing step, the pressure did not stabilize but continued to 
decrease (not shown). The rate of this decrease and the heat evolution follow the same course, 
which resembles that of an isomerization reaction profile on these catalysts. The rate is in an 
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Figure 6-52:  Raw data for adsorption of isobutane 
on 2 wt% Fe-promoted sulfated zirconia (large boat 
calcination, unpressed): heat signal and pressure vs. 
time.
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order of magnitude that a not so active catalyst could produce at this temperature. For both 
catalysts, the reaction sets in at a coverage of about 0.03 mmol∙g-1, which corresponds to 0.34 
and 0.38∙µmol m-2 for the Fe- and the Mn-promoted catalyst, respectively. Estimation of the 
heat per consumed isobutane minus the heat of adsorption gives 75 (Fe) and 90 kJ∙mol-1 (Mn). 
The “normal” adsorption is somewhat affected by this “background” process. The isotherms 
showed a typical course but the heats of adsorption dropped to significantly lower values (30–
35 kJ∙mol-1) during the course of the secondary reactions.

The largely different heats that result for the slow reaction of isobutane with the sample 
make it difficult to identify the corresponding process. It is also not known how many of the 
previously adsorbed molecules are possibly involved in the process.
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Figure 6-53:  Adsorption of isobutane on 2 wt% 
Fe-promoted sulfated zirconia, at 313 K: heat signal 
(solid line) and rate of isobutane consumption 
(dotted line) vs. time.

Figure 6-54:  Adsorption of isobutane on 2 wt% 
Mn-promoted sulfated zirconia at 313 K: heat 
signal (solid line) and rate of isobutane consumption 
(dotted line) vs. time.

The process that consumes isobutane and produces heat is obviously not dependent on a 
minimum coverage or a certain waiting time: the coverages at the beginning of the reaction 
were different and for one sample, the process started with the first dosing step. The 
phenomenon was observed with pure zirconia, i.e. sulfate or promoters are not necessary 
although they may participate when present. The observations can be interpreted with a 
change in the catalyst leading to the formation of active sites, which then spontaneously 
interact with isobutane.

6.2.12 Discussion and Conclusions

The heats of adsorption for propane and for isobutane on pure, sulfated, and on promoted 
sulfated zirconia were in the range of 45–60 kJ∙mol-1. First experiments show that the heat of 
adsorption of n-butane also falls in this range. All samples displayed a gradual decrease from 
higher to lower heats with increasing coverage. The observed heats are comparable to values 
reported in the literature. González et al.434 adsorbed isobutane at 308 K on sulfated zirconia 
and found initial heats of about 57 and 53 kJ∙mol-1 after activation at 773 and 588 K, 
respectively. Their data show a more rapid decline of the heat to values below 40 kJ∙mol-1 at 
25–30 µmol∙g-1 coverage (both activations). González observed the same decline also for 
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n-butane. The catalysts investigated here obviously have a more homogeneous site 
distribution, although in both cases precursors from MEL Chemicals were used in the 
preparation of the catalysts.

Three types of samples exhibited only sites with a heat of adsorption of about 45 kJ∙mol-1: 
samples activated at 473 K, activated in N2 flow, and unpressed samples. There are few data 
so far, but the findings are worth pursuing because for catalysis, the materials are not pressed 
and are activated in N2 (inert) gas flow. Non-pressed samples, however, are difficult to 
evacuate and can contaminate the system or destroy valves.

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.626 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. Using the reactant as probe reveals differences between the zeolite and the 
zirconia materials, while using standard basic probes does not. Although the calorimetry does 
not deliver any information on the nature of the site, it appears from these results that acidity 
is not the decisive property.

Typical probe molecules such as pyridine, ammonia, or water, see Chapters 2.3.6, 2.3.7, 
and 2.3.12, interact strongly with solid acids and irreversible adsorption is achieved on acid 
catalysts at room temperature and above. The “absolute” number of sites on a catalyst is then 
taken as equal to the amount irreversibly adsorbed under given conditions. A consequence of 
the weak interaction between alkanes and zirconia materials is that no “absolute” number of 
sites can be given but only a temperature and partial pressure dependent coverage.

The number of sites covered at various partial pressures was estimated via fitting and 
extrapolation of the recorded isotherms. On a typical sample, about twice as many isobutane 
molecules adsorbed as propane molecules at equal partial pressure. The differential heats of 
adsorption were within the same range for propane and isobutane, indicating not much effect 
of the extra methyl group on the strength of interaction. It seemed as if isobutane isotherms 
were characterized by a somewhat stronger curvature, but it may be that so little propane 
adsorbed in the experimentally accessible partial pressure range that only the more or less 
straight part of the isotherm (adsorbed amount proportional to pressure, 1st order Langmuir 
behavior for low pressures) was observed. It is not understood why the materials provide such 
a different number of sites for two so similar molecules as propane and isobutane. Propane 
turned out to be an unspecific probe that did not reveal large differences between the samples.

Isobutane on the other hand was adsorbed in larger quantities on sulfate-free than on 
sulfate-containing materials. IR measurements showed a shift of on OH-band of pure zirconia 
at 3771 cm-1 when n-butane was admitted, and it can be speculated that isobutane also 
interacts with these OH-groups, which originate from the monoclinic fraction in the 
sample.625 Adsorption of an alkane on an OH-group can be envisioned in two ways: (i) 
protonation of the alkane, loss of H2 and formation of an alkoxide or (ii) interaction of the 
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electron lone pairs of the oxygen with the hydrogen of the alkane. The protonation 
mechanism has been inferred to occur for promoted sulfated zirconia at higher 
temperatures;257 formation of hydrogen has been reported in the isomerization of n-butane at 
423 K over sulfated zirconia.498 The interaction via the lone pairs of the oxygen would be 
favored for basic OH groups as they exist on pure zirconia. The bonding mode could be 
interpreted as strong hydrogen bonding. The energy of hydrogen bonds is usually on the order 
of 20–40 kJ∙mol-1 but can amount to more than 100 kJ∙mol-1 (HF). Isobutane may not 
exclusively adsorb on oxygens of OH groups. Sulfated zirconia and promoted sulfated 
zirconia do not feature the OH-band at 3771 cm-1, and the existing OH-bands are not shifted 
by exposure to n-butane under reaction conditions with the formation of isobutane. The 
adsorption site on the sulfated surface is then not an OH group but a so far unknown 
functionality.

Information on the nature of sites is not directly provided by the adsorption calorimetry 
results, but can be obtained through variation of the pretreatment. The heat of adsorption of 
isobutane (and most likely also of propane) on sulfated materials increased with increasing 
pretreatment temperature. The number of adsorbed molecules also increased. With rising 
temperature the surface is being dehydrated and Lewis sites (cus Mx+) become available . The 
sulfate structure changes, as evidenced by IR spectra. Sulfate is necessary for catalytic activity 
and should be part of the adsorption site, unless it acts through a structural effect on the 
zirconia. If a site consisted of a single sulfate group, then about 4% of the sulfate groups 
would participate in the adsorption of propane at 1 kPa and about 14% in the adsorption of 
isobutane at 1 kPa. This fairly small fraction of involved sulfate would make it more difficult 
to discover structure–activity relationships by spectroscopic methods; and such relationships 
have not evolved despite 25 years of intense research. It has been suspected previously that 
the number of active sites may be very small. Kim et al.87 stated that only about 20% of the 
sulfate is involved in the adsorption of the reactant, and mostly the reactant was believed to 
desorb without transformation. Only 2% of the sulfate species were inferred to be sites with 
an adsorbed reaction intermediate. These considerations applied to a catalyst with 4 wt% SO3

reacting at 423 K and 4 kPa n-butane. Our catalysts contain a comparable amount of 4.5 wt% 
SO3 but the adsorption temperature is much lower with 313 K. Our data confirm that in 
diluted n-butane atmosphere not all sulfate species interact; identification of a fraction of sites 
that would not only attract but also convert an alkane was so far not possible.

Sulfate has at least one structural effect, i.e. in its presence the tetragonal phase is 
stabilized. All sulfate-containing samples were stable in that adsorption calorimetry 
experiments conducted over a time span of many months yielded the same result. Only pure 
zirconia samples were found to age. The adsorption isotherms changed their shape towards a 
1st order Langmuir-type. It is suspected that the cause is a phase transformation from 
tetragonal to monoclinic. This effect has been reported, with the transformation occurring 
preferably at increased temperature and in the presence of water vapor.174
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As many other probes, propane and isobutane fail to distinguish sulfated and promoted 
sulfated zirconia. There are no pronounced differences in the heats of adsorption, which is 
further evidence for the hypothesis first voiced by Hsu et al.,21 namely, that the promoters do 
not change the nature but only the number of the sites. The amount of calorimetric and 
catalytic data accumulated for promoted and unpromoted catalysts does not yet allow final 
conclusions. However, there are no significant differences in the number of sites of the 
catalysts investigated so far, although they differ in their activity. If this was true, a minority 
of sites that is not detectable with this method would have to be responsible, or the 
distribution of the sites would have to play a role. High catalytic activity is linked to the 
bimolecular isomerization mechanism, which may require adjacent sites. Alternatively, the 
lack of differentiation between more and less active materials by alkane adsorption may imply 
that active sites are only formed upon interaction of catalyst and alkane, and only under 
certain conditions.

A limit of using reactant-like molecules for probes was experienced with isobutane, 
which obviously not only adsorbed but on some samples reacted further. Future experiments 
will thus require less reactive probes. Propane turned out to be a rather unspecific molecule. A 
suitable probe molecule might be 2,2-dimethyl propane (neopentane). However, the 
secondary reaction processes initiated through isobutane adsorption were highly interesting. 
The heat of reaction could not be determined well enough to allow any conclusions on the 
type of reaction(s) occurring, but simple hydrocarbon rearrangements could be excluded. In 
interaction with isobutane, zirconia materials must undergo structural rearrangements with 
considerable heat evolution. The restructuring leads to the formation of additional sites for 
isobutane adsorption.
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7. In situ Investigations of Deactivation and Regeneration of Sulfated 
Zirconia Catalysts

7.1 Deactivation of Sulfated Zirconia during n-Alkane Isomerization Observed Using 
In Situ UV–vis Spectroscopy

7.1.1 Introduction and Purpose of Experiments

Unless special measures are taken, sulfated zirconia deactivates during alkane 
isomerization. Of the many reasons named for the deactivation, the formation of surface 
deposits (“coke”) is most frequently reported. The coke content varies depending on the 
reaction conditions, values in the literature range from as little as 0.013%274 over 0.07–0.09 
wt%461 and 0.39%224 up to somewhat over 1%.86,276 The coke content was investigated at 
different times on stream by Kim et al.87, and the nature of the coke was investigated by Chen 
et al.100 and Spielbauer et al.279 after the end of the reaction with UV–vis spectroscopy. Chen 
et al.100 assigned a band at 292 nm to allylic cations; Spielbauer et al.279 attributed three bands 
at 306, 366, and 400 nm to allylic cations, polyenylic cations, and polycyclic aromatic 
compounds, respectively. Stepanov et al.510 proposed, on the basis of NMR results, that 
substituted cyclopentyl cations are responsible for the deactivation.

Unsaturated species are obviously formed at some point during the interaction of n-butane 
or its reaction products with the surface. The UV–vis spectra of a number of cationic 
hydrocarbon species in solution627,628 or on zeolite surfaces 629,630 are available in the literature 
and can be used for interpretation of spectra of sulfated zirconia catalysts. However, there has 
not yet been an experiment that connects the reaction profile consisting of induction period, 
maximum conversion and deactivation of the catalyst to spectroscopic data. We have used 
diffuse reflectance UV–vis spectroscopy as a technique to monitor the catalyst surface but 
other than in the literature, the technique is applied in situ. A setup that has been specifically 
developed for the investigation of reactions of solid catalysts632 was used.

In Chapter 5, it has been shown that mesoporous zirconia seemingly exhibits a different 
deactivation behavior in n-butane isomerization than sulfated tetragonal zirconia. It is thus of 
particular interest to compare these systems with the different bulk structure with respect to 
the formation of surface deposits with time on stream.

One goal of the work was to relate the deactivation to the catalyst selectivity and the 
reaction mechanism. As discussed in Chapter 2.4, alkane isomerization can proceed through 
two different pathways, a bimolecular mechanism involving an alkylation and a scission step 
or a monomolecular mechanism (intramolecular rearrangement). An indication for the 
bimolecular mechanism of Cn-alkane isomerization are its side products arising from 
disproportionation, i.e. Cn-1- and Cn+1-alkanes. For n-butane, the maximum rates for all 
products coincide at the same time on stream under typical reaction conditions.238 In the case 
of n-pentane isomerization catalyzed by sulfated zirconia materials, it is possible to identify 
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predominance of the monomolecular or the bimolecular pathway because the isopentane and 
isobutane production rates reach their maxima at different times on stream.250,251 Using n-
pentane as a reactant thus offers the opportunity to reveal whether deactivation is solely 
connected to one or the other pathway. The investigations are so far limited to sulfated 
zirconia because unlike the colored promoted sulfated zirconia catalysts it has no potentially 
interfering bands in the region of interest.

7.1.2 Experimental
Sample preparation: Sulfated zirconium hydroxide XZO 682/1 from MEL Chemicals was calcined in portions 
of 10 g631 in a 200 ml min-1 flow of synthetic air for 3 h at 823 K to produce sulfated ZrO2. The SO3 content of 
the precursor is 5-6 wt% SO3 according to the information supplied by the manufacturer. After calcination, 
thermogravimetric experiments showed a weight loss corresponding to 4.7 wt% SO3. The surface area of the 
calcined material was determined by five-point-BET to be 83 m2 g-1. The mesoporous zirconia was prepared as 
described in Chapter 5.
Equipment for in situ UV–vis spectroscopy: The equipment, a modified PerkinElmer Lambda 9 spectrometer 
equipped with an integrating sphere and a microreactor cell (in-house design), has been described in detail 
elsewhere.632 The horizontally mounted microreactor consists of an inner tube (ID: 15 mm, OD: 20 mm) with a 
circular frit 2.8 mm from the end to accommodate the powder bed. The inner tube is enclosed by an outer tube 
(ID: 21 mm, OD: 25 mm) whose circular optical quartz window (Infrasil®, Heraeus) holds the powder bed in 
place. The volume between window and frit is thus fixed; it holds about 1.2 g of the conventional and about 
0.6 g of the mesoporous sulfated zirconia catalyst. The reactor is placed in a tubular oven with the reactor 
window at a distance of 12 mm from the integrating sphere; this distance is bridged by a ceramic tube of high 
reflectivity and low thermal conductivity (MACOR®, Kager). The temperature is measured with a thermocouple 
at the catalyst-free side of the frit, i.e. upstream from the bed and towards the center of the oven. All 
spectroscopic measurements were carried out sequentially over the range of 250–860 nm with a scan speed of 
240 nm∙min-1, a nominal slit width of 5.0 nm (equivalent to a resolution of 5.06–4.20 nm in the range 200–800 
nm), a response time of 0.5 s, and a step width of 1 nm. Spectralon® (Labsphere) was used as the white standard 
in the reference position.
In situ UV-vis spectroscopy: The calcined catalyst (1.24–1.31 g of the sulfated zirconia or 0.61–0.68 of the 
mesoporous sulfated zirconia) was loaded into the cell and heated in 65 ml∙min-1 helium flow to 723 K with a 
heating rate of 5∙K min-1. The catalyst sample was held at 723 K for 1.5 h, during this time the gas flow was 
switched to 30 ml∙min-1 of pure O2. The sample was then cooled to room temperature and reheated to the 
reaction temperature in helium. Reaction temperatures used with conventional zirconia were 358, 378, 423, and 
523 K for n-butane, and 298 and 308 K for n-pentane; with mesoporous sulfated zirconia the temperatures were 
453 K (n-butane), and 323 and 378 K (n-pentane) The reaction was carried out at atmospheric pressure, using a 
50 ml∙min-1 flow. Analysis of the gas phase products was performed by on-line gas chromatography (Varian 
3800) using flame ionization detection. With the selected temperature program, the PoraPLOT Q column 
(Chrompack) allowed the separation of all alkanes/alkenes and their respective isomers up to C6 in one run. The 
detection limits were about 1 vpm for C5 and C4 hydrocarbons, about 2 vpm for propane, and about 5 vpm for 
methane. The detection limits for some alkene isomers in the presence of the respective alkanes were higher, 
because the setup was optimized for fast iso-/n-alkane separation and not for complete alkene/alkane isomer 
separation. Butane (Linde, 3.5) was fed as a 5.0 vol% n-butane in helium mixture, which contained 21 vpm 
isobutane as impurity. Following the supplier’s specification and accounting for the dilution, the sum of 
impurities originating from the "n-butane" such as e.g. isobutane and butenes should not exceed 25 vpm in the 
mixture. Pentane (Linde, 2.0) was fed as a 0.25 vol% n-pentane in helium mixture, which contained 4 vpm 
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isopentane and 2 vpm n-butane as impurities. No other impurities were detected in the two feed mixtures, and 
the impurities were accounted for in the following calculations.
Conversion to gas phase products is defined as 100 x (∑ concentrations of individual gas phase products)/(alkane 
concentration in the feed). Yield is defined as 100 x (concentration of individual gas phase product)/(alkane 
concentration in the feed). Selectivity is defined as 100 x yield/(conversion to gas phase products). Carbon loss 
expressed in % is defined as 100 x (concentration of n-alkane in feed x number of carbon atoms of the n-alkane -
∑ concentrations of individual products x number of carbon atoms in product molecule)/(concentration of n-
alkane in feed x number of carbon atoms of the n-alkane). The rate of carbon loss expressed in moles C5 is 
defined as (moles of n-alkane fed per h per g catalyst x number of carbon atoms of the n-alkane - ∑ moles of 
individual products formed per h per g x number of carbon atoms in product molecule)/5.
Analysis of UV–vis spectroscopic data: The original data represent the reflectance R(λ) of the sample with 
respect to the reference material, which was Spectralon®. After activation of the catalyst, the spectrum of the 
catalyst, RC(λ) is taken; during the reaction, the spectrum of the catalyst with a potential adsorbate, RC+A(λ), is 
recorded, which is of course also a function of time on stream.
There are several different possibilities to report the band position of an adsorbate, the simplest of which is the 
minimum in the function RC+A(λ). The function R(λ) has a minimum if the conditions RC+A′(λ) = 0 and RC+A′′(λ) 
< 0 are fulfilled. The band position of a species adsorbed on a catalyst surface can only be extracted directly 
from the spectrum if the catalyst spectrum is flat at the position of the band of the adsorbed species, i.e. if RC′(λ) 
= 0. A band position without further data analysis was extracted e.g. by Chen et al.100 for deactivated sulfated 
zirconia.
Otherwise, there are three possibilities to obtain the band position of the adsorbate, all of which are based on the 
assumption that the spectrum of the catalyst does not change in the range of this band. If surface deposits are 
chemisorbed, changes will be inflicted to the surface structure, but they may not be detectable by UV–vis 
spectroscopy.
1) The difference between the reflectance spectrum of catalyst + adsorbate and the spectrum of the catalyst can 
be calculated and the band position can be taken from this difference spectrum. This procedure appears 
straightforward but is based on the assumption that the apparent absorbance is AApp = 1 - R and that the total 
apparent absorbance can be represented as a sum of individual absorbances:

)()(11 λλ ACAC ARR +−=− +

It follows then 

Such a procedure has been applied by Spielbauer et al.279 in the analysis of spectra of deactivated sulfated 
zirconia. The minima of the function RDiff(λ) represent the peak position, and these minima can be identified by 
finding RDiff′ = 0. It follows

)()( λλ ′=′+ CAC RR

As already described, the position of the minimum is the same as directly extracted from the spectrum if RC′(λ) = 
0.

)()(, λλ ACtotapp AAA +=

)()()(, λλλ CACDiffappDiff RRRA −=−= +
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2) The ratio between the reflectance spectrum of catalyst + adsorbate and the spectrum of the catalyst can be 
calculated:

This calculation mimics the situation in a double beam spectrometer with the activated catalyst in the reference 
position and catalyst + adsorbate in the sample position. For better understanding, this can be seen as equivalent 
to an investigation in transmission, whereby the pure solvent (diluent) is in the reference position and the sample 
solution, consisting of analyte and diluent, is in the sample position. The activated catalyst then corresponds to 
the diluent and catalyst + adsorbate correspond to the sample solution.
3) If the sulfated zirconia does not change during the reaction, the system could be regarded as the simple case of 
an organic material adsorbed on the surface of a diluent (=sulfated zirconia). Such systems have been analyzed 
and discussed by Kortüm.633 As long as the organic material is in a molecular-disperse state and its concentration 
is low with a molar fraction of 10-3 or less, the Kubelka-Munk function is proportional to the concentration. 
Absorption of the diluent can be eliminated by making two measurements, one of the diluent vs. a white standard 
(sulfated zirconia vs. Spectralon®) and one of the mixture of diluent plus organic material vs. the white standard 
(sulfated zirconia + adsorbate vs. Spectralon®). The difference between the Kubelka-Munk functions of the 
spectrum of catalyst + adsorbate and the spectrum of the catalyst is then calculated:

)()()( RFRFRF CACDiff −= +

The condition for a maximum (equivalent to a band position) or minimum is FDiff′(R) = 0, it follows

)()( RFRF CAC ′=′+

The first derivative of the Kubelka-Munk-function:

with R a function of λ and R’(λ) its derivative:

It follows that to fulfill F’Diff(R) = 0 the following terms must be equal:

The minima of FDiff(R) do not automatically coincide with the minima of RDiff(λ), as the two terms in the above 
equation do not become automatically equal if RA+C′(λ) = RC′(λ). They do become equal if RA+C′ (λ) = RC′(λ) = 0, 
i.e. if again the band maximum is located on a flat region of the catalyst spectrum. Kortüm’s discussions refer to 
strongly absorbing organic material adsorbed on a weakly absorbing diluent. Although his procedure is the best 
method for analysis from a theoretical point of view, it needs to be verified that it is applicable to the system 
under investigation. If bands of adsorbed species overlap with strong absorption by the catalyst, the reflectance 
may be out of the range of validity of the Kubelka-Munk function. In general, the Kubelka-Munk function is 
limited to systems with diluted absorption sites, which would e.g. exclude charge transfers transitions of 
zirconia. This is first tested for spectra of sulfated tetragonal zirconia and mesoporous sulfated zirconia recorded 
during n-butane isomerization.
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Figure 7-1:  In situ UV–vis diffuse reflectance 
spectra recorded after activation and after 14 h of 
n-butane reaction. Conditions 1.28 g sulfated 
zirconia; 423 K; 5 kPa n-butane in helium; 50 
ml∙min-1 total flow at atmospheric pressure.

Figure 7-2:  In situ UV–vis diffuse reflectance 
spectra recorded after activation and after 14.5 h of 
n-pentane reaction. Conditions 0.61 g mesoporous 
SZ; 323 K; 1 kPa n-pentane in helium; 50 ml∙min-1

total flow at atmospheric pressure.
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Figure 7-3:  Different methods of analysis to extract 
the spectrum of surface species. Analysis of spectra 
shown in Figure 7-1.

Figure 7-4:  Different methods of analysis to extract 
the spectrum of surface species. Analysis of spectra 
shown in Figure 7-2.

Figure 7-1 shows the spectrum of sulfated zirconia in a freshly activated state and after 14 h of reaction at 423 K. 
In the range 400–800 nm, the material is highly reflecting without any specific absorptions. Below 400 nm, a 
strong decrease of the reflectance is observed. The band gap is, according to the not very consistent literature, 
expected towards shorter wavelengths, i.e. between 250 and 285 nm.548,634,635 The weak absorption in the range > 
400 nm allows for the Kubelka-Munk analysis, while application of this method below 400 nm appears 
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questionable. The spectrum recorded after the reaction is obviously different but without a pronounced band. 
Accordingly, no band position of an adsorbed species can be obtained directly from the spectra.
Figure 7-2 shows spectra of mesoporous sulfated zirconia before and after reaction. The spectrum is quite 
different from that of sulfated zirconia in the region below 400 nm in that the absorption increases strongly only 
below 280 nm. The material shows the electronic properties of an insulator. After reaction a strong absorption 
band centered at 300 nm is observed.
Analysis of the spectra according to the three different methods described above is shown in Figure 7-3 and 
Figure 7-4. It is evident from these graphs that the exact band position and also the band shape, which may 
indicate the presence of more than one species, depend on the analysis. The Kubelka-Munk function generates 
rather noisy representations. The maximum of FDiff(R) in Figure 7-3 is located at about 305 nm, while the 
difference of the apparent absorbances ADiff,app suggests a band position at 310 nm. Similarly, the band positions 
in Figure 7-4 vary between 290 and 300 nm. It is thus important to realize that band positions have at best an 
accuracy of ± 5 nm; ± 10 nm seems a more conservative estimate, given the fact that experiments with different 
catalyst batches under identical conditions gave positions that did not differ by more than 5 nm. In the 
comparison with literature data the influence of the analysis has to be accounted for. In order to see the 
development of the changes, all data are presented as simple difference spectra in the following (Figure 7-7 to 
Figure 7-9, Figure 7-13, Figure 7-16), and it is understood that these differences include possible changes of the 
catalysts. The difference spectra taken at low reaction temperatures were noisy and exact determination of band 
position and height was not always possible. For estimation of band intensities as a function of time on stream, 
band areas were evaluated.
In situ DRIFT spectroscopy: A Bruker IFS 66 FTIR spectrometer at a spectroscopic resolution of 1 cm-1, the 
diffuse reflectance attachment “The Selector” from Graseby Specac, and a D315M MCT detector were used. The 
spectrometer was purged with purified air. For the in situ studies, the Graseby Specac “Environmental Chamber” 
was employed. The cell can be heated to a nominal temperature of 773 K but the sample (surface) temperature 
deviates considerably because the sample is in a sample cup which is being heated from the bottom, where the 
temperature is measured. The reactions were conducted in a 2.5 mm high gold cup with 8.5 mm OD and 7.2 mm 
ID. The cell has a single ZnSe window on top which is sealed with Teflon. The “dome” is water-cooled. Powder 
samples (0.10 g of mesoporous or 0.16 g of conventional sulfated zirconia) were packed in the in situ cell 
(Graseby Specac), activated at 773 K in a flow of 50 ml∙min-1 N2, cooled down to reaction temperature (358 or 
378 K), and fed with 30 ml∙min-1 of 1 vol% n-butane in N2. Spectra were taken using KBr under N2 purging as a 
reference. Reaction products were analyzed by on-line gas chromatography using flame ionization detection.625

7.1.3 Catalytic Results from Conventional Sulfated Zirconia

The products of n-butane reaction were isobutane, propane, isopentane, and n-pentane at 
358, 378, and 423 K, and additionally methane, ethane, and ethene at 523 K. At 358 K, an 
induction period of 120 min was observed before the conversion increased significantly. A 
maximum in conversion was reached after 172 min at 358 K and after 47 min at 378 K; 
afterwards the conversion declined steadily. At 423 and 523 K, no induction period was 
detected, i.e. the conversion declined more or less from the beginning. The conversion to gas 
phase products increased with temperature and the maximum values ranged from 5% (358 K) 
to 32% (523 K). Carbon loss was sometimes observed on the first few data points and ranged 
from 5–15% without a clear trend with temperature. At 358, 378, and 423 K, the selectivity to 
isobutane passed through a minimum as the conversion to gas phase products and the propane 
selectivity passed through a maximum. The selectivity to isobutane at this minimum ranged 
from 90% at 423 K to 94% at 358 K. An isobutane selectivity < 90% was observed for the 
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first hour at 523 K. A steady state was reached after about 5 h on stream, the rates of 
isobutane formation were then 41 (358 K), 47 (378 K), 156 (423 K), and 233 (523 K) 
µmol∙g-1∙h-1. The yield of isobutane from reaction of n-butane as a function of time on stream 
at 358, 378, 423, and 523 K is shown in Figure 7-5.
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Figure 7-5:  Yield of isobutane vs. time on stream 
during reaction of n-butane with temperature as a 
parameter. Conditions: 1.25–1.31 g SZ; 358, 378, 423, 
523 K; 5 kPa n-butane in helium; 50 ml∙min-1 total 
flow at atmospheric pressure.

Figure 7-6:  Yield of various products of the 
reaction of n-pentane vs. time on stream 
Conditions: 1.25 g SZ; 308 K; 0.25 kPa n-pentane 
in helium; 50 ml∙min-1 total flow at atmospheric 
pressure.

The detectable products of n-pentane reaction were isobutane, isopentane, n-butane, 
propane, n-hexane, 2-methylpentane, and 3-methylpentane. The conversion to gas phase 
products increased with time on stream and reached its maximum at 21% after 96 min at 
298 K and at 26% after 80 min at 308 K before it declined rapidly. The carbon balance 

indicated losses as high as 20–40% in the first 
50 min for both temperatures. The selectivities 
to isopentane at maximum isopentane 
formation rate were 37% at 298 K and 23% at 
308 K. The rate of isopentane formation after 5 
h on stream was ≈ 2.5 µmol∙g-1∙h-1 for both 
reaction temperatures, 298 K and 308 K. The 
yields of various gas phase products from 
reaction of n-pentane as a function of time on 
stream at 308 K are shown in Figure 7-6.

7.1.4 In Situ UV–vis Spectra of Conventional 
Sulfated Zirconia

Figure 7-7 shows a series of difference 
spectra obtained during the reaction of n-
butane at 378 K. A weak band with a 
maximum at about 310 nm developed with 
increasing time on stream. A band at this
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Figure 7-7:  UV–vis difference spectra obtained 
from diffuse reflectance spectra recorded in situ 
during n-butane reaction with time on stream as a 
parameter. Conditions: 1.27 g SZ; 378 K; 5 kPa 
n-butane in helium; 50 ml∙min-1 total flow at 
atmospheric pressure.
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position was observed at all four reaction 
temperatures. It was always the first band 
that evolved; specifically it was detected 
after about 150 min at 358 K, after 24 min at 
378 K, after about 10 min at 423 K, and from 
the beginning at 523 K. At 358, 378, and 
423 K the band at 310 nm remained the only 
detectable band within the observation span 
of 6 h. The intensity of this band approached 
a constant level at all temperatures. At 
523 K, two further bands appeared in the 
spectrum with increasing time on stream as 
shown in Figure 7-8; first a band at 370 nm 
after 20 min on stream and then a band at 

430 nm after 6 h. These two bands continued growing within the observation span of 15 h.
Figure 7-9 shows a series of spectra obtained during the reaction of n-pentane at 298 K. 

The spectra were characterized by a broad feature (FWHM ≈ 60 nm after 798 min) with a 
maximum at 330 nm, which grew in intensity with increasing time on stream. Under all 
applied conditions, the feature at 330 nm always developed, but no other bands were detected 
within the observation span of at least 6 h.

7.1.5 Discussion of Deactivation of Conventional 
Sulfated Zirconia

Chen et al.100 and Spielbauer et al.279

investigated sulfated zirconia that had been 
deactivated during n-butane isomerization and 
found bands at 292 nm (position from original 
spectrum, measured in reflectance100) and 306 nm 
(difference of reflectance spectra279), which they 
attributed to allylic species. Förster et al.629 studied 
the interaction of a number of C3-compounds with 
zeolites and reported band positions between 310 
and 345 nm (spectra corrected for the background 
absorption of the zeolite, measured in 
transmission) for monoenic allylic cations. Pazé et 
al.630 exposed H-Ferrierite to 1-butene and 
obtained bands at 1580 cm-1 and at 310 nm 
(original spectrum, measured in reflectance), 
which were ascribed to a monoenic allylic cation. 
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Figure 7-8:  UV–vis difference spectra obtained 
from diffuse reflectance spectra recorded in situ 
during n-butane reaction with time on stream as a 
parameter. Conditions: 1.31 g SZ; 523 K; 5 kPa 
n-butane in helium; 50 ml∙min-1 total flow at 
atmospheric pressure.
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Figure 7-9:  UV–vis difference spectra 
obtained from diffuse reflectance spectra 
recorded in situ during n-pentane reaction 
with time on stream as a parameter. 
Conditions: 1.28 g SZ; 298 K; 0.25 kPa 
n-pentane in helium; 50 ml∙min-1 total flow at 
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Their assignment was based on literature data of ions on zeolite surfaces629 and in 
solution627,628 and the fact that the band at 310 nm partially disappeared upon exposure to 
NH3, which is presumed to neutralize the charge of the allylic cations. Pure zirconia activated 
at temperatures > 600 K also gives an absorption band at 303 nm,398 which has been assigned 
to a charge transfer process associated with coordinatively unsaturated (cus) sites according to

(Zr4+–O2-) (Zr3+–O-)*

Such a band should then be present in the activated state unless cus sites for some reason 
are formed during the induction period. The fact that during butane and pentane isomerization 
bands at different positions are developed makes it more likely that they originate from 
hydrocarbon deposits than a type of cus site. Accordingly, the pronounced band at 310 nm 
that forms during n-butane isomerization (Figure 7-7 and Figure 7-8) in our experiments may 
also be attributed to the π-π* transition of allylic cations. Alkyl groups as substituents cause a 
shift of typically +5 nm,636 which is not enough to properly identify the chain length of our 
allylic species. The asymmetric shape of the band suggests that possibly several species 
contribute; such species could be of different chain length or just structural isomers. As the 
ratio of propane to pentanes in the effluent stream is always larger than one, C5-species will 
have to remain on the surface if the sole origin of propane is the disproportionation of a C8-
intermediate. The presence of C5-species on the surface thus seems likely, and is further 
corroborated by the spectra obtained at 523 K. Namely, the bands at longer wavelengths can 
be attributed to allylic cations with conjugated double bonds, whose formation requires a 
hydrocarbon backbone of a certain minimum length. Specifically, the bands at 370 and 430 
nm are identified as dienic and trienic allylic cations;629,630 for such ions, a chain length of at 
least 5 or 7 carbon atoms, respectively, is required. The assignment is deduced from work on 
zeolites, specifically from the work of Pazé630 who assigned bands at 370 and 435 nm to 
dienic and trienic ions, and from the work of Förster629 who assigned bands at 370–390 nm to 
dienic and at 430–480 nm to trienic allylic cations, and suggested that initially formed 
monoenic species transform to more highly conjugated species. Hong et al.107 have also 
inferred that sulfated zirconia deactivation is caused by unsaturated straight chain species, i.e. 
alkenes. Spielbauer et al.279 have also attributed a band at 366 nm formed during n-butane 
isomerization at 523 K on sulfated zirconia to “polyenylic” cations; a band at 410 nm formed 
at 473 K in the presence of H2 in the feed was attributed to polycyclic aromatic compounds. 
The band positions are in principle too unspecific to exclude the presence of aromatic species 
on our samples; however, the positions match the data reported for dienic and trienic allylic 
cations extremely well. The extinction coefficients of allylic cations are in the order of 
magnitude of 104 l∙mol-1∙cm-1;627 and as with polyenes, the coefficients should increase with 
conjugation (up to a factor of 2 per additional double bond636). The spectra could thus be 
deceiving with respect to the amount of dienic and trienic allylic cations on the surface.
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The broad feature at 330 nm observed during the reaction of n-pentane (Figure 7-9) also 
falls within the range for absorptions attributable to allylic cations. In the n-pentane reaction, 
the rate of formation of isobutane is throughout the entire run more than one order of 
magnitude larger than the sum of rates of formation of hexane isomers (factor of 25–40 at 298 
K and 19–65 at 308 K); actually, more isobutane than isopentane is produced within the 
observation span. If isobutane is formed through disproportionation of C10-intermediates, C6-
hydrocarbons will have to remain on the surface. The width of the feature at 330 nm suggests 
that it is a superposition of several single bands, possibly different C6-isomers. Alternatively, 
the band could be assigned to cyclopentenyl cations, which were proposed as causes of 
deactivation by Luzgin et al.514, who monitored the isomerization of n-pentane at room 
temperature by 13C-MAS-NMR. Bands of more highly conjugated species were not detected; 
both, our observations with the n-butane reaction and Pazé’s630 results suggest that the 
reaction temperature (max. 308 K in our case) is not high enough for the formation of such 
species. At a low enough reaction temperature the formation of polyunsaturated deposits can 
apparently be avoided, for the n-butane as well as for the n-pentane reaction.

For n-butane isomerization at 358 K and 378 K the band at 310 nm and the reaction 
profile can be connected as follows (Figure 7-10): In the first 120 min at 358 K, the catalyst 
produces isobutane with high selectivity, but no bands evolve in the UV–vis region. Either 
there are indeed no surface species, or they are too few to be detected or too short-lived, or 
they do not absorb within the UV–vis region. Species such as carbenium ions, if formed from 
adsorbing alkanes, would not be visible in our spectra because they do not absorb above 210 
nm,628 nor would alkanes themselves be detectable. Whatever triggers the sudden increase in 
conversion, changes to the catalyst or accumulation of surface species, is not detectable in the 
UV–vis spectra.
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Figure 7-10:  Rates of formation of isobutane (squares) and propane (triangles) and band area at 310 nm 
(stars, right axis) vs. time on stream. Conditions: 1.25 g SZ and 358 K (left) or 1.27 g SZ and 378 K (right); 
5 kPa n-butane in helium; 50 ml∙min-1 total flow at atmospheric pressure.

One possibility is that the reaction initially proceeds through a monomolecular 
mechanism, and only as (i) enough branched species are available on the surface and/or (ii) 
alkenes have been formed, alkylation to give C8 species (bimolecular mechanism) can take 
place. The accumulation of contaminant butenes from the feed stream as a reason for the 
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induction phase appears unlikely because the length of the induction period at constant feed 
flow is a function of temperature (see Figure 7-5) and the initial isomerization activity is 
almost independent of the alkene concentration in the feed stream,280 although there is a 
significant influence of the alkene concentration on the overall reaction profile.280,496 Traces 
of propane in the product stream throughout the entire reaction profile indicate that the 
reaction never proceeds exclusively through the monomolecular isomerization mechanism. 
Significant amounts of propane and pentanes, which indicate the formation of C8 species, are 
detected only at high conversions; they could thus be secondary products. However, Cheung 
et al.238 stated that propane and pentanes are apparently primary products of the reaction of 
n-butane over Fe- and Mn-promoted sulfated zirconia. Also, cracking of C8 hydrocarbons 
preferentially produces C4-species rather than C3- and C5-species,490,637 i.e. propane and 
pentanes are always formed in small quantities and may, as in our case the pentanes, only 
become detectable at high conversions. The isobutane selectivity, which during the peak 
activity drops from 97 to 94% at 358 K and from 94 to 91% at 378 K and then rises again to 
99% at 358 K and to 98% at 378 K, is the best indicator for an increased contribution of the 
bimolecular mechanism to product formation during the period of high activity. Because the 
rate of formation of propane was always larger than the sum of rates of formation of n- and 
isopentane under the selected conditions, C5-species must be retained at the surface. It can of 
course not be excluded that a C3-species remains on the surface as a C5-species desorbs, and 
equally, one out of two C4-species may remain on the surface. More generally speaking, if a 
C8-intermediate cleaves into a neutral and a charged species (e.g. alkene/alkane + cation), the 
charged species will, for a time, remain on the surface.

During the period of increasing conversion, unsaturated surface species are formed. In 
Figure 7-10, the evolution of the band at 310 nm, attributable to allylic cations, with time on 
stream is shown together with the rates of formation of isobutane and propane (indicative of 
disproportionation). The increase in conversion at 378 K and the band growth are fairly rapid 
and it is not possible to decide if one precedes the other. From the data taken at 358 K, it 
becomes evident that the species absorbing at 310 nm is obviously not an intermediate; the 
highest conversion is reached before the band is fully developed. The initial, fast increase of 
the band coincides with the maxima of all rates; the band continues to grow as the rates 
already decrease. The band appears to be associated with the bimolecular mechanism and the 
species is obviously a competitive product, i.e. the selectivity changes from gas phase product 
to deposit formation. After the band at 310 nm is saturated, the catalyst continues to produce 
isobutane, i.e. there exist active sites that are not affected by the presence of this surface 
deposit.

For the intensity profile of the 310 nm band with time on stream, specifically for the 
approach to a constant level, a second explanation is possible. Additional species that absorb 
at 310 nm could still be formed on the surface; but if the species were not molecularly 
dispersed, the intensity would no longer increase linearly with concentration. Given the 
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reaction profile with its fast decrease in conversion, the explanation seems unlikely. However, 
at longer times on stream trienic allylic cations are observed that require at least a C7-
backbone. Such trienic cations could arise from long-lived C8-surface species that are slowly 
dehydrogenated, but they could also be oligomerization products of shorter chain length 
species, in which case these species would have to be in close proximity and thus not 
molecularly dispersed.

The bands at 310, 370, and 430 nm develop with time during n-butane isomerization at 
523 K as follows (Figure 7-8): In addition to the band at 310 nm, which grows from the 
beginning of the reaction, two bands at 370 and 430 nm start to grow after 20 min and 6 h on 
stream. These bands indicate that dienic and trienic allylic cations629,630 are formed during 
n-butane reaction at 523 K. The intensity of the band at 310 nm does not decrease as the 
additional bands grow. The species absorbing at 310 nm are thus (i) either formed at the same 
rate as they are further dehydrogenated to give the more highly unsaturated species, or (ii) 
they are not intermediates for the dienic and trienic allylic cations, implying that the 
differently conjugated species are situated on different sites.

There is no change in the rate of formation of isobutane as the 310 nm band saturates, and 
also not as the band at 430 nm starts to grow. The adsorption sites for these species are thus 
independent of the sites that produce isobutane. The presence of a triply unsaturated species 
(430 nm), which requires at least a C7-backbone, suggests that after 6 h on stream (i) 
alkylation is still occurring, or long-lived C7-species are present from earlier stages of the 
reaction, and (ii) dehydrogenation is favored over cleavage. The fact that new species are 
formed after so many hours suggests that the catalyst surface and the thereon adsorbed species 
undergo changes not apparent in UV–vis spectra. Slow accumulation could lead to an 
increasing number of species on adjacent sites that can then react to larger hydrocarbons.

For n-pentane reaction at 298 K and 308 K, the band at 330 nm is correlated with gas 
phase product formation as follows (Figure 7-11 and Figure 7-12): Similar to the observations 
during n-butane isomerization, there were no bands detectable during the induction period. 
However, with n-pentane as feed, a considerable carbon loss (around 40%) could be detected 
within the first minutes on stream, and before the catalyst showed any significant activity. The 
adsorbate does not absorb in the UV–vis range, i.e. within the early stages of the reaction, no 
significant amounts of unsaturated surface species are present. The subsequent increase in 
isopentane production results probably from monomolecular isomerization, because the 
cracking of a C10-species would produce more C4- than C5-hydrocarbons.638 Shortly after, 
isobutane becomes the main product indicating that the bimolecular mechanism 
predominates. As the production of isobutane becomes significant, the band at 330 nm begins 
to grow. The sequence of events with time on stream during n-pentane isomerization is 
illustrated in two different ways in Figure 7-11 and Figure 7-12. Figure 7-11 shows the 
pentane reaction at 308 K, and the band area (band at 330 nm) is plotted; Figure 7-12 shows 
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the pentane reaction at 298 K, and the first derivative of the band area, i.e. the band growth 
rate is plotted.
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Figure 7-11:  Rates of formation of isopentane (open 
pentagons) and isobutane (open squares), rate of 
carbon loss (solid pentagons), and area of band at 330 
nm (stars, right axis) vs. time on stream. Carbon loss 
(solid pentagons) is expressed in units of moles C5.
Conditions:1.25 g SZ; 308 K; 0.25 kPa n-pentane in 
helium; 50 ml∙min-1 total flow at atmospheric 
pressure.

Figure 7-12:  Rates of formation of isopentane 
(open pentagons), isobutane (open squares), rate of 
carbon loss (solid pentagons), and area increase 
(d[area]/dt) of band at 330 nm (stars) vs. time on 
stream. Carbon loss is expressed in units of moles 
C5. Conditions: 1.29 g SZ; 298 K; 0.25 kPa n-
pentane in helium; 50 ml∙min-1 total flow at 
atmospheric pressure.

The initial carbon loss (expressed in units of C5), indicating the adsorption of n-pentane, 
can clearly be recognized. As the carbon loss declines from its first maximum, the isopentane 
formation rate reaches its maximum, followed by the maximum in isobutane formation rate, 
and finally, band growth at 330 nm. Both figures reveal an increase in carbon loss as the band 
develops, suggesting that gas phase species are consumed in the process. Figure 7-11 shows 
(i) that only as the production of isobutane becomes significant, does the band at 330 nm 
begin to grow, indicating a relation between bimolecular mechanism and deposit formation 
and (ii) opposing trends for the formation of saturated gas phase products and unsaturated 
surface species, indicating that these two reactions are competitive and that dehydrogenation 
eventually prevails. Figure 7-12 underlines that the maximum in band growth is reached only 
after the maxima in product formation.

7.1.6 Mechanism of Alkane Isomerization in the Presence of Conventional Sulfated Zirconia

Based on the reactor effluent gas analysis (Figure 7-5 and Figure 7-6), the in situ UV–vis 
spectroscopic measurements (Figure 7-7, Figure 7-8, and Figure 7-9), and the correlation of 
these data (Figure 7-10, Figure 7-11, and Figure 7-12), the following picture evolves for the 
catalytic action and deactivation of sulfated zirconia in isomerization of alkanes at low 
temperature (358 and 378 K for n-butane, 298 and 308 K for n-pentane):

1. As it must, the reaction starts out with chemisorption of the n-alkane. Under the applied 
conditions, the adsorption was observable as a significant initial carbon loss when n-pentane 
was the reactant. There was no immediate observation of bands in the UV–vis spectra; an 
initial high carbon loss is thus not equivalent to “coking” of the catalyst. The adsorption could 
be the process seen in the calorimetric experiments in Chapter 6.2. In order to be able to 
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detect conversion and spectral changes, the applied n-butane partial pressure was 20 times 
higher than the n-pentane partial pressure; when n-butane was the reactant, the small fraction 
from the stream that was adsorbed could thus not be extracted from the carbon balance.

2. The conversion starts at a low level and then increases slowly (often called “induction 
period”), and formation of the isomerization product is the predominant reaction for both 
reactants during this period. For n-butane, both, the mono- and the bimolecular mechanism, 
lead to the same main product, viz. isobutane. For n-pentane, the two mechanisms lead to 
different main products; the monomolecular mechanism produces isopentane, while isobutane 
is the main scission product from the C10 intermediate of the bimolecular mechanism. The 
product distribution data for the n-pentane reaction show that isomerization first proceeds 
through the monomolecular mechanism; for n-butane the data are consistent with, but not 
evidence for a monomolecular mechanism whose supposition is in agreement with the 
literature. Based on catalytic data, it was previously suggested by Matsuhashi et al.105 that 
alkane (n-butane and n-pentane) isomerization on sulfated zirconia in the beginning proceeds 
through a monomolecular mechanism. Luzgin et al.514 confirmed contribution of the 
monomolecular mechanism to the n-pentane isomerization on sulfated zirconia by isotopic 
labeling and NMR spectroscopy. Suzuki and Okuhara512 proved the contribution of a 
monomolecular mechanism for n-butane on sulfated zirconia by isotopic labeling and GC-
MS, but investigated only how the two mechanisms compete depending on temperature and 
not depending on time on stream or degree of deactivation. 

3. As the conversion increases further and approaches its maximum, unsaturated surface 
species are observed by UV–vis spectroscopy. The formation of Cn-1- and Cn+1-hydrocarbons 
as side products (disproportionation) indicates the bimolecular mechanism. For n-butane 
reaction, the bimolecular mechanism appears acceptable in that it still leads predominantly to 
isobutane. According to Matsuhashi et al.105 the activation energy for monomolecular 
isomerization of n-butane is 54 kJ∙mol-1 and for bimolecular isomerization is 37 kJ∙mol-1. A 
major fraction of the total amount of isobutane produced within the most active stage of the 
catalyst thus arises from the bimolecular mechanism. Analysis of products in a batch system 
(with use of 13C-labelled n-butane) after a certain time on stream will reflect this situation; 
e.g. Adeeva et al.509 concluded that the isomerization proceeded through a bimolecular 
mechanism, while Suzuki and Okuhara512 with a more elaborate method of analysis found 
some contribution of the monomolecular mechanism. For n-pentane reaction, the bimolecular 
mechanism is undesirable because isobutane becomes the main product.

4. As the conversion passes through its maximum, rapid formation of unsaturated surface 
species, apparently allylic cations, is evidenced by bands at 310 (n-butane reaction) and 330 
nm (n-pentane). The activity is already declining as these bands reach their highest (and final) 
intensity, indicating that the allylic species are not intermediates of the reaction. The 
formation of allylic species requires the abstraction of three hydrogen atoms from an alkane, 
e.g. in the form of dihydrogen and hydride. If these species were intermediates, the hydrogen 
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atoms would have to be added again to obtain the saturated products. None of the according 
bands ever decreases in intensity; under the selected conditions the formation of allylic 
surface species is thus irreversible. Particularly, the data obtained during n-pentane reaction 
show that the formation of the allylic species is associated with the occurrence of the 
bimolecular mechanism; there are no unsaturated surface species detected when the 
isopentane production is at its maximum. Rather than being consecutive reactions, the 
formation of the allylic species and the formation of saturated gas phase products are 
competitive reactions, rooted in a common intermediate.

The selectivity of the catalyst changes such that dehydrogenation is the predominant 
reaction. The allylic cations block active sites, specifically the sites that promote the fast 
bimolecular mechanism, but there are sites remaining that are responsible for the long-term 
activity. These two types of sites may be identical to the "more active" and "less active" sites 
in the model of Kim et al.87 who believe the "less active" sites produce activity at longer times 
on stream.

5. After a steep drop, the conversion becomes almost stable and the selectivity towards 
the isomerization product increases (both reactants). The bands at 310 and 330 nm stop 
growing. There are obviously a sufficient number of sites remaining for the reaction to 
continue, and the selectivity data suggest that the contribution of the monomolecular 
mechanism increases. With increasing temperature, the high initial activity in n-butane 
isomerization declines more rapidly and the long-term activity increases (Figure 7-5); the 
fraction of isobutane produced via the monomolecular mechanism increases. Consistently, 
Suzuki and Okuhara512 in their batch-type experiment find an increasing contribution of the 
monomolecular mechanism in n-butane isomerization with increasing temperature.

The more interesting aspect of the sulfated zirconia catalyst may be its ability to catalyze 
the monomolecular mechanism. Hence, more research should focus on the low long-term 
activity than on the short-lived high activity that leads to partial coking of the surface.

7.1.7 Comparison of Conventional and Mesoporous Sulfated Zirconia

Figure 7-13 shows UV-vis diffuse reflectance spectra of conventional and mesoporous 
sulfated zirconia taken in situ during n-butane isomerization. Under the selected conditions , 
the conventional sulfated zirconia catalyst produces 150–500 µmol g-1 h-1 isobutane while the 
mesoporous material produces 300–400 µmol g-1 h-1. The band areas are in the same order of 
magnitude. The peak positions are different by 20–25 nm; analysis according to Kubelka-
Munk gives a difference of only 10–15 nm. The UV–vis method is not sensitive enough to 
distinguish easily between different allylic species. In principle, the band at 285–290 nm falls 
within the range of absorption bands of cyclic allylic carbocations, e.g., the absorption bands 
of substituted cyclopentenyl cations has been reported at around 275–310 nm.476,627
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As both catalysts give the same products 
it appears however not likely that different 
surface species are formed. Another 
interpretation of the band positions is a 
difference in polarization of these species by 
the catalyst surfaces, which differ in the 
underlying bulk structure and in the sulfate 
content.

The time-on-stream profiles of the two 
catalysts are quite different under these 
conditions (Figure 7-14, Figure 7-15). The 
conventional catalyst reached the maximum 
isobutane formation rate after 17 min on 
stream: the rate decreases to a “steady state” 

of 150–170 µmol∙g-1∙h-1 after 90 min (Figure 7-14). The maximum rate for the mesoporous 
material at 423 K is observed after ca. 140 min on stream and is equal to ca. 400 µmol∙h-1∙g-1. 
During the next 10 h, the rate decreases slowly to about 300 µmol∙h-1∙g-1 (Figure 7-15) and is 
therefore higher than that of the conventional catalyst for long times on stream. Furthermore, 
the isobutane selectivity of the conventional sulfated zirconia is about 90% at the maximum 
conversion while the selectivity is always > 95% for the mesoporous sulfated zirconia under 
these conditions. The difference in selectivity can be explained by the difference in 
conversion: the maximum conversion in the presence of the conventional sulfated zirconia is 
about 15% and therefore three times as high as that of the mesoporous sulfated zirconia.
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Figure 7-14:  Rates of product formation during n-
butane reaction in the presence of SZ and area of 
band at 310 nm vs. time on stream. Conditions 
1.28 g conventional SZ at 423 K; 5 kPa n-butane in 
helium; 50 ml∙min-1 total flow at atmospheric 
pressure.

Figure 7-15:  Rates of product formation during n-
butane reaction in the presence of mesoporous SZ 
and area of band at 290 nm vs. time on stream. 
Conditions: 0.68 g sample, 453 K, 5 kPa n-butane in 
helium; 50 ml∙min-1 total flow at atmospheric 
pressure.

The temporal evolution of the intensity of the bands at 290 nm (mesoporous) and 310 nm 
(conventional) also differs and corresponds to the conversion data. For the conventional 
sulfated zirconia, a rapid increase is observed at high conversion followed by stagnation after 
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Figure 7-13:  Difference spectra obtained from in 
situ UV–vis reflectance spectra recorded after about 
14 h n-butane reaction. Conditions 1.28 g 
conventional SZ at 423 K; 0.68 g mesoporous SZ at 
453 K; 5 kPa n-butane in helium; 50 ml min-1 total 
flow at atmospheric pressure.
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the activity drops to the steady state level (Figure 7-14). For the mesoporous sulfated zirconia, 
a steady increase in the band intensity at 290 nm is observed with time (Figure 7-15). The 
selectivity of this catalyst does not change very much with time on stream, consistent with 
constant formation rates towards the gas phase products but also towards the deposits.

The isomerization of n-pentane isomerization over mesoporous sulfated zirconia has been 
carried out at two different temperatures, i.e., 378 K and 323 K. A UV–vis spectrum taken 
during n-pentane reaction at 323 K after 300 min time-on-stream is presented in Figure 7-16, 
together with a spectrum obtained from the conventional sulfated zirconia during n-pentane 
isomerization at 298 K (both difference spectra).
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Figure 7-16:  Difference spectra obtained from in 
situ UV–vis spectra recorded during n-pentane 
isomerization after ca. 3 h on stream; 1.29 g 
conventional SZ at 298 K and 0.25 kPa n-pentane 
in helium; 0.61 g mesoporous SZ at 323 K and 1 
kPa n-pentane in helium; 50 ml min-1 flow at 
atmospheric pressure.

Figure 7-17:  Rates of formation of isopentane and 
isobutane and area of band at 290 nm (right axis) vs. 
time on stream. Mesoporous SZ, same experiment as 
in Figure 7-16.

It can be seen that the nature of the surface species on the two materials again is different. 
On the surface of the mesoporous material, at least two different species are formed which 
absorb at ca. 285 and at 310–330 nm. The band observed for the conventional sulfated 
zirconia is centered around 330 nm. The differences in the band positions that are observed 
for the two materials can either be explained by the formation of different hydrocarbon 
structures as already discussed for the n-butane reaction, or, through differences in the charge 
of the species. The shift towards lower wavelengths (Figure 7-13 and Figure 7-16) of the 
absorption bands in the spectra of sulfated mesoporous zirconia with respect to those in the 
spectra of conventional sulfated zirconia suggests an adsorbate with a lower positive charge, 
i.e., a species closer to an alkene than to an allylic cation.

The reactivity of n-pentane is much higher than that of n-butane; and a different product 
distribution and an immediate, rapid deactivation of the mesoporous zirconia catalyst were 
observed at 378 K. At a reaction temperature of 323 K, it is possible to observe an induction 
period, a maximum in activity, and the establishment of a “steady state” (Figure 7-17). The 
activity vs. time-on-stream profiles looks very similar to those obtained with conventional 
sulfated zirconia (Figure 7-6, Figure 7-11, and Figure 7-12), with a rapid loss of the high 
activity and with isobutane, not isopentane, as the main product. Small quantities of propane 
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and hexanes are found as by-products. The maximum selectivity towards isobutane is higher 
than that towards isopentane for both materials. The n-pentane reaction profile obtained with 
the mesoporous catalyst is not consistent with the original hypothesis that there are some 
highly active sites only in the presence of the tetragonal bulk.

In Figure 7-18, the region of the S=O stretching band for both the conventional and the 
mesoporous sample is shown after activation and after 15–16 h of n-butane isomerization 
reaction. The initial position of this band is about 1403 cm-1 for the conventional and about 
1386 cm-1 for the mesoporous sulfated zirconia, corresponding to a difference of 17 cm-1. This 
variation in band position could be due to the differences in sulfate contents or in the 
underlying bulk structure, but is anyway further confirmation for the special surface structure 
of the mesoporous material.

The S=O band is extremely sensitive to 
the hydration state and to any adsorbate, 
rendering this difference difficult to interpret. 
For both materials, the S=O band 
experiences a shift of 12–20 cm-1 during 
reaction towards lower wavenumbers. Again, 
this shift is unspecific and could arise from 
the surface species seen in the UV–vis 
spectra as well as e.g. from traces of any 
polar compound such as water, which is 
discussed as a side product but is also 
assumed to be present as an impurity in the 
feed gases (vide infra).

7.1.8 Conclusions

Our in situ UV–vis spectroscopy experiments unraveled the correlation between catalytic 
performance and formation of surface deposits. The detected bands at 290–330 nm suggest 
that the surface deposits are allylic cations of varying constitution. The results from 
conventional and mesoporous zirconia consistently show that deactivation is connected to the 
bimolecular reaction pathway, i.e. deactivation is rapid whenever the presence of propane (in 
n-butane isomerization) or isobutane (in n-pentane isomerization) indicates major 
contributions from the bimolecular pathway. These contributions increase with the 
conversion. The less active mesoporous sulfated zirconia thus is seemingly less prone to 
deactivation, at least during reaction of n-butane, while it deactivates rapidly with the more 
reactive n-pentane. This behavior is not fully understood and is being further investigated.

Infrared spectra show that the sulfate species on conventional and mesoporous zirconia 
are different but undergo similar changes during reaction. UV–vis spectra show that the 
surface species formed during reaction on the two materials absorb at slighly different 
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Figure 7-18:  In situ DRIFT spectra recorded 
during n-butane reaction after activation and after 
reaction. Conditions: 0.16 g conventional SZ at 
358 K, 0.10 g mesoporous SZ at 378 K; 1 kPa 
n-butane in N2; 30 ml∙min-1 total flow at 
atmospheric pressure.
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wavelengths. For the distinction of structural details, the UV–vis method is too unspecific. 
But as the reaction chemistry on these surfaces is so similar it is assumed that the different 
band positions rather reflect the different electronic properties of the two catalysts, which are 
also evident from their UV–vis spectra in the activated state (Figure 7-1 and Figure 7-2). The 
concept of using mesoporous sulfated zirconia for comparison to elucidate the unique 
properties of the tetragonal phase has proved successful.
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7.2 Regeneration of Sulfated Zirconia and Promoted Sulfated Zirconia: Role of 
Oxygen

7.2.1 Introduction and Purpose of Experiments

Deactivation of sulfated zirconia catalysts can be prevented through certain measures 
such as doping the catalyst with Pt and adding hydrogen to the feed. Operation under “mild” 
conditions with little deactivation is also possible, but yields are low. Alternatively, the 
catalyst can be regenerated. As the idea is to remove carbonaceous deposits, the reactivation 
often encompasses an oxidizing atmosphere and a temperature program similar to the 
activation procedure. Li and Gonzalez274 managed to completely recover the activity of 
sulfated zirconia used for n-butane isomerization at 473 K by treatment in air at 723 K. 
Regeneration was not possible by consecutive treatments in N2 and O2 at 823 K.277 Spielbauer 
et al.279 also achieved complete recovery of the catalyst by treatment in oxygen at 723–753 K. 
Vera et al.276 and Li and Gonzalez277 reported that coke can be removed from the surface of 
sulfated zirconia as CO2 in an inert gas but with a concomitant decomposition of sulfate, 
additionally they succeeded in dissolving the coke in methanol or pyridine. Kim et al.87

described a model with two types of active sites whereby the less active sites were more 
easily regenerated (lower temperature).

Resofski et al.283 were able to regenerate sulfated zirconia after hexane isomerization by 
treatment in O2. Vaudagna et al.282 studied a catalyst deactivated in n-hexane isomerization at 
473 K and reported the formation of coke, a loss of surface area, and a loss of sulfur (up to 
50%) and linked to that, a partial transformation of the tetragonal to the monoclinic phase. 
They could not fully regenerate the surface area in air at 773 K (74 vs. 122 m2∙g-1) although 
the coke was removed entirely.282 Ng et al.278 also reported sulfur loss during n-butane 
isomerization at 523 K. These literature data suggest that sulfur loss occurs at high reaction 
temperatures. In a reactivation procedure, sulfur would have to be replenished. A phase 
transformation to the thermodynamically more stable monoclinic phase may not be reversible.

Regeneration of promoted sulfated zirconia is more complex. It has been hypothesized 
that the promoters initiate the alkane isomerization by a redox reaction23,232,247,253 which may 
be stoichiometric rather than catalytic.216 Accordingly, not only coke would have to be 
removed but also the promoter might have to be reoxidized in a reactivation. In Chapter 6.1, it 
was realized that the promoters iron and manganese are incorporated into the zirconia lattice 
and, by being in a lower oxidation state than zirconium, must generate oxygen vacancies. If 
these were relevant for the catalytic activity, an oxidative treatment may also tune the number 
of oxygen vacancies. Reactivation of promoted materials has been reported by Coelho et al.247

and Alvarez et al.235 who reactivated Mn- and Fe-promoted sulfated zirconia by treatment in 
air at 923 K and 873 K, respectively. The long-term activity was similar to that in the first run 
but the “initial activity burst” was missing. Reactivation was also demonstrated by Morterra et 
al.232 who pointed out that it mattered how the catalyst was first activated, i.e. in air or helium.
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In the present chapter, explorative work was performed on the regeneration of sulfated 
and promoted sulfated zirconia systems including monitoring of the Mn valence by in situ 
XAS at the Mn K edge. Particular attention was paid to the effect of inert and oxidizing 
atmospheres.

7.2.2 Experimental
Catalysis and regeneration in tubular reactor: Isomerization of n-butane to isobutane was conducted at 
atmospheric pressure in a once-through plug-flow fixed bed reactor with 13 mm ID (16 mm OD) employing 500 
mg of catalyst. For activation, the catalyst was heated with 30 K min-1 to 723 K, held at 723 K for 30 min, and 
then cooled to the reaction temperature. The entire activation was performed in a 50 ml∙min-1 flow of nitrogen 
(N2 5.0, Linde; further purified with Oxysorb® and Hydrosorb® cartridges, Messer-Griesheim). The 
isomerization was run at 338 K, feeding 80 ml∙min-1 of a 1% n-butane in nitrogen mixture (Linde n-butane 3.5). 
Regeneration was performed with the same heating ramps as for activation, using a 50 ml∙min-1 flow of either N2

or 50% O2 in N2 and different holding times at 723 K. Analysis was done by on-line GC, see Chapter 4.1.
In situ XAFS spectroscopy: X-ray absorption spectra were recorded in fluorescence mode at Hasylab beamline 
E4, using a Ge detector at 90° to the incident X-ray beam. Data were acquired with an energy step of 0.6 eV over 
the edge, with a typical scan time of 10 minutes. The beamline resolution is 0.8 eV at Ar K edge (3.2 keV). A 
flow-through powder bed reactor was used.639 A special feature of the cell is a beam bypass that allows 
measurement of the spectrum of a Mn metal foil, in transmission, for energy calibration simultaneously with the 
fluorescence spectrum of the catalyst. The Mn edge energy was determined by a fit of the normalized XANES 
with an arctangent function. For calibration of the oxidation state, MnO and Mn2O3 were measured as references. 
Activation of the catalyst (500 mg) was performed by heating to 703 K at 10 K∙min-1 in a 48 ml∙min-1 flow of 
helium. The reaction was conducted at 333 K using 1 kPa n-butane in helium at 80 ml∙min-1 flow. Analysis of 
the gas phase was achieved with a Pfeiffer OmniStar® mass spectrometer. The relative isobutane concentration 
was determined by calibration of mass/charge signals 29 and 41. The flow rate for regeneration in 50% O2 in 
helium was 40 ml∙min-1.

7.2.3 Results of Regeneration in a Tubular Reactor

The regeneration of sulfated zirconia after deactivation in n-butane isomerization was
conducted in an atmosphere of 50% O2 and 50% N2 at 723 K, which is also the initial 
activation temperature. One sample underwent a series of consecutive catalytic runs and 
regenerations. The holding time at 723 K was varied, i.e. a 1 h “short” regeneration and a 71–
88 h “long” regeneration were performed. The results are presented in Figure 7-19 and Figure 
7-20. The initial activation was conducted in N2 and the reaction profile shows a 2 h induction 
period and then a slow deactivation over the next 12 h on stream, whereby the isomerization 
rate decreases by about 25% in relation to the maximum activity. The first short regeneration 
in oxygen-containing atmosphere produced a material about twice as active as the initial one. 
The following long “regeneration” (Figure 7-20) treatment actually yielded a material that 
was less than half as active as the “deactivated” sample of the previous run. A long treatment 
in oxidative atmosphere is obviously not favorable for the isomerization rate but interestingly 
the obtained material underwent no deactivation. The negative effect of the treatment was 
partially reversible, i.e. another short treatment resulted in a reaction rate that is twice as high
(Figure 7-20). The sample could be “switched” between these two states of low stable activity 



7. In situ Investigations of Deactivation and Regeneration of Sulfated Zirconia Catalysts

173

and high activity by applying either the long or the short regeneration procedure between 
catalytic runs.
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Figure 7-19:  Rate of isomerization of n-butane vs. 
time on stream. Conditions: 500 mg sulfated 
zirconia, 338 K, 1 kPa n-butane in N2, 80 ml∙min-1

flow at atmospheric pressure. Reactivation at 
723 K.

Figure 7-20:  Rate of isomerization of n-butane vs. 
time on stream. Conditions as in Figure 7-19. 
Experiments in Figure 7-19 and Figure 7-20
performed consecutively with the same sample.

The situation is somewhat different for promoted sulfated zirconia, as shown with a 0.5 
wt% Mn-promoted sulfated zirconia in Figure 7-21 and Figure 7-22. Again, the first 
activation was performed in N2. Under the same reaction conditions, this catalyst produced 
more than 10 times as much isobutane as the unpromoted material. The catalyst showed the 
typical reaction profile with a 2 h induction period and a slow decline whereby the activity 
was reduced to about 50% of the maximum within 12 h. A short regeneration in oxidative 
atmosphere led to a similarly or slightly less active material (Figure 7-21), and repetition of
this treatment always led to the same performance profile (Figure 7-21 and Figure 7-22).
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Figure 7-21: Rate of isomerization of n-butane vs. 
time on stream. Conditions: 500 mg 0.5 wt% Mn 
promoted sulfated zirconia, 338 K, 1 kPa n-butane 
in nitrogen, 80 ml∙min-1 flow at atmospheric 
pressure. Regeneration at 723 K.

Figure 7-22:  Rate of isomerization of n-butane vs. 
time on stream. Experiments in Figure 7-21 and 
Figure 7-22 performed consecutively with the same 
sample.

A long regeneration treatment had a positive effect on the promoted material and resulted 
in a state that was characterized by a higher maximum activity than was achieved by the 
initial activation in nitrogen or the short regeneration treatments (Figure 7-21 and Figure 
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7-22). In this more active state, the sample deactivated faster as can be seen by the differences 
in slopes during the decline in isomerization rate. Overall, the long term activity depended 
less on the type of treatment than it did in case of unpromoted sulfated zirconia.

Similar trends were observed for a number of Fe- or Mn-promoted catalysts with various 
promoter contents. A single promoted sample was characterized by opposite behavior (long 
regeneration = bad, short = good) but this sample exhibited a promoting effect of only a factor 
of five. It may thus be speculated that promoted samples with only slightly enhanced activity 
in comparison to sulfated zirconia behave essentially like sulfated zirconia.

A 2 wt% Mn-promoted sulfated zirconia was treated in hydrogen at 723 K after activation 
in nitrogen and reactivation in 50% oxygen. Afterwards the sample was completely inactive, 
but could be partly regenerated by treatment in 50% oxygen.

7.2.4 Regeneration of Manganese-Promoted Sulfated Zirconia Monitored by In Situ XAFS 
Spectroscopy

From X-ray absorption spectra of the Mn K edge, the Mn oxidation state can be 
determined; however, no information is obtained on the degree of hydration, state of the 
sulfate, or on the presence of surface deposits. The Mn valence was monitored during 
activation of a 2 wt% Mn-promoted sulfated zirconia in helium; the results are presented in 
Figure 7-23. The average valence of the Mn in the catalyst at the start was about 2.65. This 
value indicates the presence of higher oxidations states besides Mn2+, which has been detected 
using EPR spectroscopy (Chapter 6.1). It is not possible to identify the fractions of individual 
oxidation states from the XAS data; e.g. Mn3+, Mn4+, or both may be present. Investigations 
of Mn supported on γ-Al2O3 show that at 673 K, β-MnO2 is formed while at 873 K, α-Mn2O3

is formed.640 These results may not be quite comparable because the interaction between Mn 
ions and γ-Al2O3 is weak; nevertheless our calcination temperature of 923 K may also favor 
Mn3+ instead of Mn4+. Interestingly, non-stoichiometric forms of MnO2 are reported to release 
hydrogen ions giving an acid reaction.641 For solid solutions of manganese in zirconia, the 
simultaneous presence of three oxidations states, Mn2+, Mn3+, and Mn4+, is possible.605 Our 
non-sulfated Mn/ZrO2 samples had an average valence of ≈ 3, suggesting that Mn3+ may be 
present besides Mn2+.

Upon heating, the average valence decreased to about 2.45 indicating reduction of the 
manganese, a slight increase in valence is observed at the end of the cooling ramp. At the 
beginning of the n-butane isomerization reaction (Figure 7-24), the average oxidation state 
was 2.47. It changed to 2.45 within the first 15 min on stream and then remained constant 
while the catalyst produced isobutane with a rapidly changing rate. The isomerization rate 
increased for 10 min and then decreased within 100 min to less than 50% of its maximum 
value. 

During regeneration in an oxidative atmosphere, shown in Figure 7-25, a slight decrease 
in the valence from 2.48 to 2.43 was observed during the temperature ramp to 703 K, a 
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similar reduction as in helium but not as drastic. Eventually, a slight oxidation to an average 
Mn valence of 2.50 occurred during the treatment. The reaction profile, presented in Figure 
7-26, was different than after activation in helium, the period of increasing activity was only 
10 min long and the maximum isomerization rate was higher. Deactivation proceeded more 
rapidly and the remaining conversion after 100 min was only about 15% of the highest value. 
The average Mn valence remained constant at 2.5 throughout the 100 minutes of changing 
performance of the catalyst.
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Figure 7-23:  Average Mn oxidation state of a 
2 wt% Mn-promoted sulfated zirconia during 
activation in helium. Conditions: 500 mg sample, 
heating rate 10 K∙min-1, maximum temperature 
703 K, 48 ml∙min-1 flow helium at atmospheric 
pressure.

Figure 7-24:  Average Mn valence and rate of 
isomerization of n-butane vs. time on stream after 
activation of 2 wt% Mn promoted sulfated zirconia 
in helium at 703 K. Conditions: 333 K, 1 kPa 
n-butane in helium, 80 ml∙min-1 flow at atmospheric 
pressure. Continuation of experiment shown in 
Figure 7-23.
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Figure 7-25:  Average Mn oxidation state of a 
2 wt% Mn-promoted sulfated zirconia during 
reactivation in 50% O2 in He. Conditions: heating 
rate 10 K∙min-1, maximum temperature 703 K, total 
flow 40 ml∙min-1 at atmospheric pressure. 
Continuation of experiment shown in Figure 7-24.

Figure 7-26:  Average Mn valence and rate of 
isomerization of n-butane vs. time on stream after 
reactivation of 2 wt% Mn promoted sulfated 
zirconia in 50% O2 in He at 703 K. Conditions as in 
Figure 7-25. Continuation of experiment shown in 
Figure 7-23 to Figure 7-25.

7.2.5 Discussion and Conclusions

The fact that the exposure to oxygen plays a role for unpromoted sulfated zirconia is 
intriguing. The catalyst has been presumed acidic, the support inert. It could be argued that 
the short reactivation produces a more active catalyst because the hydrocarbon surface species 
are not burnt off entirely, i.e. intermediates could remain on the surface. However, with this 
model, the different activity levels cannot be explained, nor can the observation of an 
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induction period, which is supposedly due to the accumulation of intermediates on the 
surface. Hence, it is believed that coke removal is complete under the applied conditions. 
Also, there appears to be no significant loss of sulfur because always the same activity levels 
are reached. As a last possibility, the oxygen exposure may tune defects in the zirconia bulk 
and on its surface.

According to Giamello, monoclinic zirconia treated at 870 K in vacuum is slightly 
reduced;642 Eder and Kramer reported significant reduction only at 973 K.643 In hydrogen, 
reduction sets in at 473 K. Torralvo et al.171 suggested that oxygen vacancies make the 
existence of the tetragonal phase at low temperatures possible, Djuričić et al.177 found sub-
stoichiometric tetragonal zirconia more stable. The nature of the defects in partially reduced 
mixed tetragonal and monoclinic zirconia has been described by Occhiuzzi et al.644 who 
excluded Zr3+ and rather favored trapped electrons in oxygen vacancies (VO') on the basis of 
EPR data. Additionally, the H2 consumption during reduction was always at least four orders 
of magnitude (µmol∙g-1 range) higher than the number of defects detected (nmol∙g-1 range), 
which was interpreted as the presence of EPR-silent electrons in the conduction band.

For such defects to play a role for the catalytic properties, they would have to be 
generated during activation. It could be speculated that tetragonal zirconia, which may already 
contain oxygen vacancies, will be somewhat reduced in our inert gas treatment at 723 K. 
Promoted sulfated zirconia can be successfully activated in 100% oxygen (see Chapter 7.3), 
but some oxygen vacancies will always remain because of the promoter valence of less than 
4. Alternatively, a rapid heating procedure may always generate defects independent of the 
atmosphere. A comparison of sulfated zirconia activated in oxygen and in helium has been 
made by Yaluris et al.;430 differences could not be discerned but this may have been due to an 
unfortunate choice of reaction conditions. Vera et al.645 reduced zirconia in hydrogen before 
sulfation and obtained a more active material; it was concluded that anionic vacancies are 
“related to the catalytic activity”.

Reactivation should then remove the coke but perhaps without totally oxidizing the 
zirconia. The reoxidation would have to proceed on a time scale of many hours, because it 
makes a difference whether the catalyst is regenerated for 1 h or for > 60 h. Reoxidation of 
monoclinic zirconia in a temperature-ramped experiment proceeds in two steps, in the range 
453–523 K and 753–793 K,643 indicating that at our reactivation temperatures, such a process 
may occur, and that the duration of the treatment might make a difference. The rate of 
oxidation of non-stoichiometric zirconia has been investigated by Aronson.646 He found 
kinetics following a rate equation typical of diffusion in spheres, indicating that oxygen 
diffusion in the lattice may be the rate limiting step. On the other hand, the influence of the 
oxygen pressure was larger than expected for a pure diffusion mechanism. The activation 
energy for the oxidation reaction was found to be 242 kJ∙mol-1. Although his data were 
obtained for monoclinic zirconia, we have used them to estimate a typical duration of 
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reoxidation depending on particle size and temperature. The following rate equation was 
used:

with C = fractional conversion; a = particle radius in cm; k = rate constant in cm2 s-1, and t = 
reaction time.

We have used the rate constant published by Aronson to estimate the fractional 
conversion (1 = total reoxidation) as a function of time with the crystallite size and the 
temperature as parameters. The results are presented Figure 7-27 and Figure 7-28.

The approximate radius of the 
crystallites in our catalysts was retrieved 
from the XRD data; the value of 135 nm 
represents Aronson’s data. At 723 K, 
reoxidation of small zirconia crystallites 
would be complete only after several hours, 
Figure 7-27. The effect of temperature on 
the reaction rate is considerable, Figure 
7-28. These estimations demonstrate that 
redox reactions of the zirconia bulk occur 
on a time scale that would allow for a 
difference in effect between 1 h and 70–90 
h of treatment.

The situation becomes more complex 
when Mn is present. Again, regeneration 
yields a catalyst equally active as the fresh 
one, so that major loss of sulfur can be 
excluded. Decomposition of sulfate to 
volatile products would seem to be an issue 
only at higher reaction temperatures and not 
below 373 K. The (re)activation in O2 leads 
to a higher Mn oxidation state and a higher 
maximum activity than treatment in an inert 

gas. There is no correlation between the catalyst performance with time on stream and the 
actual Mn oxidation state. This is explainable only if a redox process involving Mn is 
catalytic and not stoichiometric, or the number of sites is below the detection limit of XAS, or 
the Mn valence after activation is just an indicator of some other catalyst property. Besides 
coke and oxygen vacancies there may be a third parameter that obscures the results. This 
could e.g. be the hydration state of the catalyst, addressed in the next section. Despite this 
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missing piece a consistent picture evolves from our regeneration experiments. The catalytic 
activity of sulfated and promoted sulfated zirconia is influenced by oxygen exposure. The 
time scale of reoxidation of the catalysts suggests participation of the zirconia bulk. The 
positive effect of oxygen in activation and regeneration may be taken as evidence for the often 
suggested oxidative dehydrogenation as an initiation reaction in alkane isomerization; 
however, too much oxygen exposure is bad for the catalytic performance. A model with two 
types of sites could account for such behavior.
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7.3 Deactivation and Regeneration of Promoted Sulfated Zirconia Followed by In Situ 
DRIFT Spectroscopy: Role of Water and Recovery of Sulfate Structure

7.3.1 Introduction and Purpose of Experiments

Different reactions have been proposed for the initial activation of the alkane to give a 
carbenium ion. One postulated mechanism consists of oxidative dehydrogenation with 
reduction of the sulfate and formation of water; alternatively, the promoter or the zirconium 
can be reduced.23,276 However, water has been considered as a poison to the catalyst.276,418

Regeneration would then require not only removal of carbonaceous deposits, but also removal 
of water and reoxidation of sulfate without volatilization of the sulfur species, or reoxidation 
of the zirconium or the promoter.

Sulfate, coke and water can be detected by vibrational spectroscopy. DRIFT spectra have 
shown a reduced intensity of the S=O stretching band at 1370 cm-1 but regeneration in O2 at 
723 K reproduced the spectrum of the fresh catalyst.275 Spielbauer et al.279 obtained Raman 
(and UV–vis) spectra identical to those of the fresh catalyst by treatment in oxygen at 723–
753 K. 

Vera et al.276 as did Li and Gonzalez277 reported that coke can be removed from the 
surface as CO2 in an inert gas but with a concomitant decomposition of sulfate. Risch and 
Wolf106 obtained better results when they not only regenerated the catalyst in O2 but also 
exposed it to water. Particularly the long term activity was improved. This would suggest that 
water can also have a positive effect, and indeed the importance of a certain degree of 
hydration has been pointed out repeatedly.102,104,106,418,429,434,440 The introduction of traces of 
water to the feed has been patented for a family of catalysts, among them sulfated zirconia.647

Here we use in situ DRIFT spectroscopy to monitor the sulfate structure, the water 
content, and potential carbonaceous deposits during the reaction and during different 
activation and regeneration procedures. 

7.3.2 Experimental
In situ diffuse reflectance Fourier-Transform IR spectroscopy (DRIFTS): For instrument and cell, see 
Chapter 7.1. The samples were activated or regenerated in a stream of 48 ml min-1 N2 or 23 ml∙min-1 O2. The 
heating program consisted of a 25 K∙min-1 ramp up to 773 K, a holding time of 30 min at this temperature, and a 
cool-down period to the desired reaction temperature. The feed was 1 vol% n-butane in N2 at 30 ml∙min-1 and the 
reaction temperature was 323 K. Analysis was performed by on-line GC, see Chapter 4.1. It has been 
demonstrated that the cell is suitable as a catalytic reactor.625

7.3.3 Deactivation of Manganese-Promoted Sulfated Zirconia 

Spectra of a 2 wt% Mn-promoted catalyst after activation in flowing nitrogen and during 
n-butane reaction are shown in Figure 7-29 and Figure 7-30. Before activation, the spectrum 
was of poor quality due to the large water content of the catalyst. After activation, the 
spectrum was characterized by O-H, S-O and S=O vibrations. Bands and their assignments 
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are assembled in Table 7-1. The overtones and combination modes of the SO vibrations are 
surprisingly intense although they are forbidden. Despite activation at 773 K, the spectra 
always show the presence of some adsorbed water, as indicated by bands at about 1625 and 
1600 cm-1. In part, this can be explained by traces of water in the purge gases, which were 
eagerly adsorbed by the catalysts. The gases were cleaned by Hydrosorb® cartridges, but this 
was not sufficient and when the catalyst was held in flow, the water bands increased slightly 
with time.

Table 7-1: Band positions and assignments for 2 wt% Mn-promoted sulfated zirconia 
activated at 773 K in flowing N2

A number of changes occurred to the spectra with time on stream during n-butane 
isomerization. Intense bands of CH vibrations became visible with introduction of n-butane 
into the in situ cell. Bands located at 2983, 2967, 2956, 2935, and 2875 cm-1 can be assigned, 
with the help of literature and a transmission spectrum of n-butane, to the CH stretching 
vibrations υas(CH) and υs(CH) of the methyl and methylene groups of gaseous n-butane. A 
broad band at 1466 cm-1 arose from CH-bending vibrations δ(CH) of methyl and methylene 
groups of gaseous n-butane. An overall decrease in the reflectivity of the material was 
observed, which makes it impossible to create meaningful difference spectra.

With increasing time on stream, the bands at ca. 1630 and 1600 cm-1 increased in 
intensity, the S=O vibration initially at 1400 cm-1 was shifted to lower wavenumbers and a 
new band appeared at 1307 cm-1. The bands above 1600 cm-1 could represent deformation 
bands of water or C=C vibrations. If C=C vibrations were observed, CH-vibrations of vinyl 
and vinylidene groups should also appear in the spectra. The stretching vibrations would be 
located just above 3000 cm-1; no distinct bands were observed in this region but bands could 
be hidden in the broad absorption that covers the whole range above 3000 cm-1. The band at 
1307 cm-1 is within the range of in-plane bending vibrations of vinylidene protons and would 
be indicative of e.g. isobutene; however, bands in this range were present in the spectra of 
activated sulfated zirconia and activated Fe-promoted sulfated zirconia prior to contact with 
n-butane.

Band position / cm-1 Assignment Band position / cm-1 Assignment
3634 υ(O–H) 1597–1602 δ(O–H) von H2Oads

3581 υ(O–H) (Type II OH) ca. 1425
2762 overtone υ(S=O) ca. 1400 υ(S=O)
2416 combination υ(S=O) 

and υ(S–O)
ca. 1305 carbonate?

2336 υ(N≡ N) adsorbed N2 1213 ?
2046 overtone υ(S–O) 1045 υ(S–O)

1625–1630 δ(O–H) von H2Oads 780 δ(O–H) (Type I OH?)
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Figure 7-29:  DRIFT spectra of 2 wt% Mn-
promoted sulfated zirconia recorded at 323 K. 
Conditions: 184 mg catalyst, activation at nominal 
773 K for 30 min in 48 ml∙min-1 N2, reaction at 323 
K, 1 kPa n-butane in nitrogen, 30 ml∙min-1 flow at 
atmospheric pressure.

Figure 7-30:  Section of spectra in Figure 7-29. 
Time on stream: (a) 0 min, (b) 1 min, (c) 34 min, (d) 
65 min, (e) 144 min, and (f) 15 h. 

The reaction profile corresponding to the spectra in Figure 7-29 and Figure 7-30 is shown 
in Figure 7-31. Within less than 2 h, the catalyst reached its maximum activity and then 
deactivated rapidly. The figure also contains the shift of the S=O band, initially located at 
about 1400 cm-1, with time on stream. During the first 2 h the band shifted rapidly. For 
comparison, the shift of the band in pure N2 flow is shown. The S=O band is shifted by 
adsorption of molecules such as pyridine (Table 2-8), carbon monoxide (Table 2-11), or 
water. The question arises whether the shift is caused by water from the feed gases, water 
formed in the reaction, or another species. The shift in N2 was much smaller than during 
reaction, but the N2 was purified with a Hydrosorb® cartridge while the feed was not 
(adsorption of n-butane in the cartridge).
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Figure 7-31:  Rate of isomerization of n-butane and 
shift of S=O band initially located at ca. 1400 cm-1

vs. time on stream. Same experiment as in Figure 
7-29 and Figure 7-30.

Figure 7-32:  DRIFT spectra of 2 wt% Mn-
promoted sulfated zirconia taken at 323 K, in either 
48 ml∙min-1 N2 or during reaction: (a) 1 h 47 min 
and (b) 4 h 27 min after start of cooling from 
activation temperature of 773 K.

However, Figure 7-32 demonstrates quite different intensity distributions in the range of 
the deformation bands of water depending on the presence or absence of n-butane. The high-
frequency band at about 1630 cm-1 developed much more strongly in the n-butane containing 
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atmosphere than in N2. Usually, only a single band is observed in this region on the surface of 
oxides, and it is assigned to the bending vibration of coordinated water.648 With increasing 
degree of hydration this band experiences a blue shift, because hydrogen bonding shifts 
deformation modes to higher wavenumbers. We observed at least two bands, and so far, we 
could not identify whether C=C vibrations contribute to the feature around 1600 cm-1 in the 
spectra recorded under reaction conditions.

To clarify at least the interaction 
between the sulfate groups and the adsorbed 
species, we have attempted to correlate the 
shift (position) of the S=O band with the 
intensity of the two bands around 1600 and 
1630 cm-1, Figure 7-33. For integration, the 
spectra were converted into Kubelka-Munk 
units, which, given the sufficiently high
reflectance in this range, should be 
acceptable. Because the background 
changed considerably within the spectra 

series, integration limits were kept flexible. The S=O band position is almost linearly 
correlated to the integrated intensity of the two bands, suggesting that the species that are 
responsible for the bands also interacted with the sulfate and caused the shift of the S=O band. 
In order to extract the individual influence of the two species, the spectra were fit with two 
bands. Fitting was difficult because of the changing background, the band shapes, and the 
presence of a third band at about 1675 cm-1 at later times on stream. Independent of the 
function chosen (Gauss, Lorentz), the lower frequency band (1600 cm-1) always grew faster 
initially, and was then “overtaken” by the band at 1630 cm-1. This can also be seen in Figure 
7-30.

7.3.4 Regeneration of Manganese-Promoted Sulfated Zirconia Monitored by In Situ DRIFT 
Spectroscopy

Spectra of a 2 wt% Mn-promoted sulfated zirconia after activation and after regeneration 
in oxygen are presented in Figure 7-34. These spectra were taken at corresponding times in 
the identical activation or regeneration program, and within the reproducibility of the 
experiment, they are identical. This observation is consistent with earlier reports275,279 on 
DRIFT, Raman, and UV–vis spectra of unpromoted sulfated zirconia after regeneration. 
Figure 7-35 shows changes of the spectra during exposure of the catalyst to the purge gas, in 
this case oxygen. The experiments represent different dwell times after cooling and before 
start of the reaction. As mentioned above, the catalyst is slowly being rehydrated in the purge 
gas, which results in an intensity increase of the hydrogen bridging absorptions above 3000 
cm-1 and the bands at 1600 and 1630 cm-1. Although the importance of the degree of 
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hydration has been outlined,102,104,106,418,429,434,440 the samples whose spectra are shown Figure 
7-35 were equally active with exactly the same reaction profile, Figure 7-36. Regeneration in
O2 is complete, and minor variations of the degree of hydration do not affect the catalytic 
performance. These data further confirm that under mild reaction conditions there is no sulfur 
loss at all or only insignificant loss that does not affect the catalytic activity.
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Figure 7-34:  DRIFT spectra of 2 wt% Mn-
promoted sulfated zirconia taken at 323 K. 
Activation and regeneration at 773 K for 30 min 
with 23 ml∙min-1 O2 flow at atmospheric pressure. 
Data were recorded 45 min after the begin of the 
cooling period.

Figure 7-35:  DRIFT spectra of 2 wt% Mn-
promoted sulfated zirconia taken at 323 K. 
Activation and regeneration at 773 K for 30 min 
with 23 ml∙min-1 O2 flow at atmospheric pressure. 
Data were recorded 60 and 92 min after the begin 
of the cooling period.

Activation in N2 produces a different result than activation in O2. The catalytic data for a 
2 wt% Mn-promoted sulfated zirconia that was first activated in nitrogen and then regenerated 
in oxygen are contained in Figure 7-37. The profiles show that the promoted catalyst reaches 
a more active state after activation in nitrogen than after activation in oxygen; the maximum 
isomerization rates are about 150 and 200 µmol∙g-1∙h-1 (compare Figure 7-36 and Figure 
7-37). Also in a consecutive experiment, i.e. the catalyst was activated in nitrogen and then 
regenerated in oxygen, the oxygen atmosphere leads to a less active state.
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Figure 7-36:  Rate of isomerization of n-butane vs. 
time on stream. Conditions: 158 mg 2 wt% Mn 
promoted sulfated zirconia, 323 K, 1 kPa n-butane in 
nitrogen, 30 ml∙min-1 flow at atmospheric pressure. 
Activation and regeneration at 773 K for 30 min 
with 23 ml∙min-1 O2 flow at atmospheric pressure. 
Spectra before reaction shown in Figure 7-35.

Figure 7-37:  Rate of isomerization of n-butane vs. 
time on stream. Conditions: 159 mg 2 wt% Mn-
promoted sulfated zirconia, 323 K, 1 kPa n-butane 
in nitrogen, 30 ml∙min-1 flow at atmospheric 
pressure. Activation and regeneration at nominal 
773 K for 30 min with 48 ml∙min-1 N2 or 23 
ml∙min-1 O2 flow at atmospheric pressure. 
Experiments performed consecutively with the 
same sample.
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Seemingly, this result differs from the regeneration experiments conducted in the in situ 
XAS cell with a 2 wt% Mn-promoted catalyst (Chapter 7.2). But the O2 partial pressure in 
those tests was only half of what was applied here (=pure O2), and the studies on sulfated 
zirconia clearly indicated that too much exposure to oxygen has a negative effect. A short
treatment—activation or regeneration—in pure O2 could in effect correspond to a long 
treatment in an atmosphere with lower O2 concentration. DRIFT spectra of Mn-promoted 
sulfated zirconia are comparable after activation in N2 or O2. The different state of this 
catalyst evoked by the treatment atmosphere is not reflected in the spectra, i.e. the IR active 
surface functional groups are unaffected. These functions include hydroxyl and sulfate 
groups, and it follows that catalytic activity is not solely determined by the state of these 
groups.

After “regeneration” in N2—as a first or second reactivation treatment in a series of 
alternating catalytic runs and reactivations—the catalyst was totally inactive (also shown in 
Figure 7-37). This behavior can be understood with the help of the DRIFT spectra in Figure 
7-38 to Figure 7-40. Treatment of the deactivated Mn-promoted sulfated zirconia catalyst at 
773 K in N2 caused the appearance of two new bands at 1532 and 1465 cm-1. The band at 
1532 cm-1 can be assigned to C=C double vibrations conjugated with other double bonds, e.g. 
in an aromatic ring. The band at 1465 cm-1 is relatively unspecific and can arise from the C-H 
bending modes of methyl or methylene groups, which may be attached to carbon or oxygen 
atoms. Assignment to an aromatic ring is also possible. Both bands are relatively intense, and 
if they originated from unsaturated hydrocarbons, C-H stretching vibrations would be 
expected in the spectrum. However, no bands can be discerned in the regions of aliphatic, 
olefinic, or aromatic C-H stretching vibrations. For gas phase n-butane e.g. the stretching 
vibrations are about 2-3 times as intense as the bending vibrations. It would then seem more 
appropriate to attribute the bands at 1532 and 1465 cm-1 to C=C vibrations, which are among 
the most intense bands in the spectra of aromatic compounds. The presence of species with 
C=C bonds on the surface of the catalyst after reaction and heating in N2 can only be 
explained by the presence of adsorbed hydrocarbon species at the end of the catalytic reaction. 
On sulfated zirconia, such species were detected with in situ UV–vis spectroscopy, Chapter 
7.1; however, equivalent UV–vis spectra of Mn-promoted materials are not yet available. The 
spectrum of the deactivated catalyst in Figure 7-39 shows a broad band below 3000 cm-1, 
consistent with surface hydrocarbon species. These species are obviously dehydrogenated 
during heating in N2. Polyunsaturated species were also detected on sulfated zirconia at higher 
reaction temperature (Chapter 7.1). Whether dehydrogenation is an oxidative process with 
reduction of catalyst components and formation of water, or just cleavage with formation of 
molecular hydrogen is unclarified; the gas phase was not monitored in this experiment. 
Information from the literature276,277 suggests that in such an experiment, sulfur should be 
lost.
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Figure 7-38:  DRIFT spectra of 2 wt% Mn 
promoted sulfated zirconia, taken at 323 K. 
Conditions: 184 mg catalyst, activation and 
regeneration at nominal 773 K, holding time 30 
min, 48 ml∙min-1 N2 flow at atmospheric pressure. 
“After reaction” corresponds to 16 h on stream at 
323 K, 1 kPa n-butane in N2, 30 ml∙min-1 flow at 
atmospheric pressure; cell purged free of feed with 
N2 (30 min). Experiments performed consecutively 
with the same sample.
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Figure 7-39:  Section of DRIFT spectrum in Figure 
7-38. 

Figure 7-40:  Section of DRIFT spectrum in Figure 
7-38.

For a better comparison of the active and the inactive state of the catalyst, a difference 
spectrum was calculated after converting the spectra from Figure 7-38 into Kubelka-Munk 
units. The result is presented in Figure 7-41.

The most pronounced bands are those 
at 1532 and 1465 cm-1, which have been 
discussed above and assigned to C=C 
stretching vibrations. Additional features 
are detected at 1578 and maybe 1417 cm-1. 
The band at 1578 cm-1 is again in the 
range of C=C vibrations. The reflectance 
decreases dramatically below ≈ 1450 cm-1

and Kubelka-Munk theory becomes 
questionable. The “band” at 1417 cm-1

seems exceptionally sharp and may be an 
artifact; however, it matches the in-plane 
bending mode of vinyl CH perfectly. 
Identification of the organic surface 

species, which may be more than one type of molecule, can not be achieved solely with the 
information in this spectrum. 
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Figure 7-41:  Difference spectrum, representing 
difference between 2 wt% Mn-promoted sulfated 
zirconia after deactivation and heating to 773 K in 
nitrogen and before reaction (after activation in 
nitrogen at 773 K).
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The catalyst itself undergoes some changes as indicated by some negative bands. These 
are rather distinct (except for a broad feature in the region of hydrogen bridging vibrations) 
and lack a positive counterpart, indicating the loss of a distinct species rather than the shift of 
a band. Specifically, pronounced negative bands are located at 3632 cm-1 and 3575 cm-1, 
consistent with the loss of a fraction of both types of OH groups. In the region of the 
fundamental vibrations of sulfate, the reflectance is very low and the quality of the data 
limited. However, all overtones and combination modes of the sulfate are recovered within 
the accuracy of the experiment. Hence, the treatment in nitrogen at 773 K in the presence of 
surface hydrocarbon species does not lead to decomposition of a substantial amount of 
sulfate.

Oxygen treatment following an attempt to regenerate in nitrogen partially regenerated the 
catalyst with the maximum activity reaching more than 50% of the rate measured in the first 
run with this catalyst after nitrogen activation, and more than 2/3 of the activity reached after 
a first regeneration in oxygen.

These results have to be seen with some caution because of the temperature gradient in 
the catalyst bed. The powder is placed in a small gold pan, which is heated from the bottom. It 
can be imagined, that the part of the sample that experiences the highest temperatures, i.e. the 
bottom of the bed, contributes very little or nothing to the spectra, but may participate in the 
reaction. This fraction of the sample may loose sulfate while the analyzed fraction may not. 
An argument against such a scenario is the small bed size of about 0.1 ml.

7.3.5 Conclusions on Deactivation and Regeneration

In situ UV-vis spectra of sulfated zirconia recorded during n-butane and n-pentane 
isomerization suggest the formation of unsaturated hydrocarbons on the surface. DRIFT 
spectra of sulfated and promoted sulfated zirconia catalysts could not confirm the presence of 
such species. However, the bands could have been obscured by some broad features, also the 
extinction coefficients for these vibrations may be much smaller than for the electronic 
transitions. Additional information can be retrieved from the DRIFT spectra in that bands 
consistent with coordinatively bound water molecules are observed and become more intense 
during reaction (around 1600 and 1630 cm-1). Blind experiments insinuate that some water 
may be formed during reaction, which would support the idea of an oxidative 
dehydrogenation of the alkane to give an alkene. Further experiments are required for an 
unambiguous identification of these two bands and the exclusion of water from the feed 
gases. Traces of water did not poison the catalyst.

The Mn-promoted sulfated zirconia catalyst cannot be regenerated by heating in nitrogen, 
hydrocarbon compounds remained on the surface and were converted into polyunsaturated 
species, which may block the active sites. The sulfate structure was almost completely 
reestablished in nitrogen, indicating that if at all, only a minority of the sulfate is affected by 
the adsorbed hydrocarbons. The catalyst was inactive, suggesting that another type of sites 
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must have been disabled. Re-formation of the sulfate structure characteristic of the activated 
catalyst may then be a necessary but not a sufficient requirement for an active state. The 
second type of site is either not another IR-active functional group because the “regeneration” 
in nitrogen recovered those by 90%, or a minority that is difficult to discern.

Complete reactivation in oxygen is possible; an optimal effect is only achieved with a 
diluted oxygen environment and a limited heating time. This fact suggests a positive effect, 
i.e. the oxidation of the hydrocarbon deposits, and a negative effect, such as e.g. the healing of 
oxygen vacancies. The oxygen exposure needs to be optimized; time and partial pressure and 
probably the temperature need to be adjusted such that the hydrocarbon species are removed 
but the catalyst is still oxygen-deficient. These results are indirect evidence for a site 
connected to oxygen vacancies.

We have demonstrated that regeneration is a complex process involving the following 
individual challenges: removal of “coke” and other adsorbed compounds (water?), re-
establishment of the original sulfate structure, and generation or maintenance of the necessary 
oxygen deficiency in zirconia.
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8. Silicon-Supported Nanocrystalline Sulfated Zirconia Thin Films

8.1 Optimization of Deposition Conditions

8.1.1 Introduction and Purpose of Experiments

In order to overcome or at least alleviate the problems with the poor thermal (see Chapter 
4.1) and the poor electrical conductivity of zirconia (Table 8-1) in experiments such as TDS 
or XPS, a very thin layer of zirconia should be suitable. A method for the preparation of such 
a model system in the form of a nanocrystalline sulfated zirconia film on a conducting 
substrate was to be identified. There are a number of methods to make thin layers of zirconia 
because zirconia coatings are of technical importance as they are thermally, mechanically, and 
chemically very stable.649-655 Zirconia is also an oxygen ion conductor and can serve as an 
electrolyte in solid oxide fuel cells656 or as an oxygen sensor.657,658 Optical applications of 
zirconia thin films are also under investigation.659,660 The techniques that are available to 
prepare oxide films include sputtering,661,662 vapor deposition,663 plasma spraying, sol-gel 
processes649,651,652,655 (e.g. dip-coating and spin-coating), emulsion precipitation,664 anodic 
oxidation665 and electrochemical deposition. However, some of these techniques are 
expensive and not all of them allow deposition of high quality films on substrates of various 
compositions and shapes, and under conditions that do not harm the substrate.

Table 8-1: Electrical conductivity of zirconia and other materials

We have selected a wet-chemical deposition method that uses a doped silicon wafer as a 
substrate. One of the major advantages of the technique is that it produces an already sulfated 
film, i.e. no additional sulfation step is necessary. The first goal was to adopt this technique 
and to optimize it for our purposes. We prepared specimens according to the procedure 
described in the literature cited below and used scanning and transmission electron 
microscopy (SEM and TEM), including energy dispersive X-ray analysis (EDX), atomic 
force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) to investigate all 
stages of the film preparation.

Material Temperature / 
K

Electrical conductivity / 
Ω-1 cm-1

Reference

ZrO2 + 9 mol% Y2O3 473 4.32 × 10-9 Buchanan135

ZrO2 + 9 mol% Y2O3

+ FeO
473 4.89 × 10-8 Buchanan135

Cu 273 6.452 × 105 Hamann and 
Vielstich666
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8.1.2 Description of Preparation Procedure

The principles of the preparation of thin oxide films by a so-called biomimetic 
synthesis667 were developed by Bunker et al.;668 the key of the preparation is the use of a self-
assembled monolayer (SAM) to mediate film deposition. The individual steps of the 
preparation are depicted in Figure 4-23, starting out from a bare silicon substrate. Bifunctional 
surfactant molecules669,670 are attached to a substrate through their surface active head 
group,671 a trichlorosilyl function, and a SAM, an ordered array created spontaneously on the 
substrate through van-der Waals interactions between the surfactant's long hydrocarbon 
chains, is formed.672-675 Next, the surface functionality of the SAM can and may have to be 
changed,676 in our case from a hydrophobic thioacetate to a hydrophilic sulfonic acid group. 
This SAM-coated wafer is immersed into a deposition medium, which contains a dissolved 
metal salt. Within several hours films consisting of oxides or potential oxide precursors such 
as hydroxides, sulfates, or carbonates (depending on the anions present), deposit on the SAM; 
concomitantly, in some cases,677-679 the formation of a precipitate in the liquid phase is 
observed. The SAM technique has been successfully applied to prepare adherent films of the 
following materials on silicon substrates: titania,677,680-682 zirconia,677,678,683,684 tin oxide,685

iron oxyhydroxide,686,687 and aluminum basic sulfate;688 and after calcination at temperatures 
between 473 K and 873 K: yttria,677,679 vanadia,689 and zinc oxide.690,691

Self-assembled monolayers can be patterned using photolithographic techniques;668,692

e.g. patterned titania films can be created,692 which have potential application as 
semiconductor devices. In a few cases oriented crystal growth has been observed on self-
assembled monolayers or self-assembled multilayers, e.g. in the deposition of zincophosphate 
zeolite,693 aluminophosphate zeolite,694 or iron oxyhydroxide.695

De Guire and co-workers677,678 have previously investigated zirconium-containing films 
prepared by the SAM technique, focusing on their mechanical stability (adherence), thickness, 
and microstructure (phase composition). Cross sections of specimens were investigated with 
transmission electron microscopy. Samples freshly prepared from zirconium sulfate solutions 
show a layer consisting of a mixture of tetragonal zirconia and amorphous, presumably sulfate 
and zirconium-containing material;678 annealing these samples at 773 K leads to complete 
conversion into tetragonal zirconia crystals approx. 10 nm in diameter, which form a fairly 
dense layer.680 Film thicknesses up to 180 nm (TEM, ellipsometry) have been obtained by 
varying deposition time and conditions.677 The films were found to be adherent to the 
substrate using a tape peel test.677

8.1.3 Experimental
Thin film preparation: A detailed description of the preparation of the thin films has been given.680 Pieces 1–3 
cm2 in size of electronic-grade single-crystal (100) silicon wafers (350 µm thick, p-type, polished on one side) 
were cleaned sequentially with chloroform, acetone, and ethanol.
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Step 1:A p-type Si wafer is first cleaned in several steps and 
then oxidized using “piranha”-solution.

Step 2:A self-assembled monolayer is 
being formed in a solution of Cl3Si-
(CH2)16-S-CO-CH3 in bicyclohexyl, the 
surface is hydrophobic and not wetted by 
a droplet of water.

Step 3:The functional group of the 
monolayer is oxidized to a sulfonic acid 
group; the wafer surface is then 
hydrophobic.

Step 4:Film deposition from acidic zirconium sulfate solution 
4 mM Zr(SO4)2

0.4–0.6 N HCl
15 min to 96 h 
323–343 K

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Step 5:Thermal treatment
2 h at 773–973 K
125 ml∙min-1 Ar or air

Figure 8-1:  Schematic representation of thin film preparation.

During the initial stages of the project, the wafers were oxidized after the solvent cleaning, later, two more 
cleaning steps were added,696 namely a treatment in NH3/H2O2 (50:50) at 343 K and a treatment in HCl / H2O2

(50:50) at 343 K. The specimens were then oxidized for 25 min with a 30:70 mixture of 30% H2O2 and conc. 
H2SO4 (‘piranha’-solution) at 353 K. The surfactant, ethanethioic acid S-[16-(trichlorosilyl)hexadecyl]ester, was 
prepared following the procedure of Netzer and Sagiv.669 The SAM was formed by immersing the wafer in a 
solution of 50 µl surfactant in 5 ml bicyclohexyl for 5 hours under argon atmosphere (glove bag). The desired 
hydrophilic sulfonic acid terminating group is introduced through oxidation of the hydrophobic thioacetate group 
(a precursor group stable towards reaction with the -SiCl3 group) by immersion into an oversaturated solution of 
KHSO5*KHSO4*K2SO4 (Fluka, Deisenhofen, Germany) for 5–17 hours. After this oxidative treatment the 
wafers were rinsed and immediately transferred into the deposition medium. The deposition of the zirconia films 
was conducted in a 4 mM solution of zirconium (IV) sulfate tetrahydrate (97%, Alfa, Karlsruhe, Germany) in 
0.4 N hydrochloric acid. In the standard preparation, the wafer pieces were placed at the bottom of glass vials 
containing the deposition medium and the top side of the pieces was investigated. Alternatively, the wafer pieces 
were placed in sample holders just below the surface of the deposition medium in an upside-down-position and 
the bottom sides were investigated. When the wafer pieces were in the upside-down-position the deposition 
medium was sometimes stirred. The vials with wafer and 50 ml of deposition solution were placed into a room 
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temperature oil bath which was then heated to 323–343 K. Deposition times varied from 15 min to 96 h. 
Precipitation in the liquid phase was observed (by visual inspection) at 343 K after approx. 30 min, at 323 K, the 
medium remained clear to the eye. The wafers were rinsed with distilled water after removal from the deposition 
medium and were blown dry with argon under ambient conditions. The dried films are designated as ‘as-
deposited’ films. Washing of the wafers was performed by wiping the surface with lint-free tissues (Kimwipes®) 
and distilled water. Annealing was performed in air or 125 ml∙min-1 Ar. The wafers were heated at a rate of 
5 K∙min-1 to 773 K and held at 773 K for 2 hours.
Scanning electron microscopy: The SEM/EDX analyses were performed with a Hitachi S-4000-FEG / EDAX 
DX4 using 5 kV acceleration voltage and secondary electron mode. 
Atomic force microscopy: AFM images were taken in contact mode with a Burleigh Instruments ARIS 3300 
using a small range head ARIS 3005 with a horizontal resolution of 1.0 nm and a vertical resolution of 10 pm. 
The tip was made of Si3N4. Determination of the root mean square roughness as:

with Zavg the average vertical position and Zi the distance of an individual point from the average.
Transmission electron microscopy: Specimens for cross section TEM investigations were prepared by gluing 
film surface to film surface, mechanical polishing, and dimpling down to 25 µm. Plan-view samples were 
dimpled down to 5–10 µm from the side of the substrate. Then all samples were thinned to electron transparency 
by ion milling in a Gatan PIPS at 3.5 kV with Ar+ ions. To minimize heating of the specimen during ion milling 
only one gun was used, the ion beam was unfocused, and the specimen stage was rotated. In order to detect 
possible changes in the film structure caused by an elevated temperature during ion milling several specimens 
were prepared for comparison purposes using a Gatan 600 Duo Ion Mill at 3.5 kV with liquid nitrogen cooling.
The specimens were investigated in a Philips CM200 electron microscope with a field emission gun operated at 
200 kV equipped with a Gatan image filter GIF100 and an energy dispersive X-ray spectrometer. Low 
temperature TEM investigations were performed in a Philips CM20 FEG (SOPHIE)697 operated at 160 kV. This 
microscope is equipped with a special cryogenic superconducting objective lens allowing the observation of
specimens at liquid helium temperature. HREM images were also taken using a JEOL 4000FX electron 
microscope operated at 400 kV with a point resolution of 0.18 nm. All diffraction patterns were taken from plan-
view samples. Fast Fourier transformation (FFT) was employed to analyze the structure of small areas or 
individual grains.
Dynamic light scattering:698 The experiments were performed with a laboratory-built goniometer with 
temperature controlled (± 0.05 K) cuvette holders, an attached single-photon detector ALV/SO-SIPD, and a 
multiple tau digital correlator ALV 5000/FAST from ALV (Langen, Germany). The light source was an 
INNOVA 300 argon - ion laser operated at λ = 488.0 nm in single-frequency mode and powered at 
approximately 800 mW. Quartz cuvettes (Hellma, Mülheim, Germany) were charged with the freshly prepared 
stock solutions by directly filtering them through ANOTOP filters (Merck, Germany) with 20 nm pore size. 
Placement of the cuvettes in the heatable holders is defined as t = 0. The set (reaction) temperature was reached 
after about one minute. Correlation functions were recorded every 30 seconds for approximately 800 min. The 
intensity autocorrelation functions were first transformed into the corresponding amplitude autocorrelation 
functions using Siegert's relation,699:which were then converted into the corresponding distributions rh∙di(rh) of 
the apparent hydrodynamic radius rh (particle size).700: The values used for the solvent viscosity were η = 
0.55691 cP (0.4 N HCl, 323 K) and η = 0.41165 cP (0.4 N HCl, 343 K).
Analytical ultracentrifugation:698,701-703 From the freshly prepared stock solution, 50 ml were transferred into a 
100 ml glass vial (no stirring bar). The sealed vial was placed in a room temperature silicon oil bath, which was 
then heated. "Reaction temperature" refers to the set temperature of the oil bath. The beginning of the heating is 
defined as t = 0. Variations in the time span for the observation of the first milkiness (30–40 min) under 
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seemingly identical conditions are explained by variations in haeting rate due to different bath volumes. After the 
desired reaction times, 2 ml of reaction medium were transferred into plastic vials with a Pasteur pipette. In order 
to prevent further particle growth after removal from the reaction medium, each vial was immersed into liquid 
nitrogen until the sample liquid was frozen. After thawing to room temperature, the sample liquid was injected 
with a syringe into acid-resistant titanium cells (in-house design). The cells were filled completely with ≈ 300 µl 
of the sample liquid. Supplementary AUC experiments showed that the quenching was successful, i.e. no 
particle growth was observed after the thawed samples were kept at room temperature for at least 24 h. The 
radial interferometric traces from the XL-I ultracentrifuge were transformed into the sedimentation coefficient 
distributions, which were not corrected for the effects of diffusion. The sedimentation coefficient distributions 
were transformed into a particle size distribution. The density of the particles had to be estimated, and as 
complexes of different constitution may be formed during hydrolysis, it can only be presumed that the average 
density is between the density of monoclinic ZrO2, ρ = 5.66 g∙cm-3, and Zr(SO4)2, ρ = 3.22 g∙cm-3. A value of 
1.00419 g∙ml-1 was taken for the density of the solvent (0.4 N HCl, 298 K). 

8.1.4 Cleaning and Functionalization of the Si-Wafer

Dirt or dust particles were occasionally observed (SEM) on all samples. Such appearance 
is ascribed to the fact that the preparation was not performed in a clean room. Silicon wafers, 
both as received and after cleaning with solvents, showed smooth, clean surfaces in AFM as 
well as SEM pictures (not shown).704 The silicon oxide layer that was formed after oxidation 
was homogeneous and smooth as analyzed by SEM and AFM, and only silicon and oxygen 
were detected by EDX.

To the unaided eye, SAM-coated wafers 
had the same appearance as bare silicon 
wafers, and in the SE micrographs the 
thioacetate form looked homogeneous and 
smooth. After oxidative treatment to 
transform the thioacetate terminal groups to 
sulfonic acid groups, the surface of the 
wafers showed some structure, indicating 
either the presence of contaminants or a 
partial stripping of the SAM, Figure 8-2.

8.1.5 Films from Unstable Deposition Media – Deposition at 343 K

Following the literature, which inferred that homogeneous precipitation is a prerequisite 
for film growth, depositions were first conducted at 343 K. Under the given conditions, the 
solution is unstable and colloids are formed after about 30 min. SEM images of samples that 
were deposited in such solutions and were rinsed but not washed are shown in Figure 8-3 to 
Figure 8-6.

Figure 8-2:  SEM image of the SAM-functionalized 
wafer after oxidation of the thioacetate group 
(-SCOCH3) to a sulfonic acid group (-SO3H) with 
KHSO5 * KHSO4 * K2SO4 for 17 h at 298 K.

1.8 µm
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Particles were observed on top of the 
film surface, Figure 8-3. The particles are 
roughly spherical and approximately 0.2–
1 µm in diameter. Agglomerates of these 
particles with a size of up to 4 µm were also 
found. The particles contain zirconium, 
oxygen, and sulfur as the EDX line scan in 
Figure 8-3 shows. Consistent with the 
analyzed depth of approx. 0.35 µm, the 
detected silicon concentration is very low in 
places where particles are on top of the film. 
Particles were not only found on top but also 
embedded into the film (Figure 8-4). Some 
as-deposited films were characterized by the 
presence of fissures which could be 
observed with SEM (Figure 8-5) and AFM. 
The fissures were sometimes as long as 1 
µm and mostly less than 100 nm wide, 
sometimes branched, and becoming 
narrower towards the ends. Opposite edges 
of such fissures sometimes showed identical 
curvature, and the edges were often elevated 
in relation to the film. Figure 8-5 also seems 
to indicate that fissures are more frequent in 

places where particles are (or were) attached. Rupture of the film could be caused by volume 
changes during drying.

Figure 8-3:  Scanning electron micrograph with 
EDX line scan of an as-deposited zirconia film with 
precipitate on top of the film. Deposition conditions: 
17 h, 343 K, 4 mmol Zr(SO4)2 in 0.4 N HCl; rinsed 
and dried.

Figure 8-4:  SEM image of as-deposited zirconia film. 
Deposition conditions: 4 h, 343 K, 4 mM Zr(SO4)2 in 
0.4 N HCl; rinsed and dried.

Figure 8-5:  SEM image of as-deposited zirconia 
film. Deposition conditions: 16 h, 343 K, 4 mM 
Zr(SO4)2 in 0.4 N HCl; rinsed and dried.

3.6 µm
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The particles and their agglomerates could also be detected by AFM, Figure 8-6. Typical 
particle diameters obtained from AFM were from 200 to 300 nm, the height above the film 
was typically 60-120 nm, consistent with partial embedding. The roughness, Rrms, was about 
3.5 nm in areas without holes or adsorbed particles.

Film formation was also observed for 
SAM-coated wafers immersed in an 
upside-down position in an unstirred 
deposition medium, indicating that film 
growth occurs not only by sedimentation. 
The number of particles adhering to the 
film surface after deposition in the upside-
down position was reduced in comparison 
to the preparation with the wafer at the 
bottom of the vial, but the adhesion of 
such particles was not completely 
prevented.

As-deposited films were analyzed after washing with water and a lint-free tissue. Figure 
8-7 shows scanning electron micrographs of the same area on a wafer before (left) and after 
(right) washing. The number of particles on top of the film surface was reduced as a result of 
washing. Particularly, the number of larger particles (agglomerates) decreased with prolonged 
and intensive rubbing while smaller particles tended to remain on the film surface. In places 
where particles were found before washing, the surface was severely damaged after removal 
of the particles. The defective areas in the right image have a size and shape corresponding to 
the particles in the left image. The large, circle-shaped defects have diameters of typically 
0.5–1 µm (SEM and AFM) and a depth of at least 30–50 nm (AFM). It could not be 
unambiguously determined whether these defects were actually holes, with the substrate 
surface showing through, or whether there was a zirconia film on the bottom of these defects.

Figure 8-7:  SEM images of the sample spot of a zirconia film, before (left) and after (right) washing with 
laboratory tissue and water. Deposition conditions: 17 h, 343 K, 4 mM Zr(SO4)2 in 0.4 N HCl.

Figure 8-6:  AFM image of an as-deposited zirconia 
film. Deposition conditions: 17 h, 343 K, 4 mM 
Zr(SO4)2 in 0.4 N HCl; rinsed and dried.
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Roughness measurements with AFM on as-deposited films, before and after washing, 
yielded results showing that the films are rather inhomogeneous although areas mainly free of 
fissures, defects, or adsorbed particles were selected. Rrms varied from 1.4 to 4.6 nm.

The procedure described in the literature produces films that are homogeneously thick 
over areas as large as imaged with a transmission electron microscope, but on a scale of 
several hundreds of microns, the films are flawed. A source of the cracks and holes are the 
attached and embedded particles. The composition of these particles is consistent with the 
composition of the precipitate formed in the liquid phase during deposition which was 
identified by De Guire,677 using infrared spectroscopy, thermogravimetry, and EDX, as 
Zr2(OH)6SO4 * 2 H2O. The adsorbed particles are similar in their appearance to a particulate 
precipitate that Shi and Gao705 obtained by homogeneous precipitation from a solution 
containing zirconium ions, sulfate, and urea, and which consisted of equisized spheres. The 
composition of the precipitate was analyzed to be either Zr2(SO4)(OH)6 * 6 H2O or 
Zr2O2(OH)2(SO4) * 6 H2O705, similar to De Guire's analysis.677 The 200 nm and larger 
primary particle size of the adsorbate exceeds the size of the crystals forming the film by one 
order of magnitude, indicating that these particles originate from earlier nucleation events or 
have grown faster than the film particles. The agglomerates of these particles are large enough 
to interact with visible light, consistent with the observation of a milky reaction medium and 
subsequent visible precipitation. The adsorbed particles are thus the same species as the 
precipitate in the liquid phase, and this bulk precipitate adheres to the surface during 
(embedded particles) and after film formation. Depending on their size and the degree of 
embedding, particles adhering to the zirconia films can be washed off more or less easily by 
wiping the surface with tissues and water. Unfortunately, although they can be removed, these 
particles leave defects behind, typically patches up to 0.5 µm in diameter where the film or 
the film surface has been pulled off. Attempts to avoid the adhesion of such particles and thus 
the number of such defects by modifying the deposition geometry were only partially 
successful. The bottom sides of wafers suspended in an unstirred deposition medium showed 
a film with fewer adsorbed precipitate particles in comparison to the standard preparation 
method, but the number was still significant. The irregularities in the film are undesirable for 
a model catalyst. It would appear that an easy way to resolve such particle adhesion would be 
to work with stable deposition solutions. However, it has been inferred that in order to grow 
zirconia films thicker than 3 nm, the reaction medium needs to be unstable towards colloid 
formation and bulk precipitation during deposition.678 The dilemma that arises from these 
findings raises the question whether the mechanism of film formation requires such unstable 
zirconium salt solutions.

Two different mechanisms are discussed in the literature706,707 for film deposition from 
liquid phase: (i) cluster growth whereby particles formed in the liquid phase (homogeneous 
nucleation) adsorb on the SAM and coagulate to form a film (ii) ion-by-ion growth whereby 
anions and cations adsorb successively on the substrate (heterogeneous nucleation). The two 
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mechanisms may sometimes occur simultaneously.706 Selection of deposition conditions can 
direct the growth mechanism. Bunker et al.668 investigated the deposition of calcium oxalate 
and identified the level of supersaturation and the net solution-particle interfacial energy as 
key parameters: At low levels of supersaturation only few types of surfaces induce 
heterogeneous nucleation. At high levels of supersaturation, nucleation occurs on most 
surfaces independent of the solution-particle interfacial energy, and growth kinetics are 
enhanced. In a successful biomimetic synthesis668 heterogeneous nucleation is promoted and 
homogeneous nucleation is suppressed. Suppression of homogeneous nucleation excludes the 
cluster growth mechanism.

The properties of the film correlate with the deposition mechanism. Rieke and Bentjen708

deposited CdS on silicon, and described the mechanism as a burst type nucleation confined to 
the substrate surface with subsequent crystal growth, leading to films with monodispersed 
crystallite size. Homogeneous precipitation in solution was observed at longer deposition 
times but film formation was not attributed to adherence of clusters. Similar to our 
observations, the authors found adsorption of precipitate particulates on top of the CdS films, 
and their micrographs show such adsorbed particles even when the reaction medium did not 
yet visibly precipitate. Gorer et al.709,710 prepared PbSe films on glass from solutions that 
additionally contained a complexant at various concentrations. High complexant-to-metal 
ratios were linked to an ion-by-ion deposition mechanism and the resulting patchy films 
consisted of aggregates of 8–15 nm crystals. Low complexant-to-metal ratios led to a cluster 
deposition mechanism and the films appeared homogeneous, consisting typically of 4 nm 
crystallites with less than 10% of larger crystallites. Meldrum et al.707 investigated the 
chemical deposition of PbS on SAMs finding a homogeneous crystal size distribution after 
rapid depositions with precipitate formation in the solution, indicating that the nuclei were 
produced in a single nucleation event;711 a larger size distribution was found after slow 
deposition, suggesting further nucleation after the initial event. The data were interpreted in 
terms of an ion-by-ion growth mechanism, i.e. nucleation on the substrate followed by 
particle growth. It is also stated in the literature that the observation of epitaxial growth 
presents strong evidence for an ion-by-ion growth mechanism.706

It seems that the deposition mechanism can be directed either towards true biomimetic 
processing which results in slow—possibly oriented—growth, larger particles, and larger 
particle size distributions; or towards homogeneous nucleation which results in rapid 
unoriented growth, and narrow particle size distributions. Before attempts could be made to 
grow zirconia films without homogeneous precipitation, the deposition media had to be 
investigated to identify conditions of stability. The observation of a precipitate in the solution 
is a delayed indicator for homogeneous nucleation because precipitate becomes visible only 
after nucleation has been followed by substantial particle growth. Accordingly, two methods 
that allow detection of very small particles were used for the investigation of the deposition 
media, namely dynamic light scattering (DLS) and analytical ultracentrifugation (AUC).
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8.1.6 Investigation of Deposition Media

Because zirconium salt solutions have a number of industrial uses,712,713 e.g. for the 
production of metal oxide powders, textile finishing, paper coating, polishes, cosmetics, 
emulsion paints, or anti-perspirants, zirconium salt solution chemistry has been studied 
extensively.714-741 In general, zirconium(IV) cations have a strong tendency to hydrolyze in 
aqueous medium, and solutions typically turn cloudy and a precipitate is formed. Attempts 
have been made to identify the complexes that are formed in the hydrolysis reaction as well as 
the species that are formed in subsequent reactions.

The research has focused on solutions containing anions such as chloride, nitrate, and 
perchlorate which are neither strongly complexing nor bridging. First proposals on the species 
in solution were made by Clearfield and Vaughan715 who studied the crystal structure of 
ZrOCl2 * 8 H2O and ZrOBr2 * 8 H2O by X-ray diffraction. The authors described the zirconyl 
ion as a discrete tetrameric complex, [Zr4(OH)8(H2O)16]8+ and suggested that similar species 
may be present in solutions. Muha and Vaughan716 performed X-ray scattering experiments 
with 2 molal ZrOCl2-solutions that had been aged for at least 18 h and confirmed the 
existence of the postulated complex. Their fit of the data could be improved when adding 
eight chloride ions to give a neutral complex, consistent with the results obtained by Lister 
and McDonald717 who observed little electromigration of zirconium species in hydrochloric 
acid. The existence of the tetrameric complex in zirconium oxychloride solutions was 
confirmed by Hannane et al.718 using NMR and Raman spectroscopies, and by Singhal et 
al.719 and Hu et al.720 using small angle X-ray scattering (SAXS), likewise in zirconium 
perchlorate solutions by Åberg and Glaser722 using NMR, and in zirconium nitrate solutions 
by Toth at al.723 using SAXS. A number of studies with different techniques such as 
titration,724,725 equilibrium ultracentrifugation,726,727 measurement of the diffusion 
coefficients,728 and light scattering729 gave slightly varying polymerization degrees of 2 to 6 
(with variations in conditions). The size (radius of gyration) of the tetramer as determined by 
SAXS was found to be between 3.8 and 5 Å,719,720,723 and this tetramer is stable over a wide 
range of conditions. Upon increase of temperature or pH, the tetramer will eventually 
oligomerize, presumably in a first step to give an octamer718,730 of the constitution719

[Zr8(OH)20(H2O)24Cl12] and then to higher oligomers which will finally aggregate and 
precipitate. At 373 K, primary particles were 3–7 nm large,731 secondary particles (aggregates 
of primary particles) reached 175–250 nm.732,733 The particle growth rate was decreased 
through the addition of HCl.730

The chemistry of zirconium sulfate solutions is different because sulfate not only strongly 
complexes with zirconium742,743 but is a potentially bridging ligand and promotes 
polymerization.711,744 While cationic or neutral complexes prevail in chloride, nitrate, and 
perchlorate solutions, anionic717,745,746 mixed hydroxo sulfato complexes,744 also of 
polynuclear type, are formed in sulfate solutions. Hence, it is not hydrous zirconia that is 
precipitated from these solutions but sulfates, and the large number of possible 
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sulfates,740,747,748 particularly basic sulfates,740,749-751 of different constitution would suggest 
that many complexes of different constitution may exist in solution. Consistently, no 
particular species have been reported as being stable over a range of conditions in zirconium 
sulfate solutions. Rather, the chemistry may be ruled by complicated equilibria,744 and the 
time frame for changes in these solutions750 indicates that equilibration is slow: Hauser752

observed precipitation in 0.5 M Zr(SO4)2 solutions only after 2 weeks, and Matijevic711

managed to delay the precipitation in 0.2 mM Zr(SO4)2 by 10 h, 2 days, or 4 days by 
dissolving it in 1, 2, or 4 mM HNO3, respectively. Heating promoted hydrolysis.753

In order to vary the particle growth conditions in the deposition medium we have 
modified three parameters: the zirconium salt concentration, the hydrochloric acid 
concentration, and the reaction temperature. The particle growth above a size of 5 nm was 
monitored by dynamic light scattering. The results are given in Figure 8-8 and Figure 8-9, 
which show changes in the apparent hydrodynamic radius (rh) with time. All profiles start 
with an induction period (tind), during which the particles are too small to be detected with the 
DLS technique, i.e. rh < 5 nm. At constant reaction temperature, the length of the induction 
period increased with decreasing zirconium concentration and increasing HCl concentration. 
Once particles became observable, their radius rh increased linearly with reaction time. The 
slopes (drh/dt) of the growth curves were related to the induction time; the earlier the growth 
started, the steeper were the growth curves. A plateau in the particle growth was reached at a 
final particle radius of approx. 3200 nm in the case of the 4 mM Zr(SO4)2-solution heated to 
343 K. This can be attributed to the increasing sedimentation of the large particles out of the 
scattering volume. The size of these particles is consistent with the larger species found on top 
of the films (Figure 8-3). Embedded species are smaller (Figure 8-4), indicating that they are 
incorporated in the film during earlier stages of the deposition. The colloids found on top and 
embedded into the film result from homogeneous precipitation, which needs to be prevented 
to avoid flaws in the film.
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Figure 8-8:  Particle size as measured by DLS vs. time 
with temperature and zirconium sulfate concentration 
as parameters. Zr(SO4)2 concentration: 2 mM or 4 
mM; 323, 333, or 343 K; 0.4 N HCl.

Figure 8-9:  Particle size as measured by DLS vs. 
time with temperature and HCl concentration as 
parameters. HCl concentration: 0.4 N or 0.6 N; 328 
K, 333 K, or 343 K; 4 mM Zr(SO4)2.
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No particle formation was observed by DLS during the observation span at 323 K, 
independent of the Zr and HCl concentrations. Also at 0.6 N HCl and 4 mM Zr no particles 
formed at 333 or 328 K, i.e. conditions for strictly heterogeneous nucleation potentially exist.

An increase in growth rate with zirconium sulfate concentration and temperature is 
expected. The negative effect of the HCl concentration on growth results from suppression of 
the hydrolysis reactions: 

Qualitatively, these results are similar to those obtained in earlier investigations of other 
zirconium salt solutions.719,720,726,730 Quantitatively, the colloid formation rate in sulfate 
solutions is much higher than that in zirconyl chloride solutions, as can be seen in comparison 
to the findings of Hu et al.730 who e.g. detected particles with a radius of only ≈ 60 nm after 
heating a mixture of 0.05 M ZrOCl2 in 0.2 N HCl to 373 K for 42 h. The counterion of 
zirconium in the salt thus plays an important role in the polymerization process, and the 
complexation ability of sulfate may be the significant factor promoting the growth: 

( )[ ] ++−+ +→+ 2
44

4 SOZrHHSOZr

The equilibrium constant for this reaction has been determined, for different ionic 
strengths, to be K = 460743 (at 298 K) or K = 700742 (at 293 K), suggesting strong affinity 
between zirconium and sulfate. The equilibrium constant for the formation of a disulfato 
zirconium complex is about one order of magnitude smaller than that of the monosulfato 
complex.742,743 Zirconium complexes in sulfate containing solutions were found to be 
anionic717,745 by investigation of their migration in an electric field, and are thus presumed to 
be mixed hydroxo-sulfato-complexes746 of the type Zr(OH)n(SO4)m

x-. Polynuclear complexes 
can form through different bridging mechanisms, i.e. hydroxo bridges (formed in an "olation" 
reaction), oxo bridges ("oxolation"), and sulfato bridges. Clearfield744 proposed sulfate-
bridged complexes of the constitution [Zrn(OH)n+1(SO4)2n](n+1)-, Ciesla et al.560 of the type 
[Zr(OH)2(SO4)x(OH2)y]n

-n(2x-2), which include water as a ligand.
Our solutions contain a high concentration of chloride, which could function as another 

ligand in complex formation. Particularly, if cationic complexes were formed, chloride could 
attach to those complexes.716,719 However, we never detected chlorine in the films or in the 
colloids attached to the film surface (Figure 8-3), neither with EDX nor with photoelectron 
spectroscopy. All colloids contained sulfur (EDX), i.e. sulfate must be incorporated as 
expected from the equilibrium constants. It is thus a fair assumption that anionic complexes 
with structures similar to those suggested by Clearfield or Ciesla are formed.

DLS was conducted in situ, and hence the dynamics of the growth process and the 
influence of the reaction conditions on the dynamics could be studied. The linear increase of 

( ) +++ +→+ HOHZrOHZr 3
2

4
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the radius is consistent with addition (adsorption) of ions (complexes) to an existing particle 
at a constant rate per unit surface area. Under the assumption that the reaction is first order 
with respect to the reactants and that the reactant concentration can be considered constant for 
the period of linear growth, a rate constant can be calculated. The temperature dependence of 
this rate constant allows the calculation of an apparent activation energy. Because the 
zirconium to sulfate ratio is fixed, simply the zirconium sulfate concentration has been used 
for the calculation; using the individual concentrations of zirconium or sulfate would give a 
different rate constant but would not affect its temperature dependence. A summary of rate 
data is given in Table 8-2. The influence of the HCl concentration is not known, only data 
obtained with the same HCl concentration can thus be compared. The temperature 
dependence of the rate constant is shown in an Arrhenius plot in Figure 8-10. The linear 
correlation justifies the above assumptions about the rate equation, and the resulting apparent 
activation energy amounts to 136 kJ∙mol-1.

The so far assumed rate equation is only valid in a certain growth stage, because the 
extrapolation of the DLS curves in Figure 8-8 and Figure 8-9 to t = 0 gives a negative value 
for the starting radius. A mechanism characterized by a slower rate must be in operation 
initially. If the change in rate occurs at or close to the detection limit (smallest detectable 
radius rdet ≈ 5 nm) of the method, then the induction time reflects this rate, i.e. the rate is 
given by rdet divided by the induction time.

Table 8-2: Compilation of rate data for particle growth in zirconium sulfate solutions

A plot of the rate directly observed by DLS vs. the calculated initial rate is shown in 
Figure 8-11, demonstrating a linear correlation between the two rates and a difference of 
about two orders of magnitude. The two rate equations must be analogous with respect to 
their temperature dependence to give this proportionality, but they must differ by a quantity 
that explains the proportionality factor. The factor is at least 112 as can be seen from Figure 
8-11; if the change in mechanism occurred prior to the detection of particles, a higher factor 
would result.

c (Zr)

mmol∙l-1

c (HCl )

mol∙l-1

Temperature

K

Radius 
increase rate
nm∙s-1

Induction time
s (min)

1st order rate
constant k1’
l∙mol-1∙s∙nm-1

2.0
2.0
2.0

0.4
0.4
0.4

328
333
343

0.033
0.068
0.330

26557 (443)
8927 (149)
1737 (29)

17
34
165

4.0
4.0
4.0

0.4
0.4
0.4

328
333
343

0.011
0.172
0.575

15163 (253)
3457 (57)
961 (16)

3
43
144

4.0 0.6 343 0.067 14152 (236) 17



8. Silicon-Supported Nanocrystalline Sulfated Zirconia Thin Films

201

y = -16415x + 52.905
R2 = 0.9892

0

1

2

3

4

5

6

0.0029 0.00295 0.003 0.00305
Reaction temperature-1 / K-1

ln
 ra

te
 c

on
st

an
t k

1'

(    )

EA = 136 kJ mol-1

y = 112.03x
R2 = 0.9927

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.001 0.002 0.003 0.004 0.005 0.006

Calculated rate initial stage of growth  / nm s-1

Ra
te

 fr
om

 D
LS

 fo
r r

h>
 5

 n
m

 / 
nm

 s
-1

Figure 8-10:  Arrhenius plot derived from DLS 
data. Conditions: 0.4 N HCl; 2 or 4 mM Zr(SO4)2;
T = 328, 333, 343 K.

Figure 8-11:  Correlation of the particle growth rate 
as directly observed by DLS for particles > 5 nm 
with the initial particle growth rate as estimated 
from detection limit and induction time.

Early stages of particle growth were monitored by analytical ultracentrifugation. All 
numbers given in the figures and the text were obtained by assuming a particle density 
equivalent to that of Zr(SO4)2, ρ = 3.22 g∙cm-3; smaller values obtained with the density of 
monoclinic zirconia ρ = 5.66 g∙cm-3 are given in braces. Results for the initially used 
deposition conditions, i.e. 4 mM Zr(SO4)2 and 343 K are presented in Figure 8-12. Due to 
differences in heat transfer, the reaction times were not comparable with those in the DLS 
experiments and precipitation was only observed after about 40 min.

After 35 min the main peak of the size distribution was located at a hydrodynamic radius 
of rh = 0.87 {0.60} nm with a FWHM of approx. 0.49 {0.34} nm. The particle size 
distribution was bimodal and showed a second species at 0.43 {0.30} nm (FWHM = 0.39 
{0.27} nm). A Gauss fit of the distribution yielded fractions of 77 and 23% for the two 
species. After 37 min larger particles were observed, the main peak was shifted to ≈1.51 
{1.04} nm with a FWHM of 0.33 {0.23} nm. A peak at 0.78 {0.54} nm (FWHM = 0.54 
{0.37} nm, 28% of the total concentration) was still evident, yielding an overall bimodal 
distribution. At 39 min, the particle size distribution was broader with a weighted average 
particle radius of rw = 2.29 {1.42} nm vs. 0.62 {0.43} and 1.30 {0.90} nm after 35 and 37 
min, respectively. The peaks were wider, with the main peak corresponding to rh = 2.29 
{1.58} nm (FWHM = 0.83 {0.57} nm, 83% of the total concentration), and the minor peak to 
rh = 1.61 {1.11} nm (FWHM = 0.80 {0.55} nm).

From the sequence of AUC measurements it appears that the growth of particles proceeds 
through distinct stages with the following radii: 1) rh = 0.43 {0.30} nm; 2) rh = 0.80–0.87 
{0.55–0.60} nm; 3) rh = 1.51–1.61 {1.04–1.11} nm, and 4) rh = 2.29 {1.58} nm. The smaller 
particles disappear with longer reaction times, indicating that these species are consumed. For 
the conditions 0.4 N HCl, 4 mM Zr(SO4)2, and 343 K, a rate of 5.6 × 10-3 nm∙s-1 is estimated 
from the DLS data for the slow initial reaction. The AUC data for this set of conditions 
(Figure 8-12) also allow the calculation of an approximate initial rate by comparing rw at 35 
and at 39 min. Depending on the density used, the rate is 6.8 × 10-3 nm∙s-1 (Zr(SO4)2) or 
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4.7 × 10-3 nm∙s-1 (ZrO2), and these values nicely bracket the predicted rate for this initial 
growth stage, showing the consistency of the experimental data.
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Figure 8-12:  Evolution of particle size distribution 
with time as measured by AUC with Rayleigh 
interference detection. Particle size calculated with 
ρ = 3.22 g∙cm-3, values obtained with ρ = 5.66 g∙cm-3

in braces. Conditions: 4 mM Zr(SO4)2, 0.4 N HCl, 
343 K. Dotted lines represent Gauss fits.

Figure 8-13:  Evolution of particle size distribution 
after 24 h (representative also of 6 and 12 h) as 
measured by AUC with Rayleigh interference 
detection. Particle size calculated with ρ = 3.22 g∙cm-

3, values obtained with ρ = 5.66 g∙cm-3 in braces. 
Conditions: 4 mM Zr(SO4)2, 0.4 N HCl, 323 K.

Assuming spherical morphology and a density of Zr(SO4)2 or ZrO2, radii can be 
calculated from the maxima in the particle size distribution. Spherical morphology was 
chosen on the basis of literature reports,754 and of electron microscopy images of colloids, 
which always showed spherical particles and aggregates thereof (Figure 8-3 to Figure 8-6). 
With the constitution proposed by Clearfield744 and thus the density of Zr(SO4)2, distinct 
complexes can be identified. The smallest species with a radius of 0.43 nm corresponds to a 
complex with the n in Clearfield's formula, [Zrn(OH)n+1(SO4)2n](n+1)-, being 2; the next size 
with a radius of 0.78–0.87 nm fits complexes with n in the range 14–18. For larger sized 
particles, the assignment becomes less clear, i.e. the species with a radius of from 1.50–1.61 
nm can be described with n in the range 91–114, and rh = 2.29 nm already yields n ≈ 325. The 
absolute numbers for r and n may deviate from reality because neither morphology, nor 
density, nor constitution of the complexes are known and may change depending on the size 
of the complexes, but certain sizes (similar to magic numbers) appear preferentially. This 
behavior is comparable to that of ZrOCl2 solutions in which a 0.4 nm sized (radius) tetrameric 
complex of the constitution [Zr4(OH)8(H2O)16Cl6]2+ is in equilibrium with a 0.6 nm sized 
octameric complex [Zr8(OH)20(H2O)24Cl12]. However, the sulfate complexes are not stable but 
clearly transients under the chosen conditions, where it remains to be resolved whether the 
smaller particles dissolve (Ostwald ripening), or oligomerize to give the larger ones.

The particle size distribution develops towards a single but broad maximum at the end of 
this first stage (Figure 8-12), i.e. at a size of 2.29 {1.58} nm. Look et al.755 studied colloidal 
interactions during the precipitation of particles formed through the hydrolysis of metal 
alkoxides and found that narrow particle size distributions result when the rate of aggregation 
is faster than the rate of formation of primary particles. Aggregates are then allowed to 
rearrange into denser aggregates and particle uniformity is maintained. Further AUC data (not 
shown) demonstrate a relatively narrow particle size distribution up to 260 {180} nm < rw < 
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510 {350} nm. As the small species disappear, all data consistently suggest an aggregation 
rate faster than the particle formation rate.

Knowing the rates and their temperature dependence, it is possible to predict the growth 
rate for a 4 mM Zr(SO4)2 solution in 0.4 N HCl at different temperatures. At 323 K, the rate 
of the "fast" mechanism is appreciable and should lead to a growth of more than 100 nm∙h-1

and even the "slow" mechanism would produce about 1 nm∙h-1. However, it has been found 
by DLS that no particles with a radius > 5 nm were formed within 13 h, and the medium 
remained visibly clear for 96 h. Interestingly, a lowering of the temperature from 328 to 
323 K, i.e. by a mere 5 K, was sufficient to suppress growth. It could be speculated that 
oligomerization is frozen at a particular size, and thus the particle size distribution in this 
seemingly stable dispersion was of interest. Indeed it was found that after 6, 12, and 24 h 
reaction time, no changes occurred in the particle size distribution (Figure 8-13). Furthermore, 
the particles are small with an average radius rw = 1.04 {0.72} nm. Although the 
polydispersity seems to be rather significant, it must be kept in mind that these particles are 
very small and thus diffusion effects are likely to be significant. As no diffusion correction 
was applied to the particle size distributions, the polydispersity will be overestimated. 
Nevertheless, it is clear that under these reaction conditions, very small, rather uniform, and 
stable particles are formed. The particle radius corresponds to a complex with n ≈ 30 when 
using the constitution proposed by Clearfield. If these species were precursors for the films, 
then their availability would be ensured for at least 24 h, which might be advantageous for 
controlled deposition. However, the medium still needs to be considered metastable because 
precipitation in zirconium sulfate solutions was observed after time spans as long as two 
weeks.752 For further depositions, the following conditions were chosen: 4 mM Zr(SO4)2, 0.4 
N HCl, 323 K. It was verified by AUC measurements that the presence of the wafer did not 
initiate any particle growth in these deposition solutions.

8.1.7 Controlled Film Growth from Metastable Media and Film Growth Mechanism

Figure 8-14 shows the surface of a film deposited within 24 h at 323 K, using 4 mM 
Zr(SO4)2 in 0.4 N HCl. The reaction medium stayed clear to the eye throughout the 
deposition. The wafer was covered with a film consisting of zirconium, oxygen, and sulfur 
(EDX). The surface was mostly defect-free and rather smooth with Rrms = 1.3 nm. Adsorbed 
particles and fissures, which are characteristic for the deposition in a precipitating medium 
(Figure 8-3 to Figure 8-6), were not observed; contaminants were detected only occasionally.

Cross section TEM images allowed measuring of the film thickness as a function of 
deposition time.756,757 A series of images is shown in Figure 8-15 for depositions of from 3 to 
96 h. Under the selected conditions, a linear relationship between film thickness and 
deposition time exists as can be seen in Figure 8-16. The film thickness can thus be easily 
tuned when using the right conditions, which is a valuable ability with respect to the 
preparation of well-defined catalyst model systems.
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Figure 8-14:  SEM image (left) and AFM image 
(top) of rinsed freshly deposited zirconia film. 
Deposition conditions: 4 mM Zr(SO4)2, 0.4 N HCl, 
323 K, 24 h.

No gradients in the grain size were 
detected along the direction perpendicular to 
the substrate surface, which is explained by 
the constant conditions in the surrounding 
deposition medium. Agarwal et al.678 had 
observed a gradient in particle size 
perpendicular to the substrate surface when 
depositing from instable media. The 
observation of film formation from clear 
solutions demands a reassessment of the film 
growth mechanism. Zirconia films prepared 
by the SAM approach have so far been 
believed to grow following a homogeneous 
nucleation process. Agarwal et al.678 and Shin 
et al.,758 having observed neither substantial 
film growth in clear solutions nor any 
orientation of the nanocrystals, but having 
observed a chemical, crystallographic, and 
microstructural similarity between the films 
and the precipitate formed in the liquid phase, 
explained the mechanism of film formation 
and the growth kinetics through a coagulation 
model. The driving forces for film formation, 
i.e., attractive interactions between the SAM 
and colloidal particles in the liquid phase 

could be described using DLVO theory.758 The approach by Derjaguin, Landau, Verwey, and 
Overbeek allows estimation of the strength of interactions between particles or surfaces. 
Consistent with the idea of cluster growth in this particular case is the fact that certain ions 

Figure 8-15:  TEM cross section images of zirconia 
film after various deposition times, top to bottom: 3, 
12, 24 and 96 h. Conditions: 4 mM Zr(SO4)2, 0.4 N 
HCl, 323 K.

1.8 µm
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such as sulfate and phosphate are known to promote polymerization in the liquid phase by 
forming bridging structures to yield polynuclear metal complexes711 which could be precursor 
structures.

Our experiments now allow the establishment of a relationship between particle growth in 
solution and film growth on the substrate surface. On the basis of AUC and DLS experiments 
it was possible to identify conditions of rapid particle growth as were also used in the 
literature,678 and conditions without any growth. Film properties can now be linked to 
properties of the deposition medium. Average film growth rates were compiled from the 
literature678 and are compared to those measured by cross section TEM.

The results are presented in Figure 8-16, 
which shows the film thickness vs. the 
deposition time. Film and particle growth can 
both be envisioned as addition of material 
from solution to an already existing surface, 
and as we express the according rates in 
equivalent units, which are thickness and 
radius increase per time, respectively, they 
become easily comparable. The growth rate 
of the films is in the order of magnitude of 
10-4–10-3 nm∙s-1 and thus in the same order as 
the rate of the initial growth stage in the 
liquid phase. Additionally, the grains in the 
freshly deposited films were found to be 5 to 

10 nm,678,759 also pointing towards the initial growth stage and excluding the role of any of the 
larger colloidal species that are present in the liquid phase at longer reaction times. Again, 
using the ratio between the rates and the temperature dependence of the rates, the initial stage 
growth rates can be estimated for the conditions that were used to grow the films analyzed in 
Figure 8-16. At 343 K, the rate is estimated to be 5.6 × 10-3 nm∙s-1, and at 323 K to be 2.9 × 
10-4 nm∙s-1. At 343 K, the growth rate levels off soon when performing a single deposition, 
which is most likely related to depletion of small zirconium complexes in the liquid phase 
because of particle growth and precipitation. The observed film growth rates are thus smaller 
than predicted. Evidence for the depletion hypothesis is the more rapid growth that was 
achieved when performing repeated depositions on the same substrate with fresh solutions in 
comparison to a single deposition with the same overall deposition time (Figure 8-16). When 
the wafer was immersed several times in fresh solutions the actual growth rate was 4.2 × 10-3

nm∙s-1 and close to the predicted rate, although the individual deposition steps were too long 
to avoid precipitation and depletion entirely. At 323 K, the thickness increases linearly with 
time giving a more reliable rate of 2.1 × 10-4 nm∙s-1 which is somewhat less than the predicted 
growth rate of 2.9 × 10-4 nm∙s-1. Oligomerization of the complexes in the liquid phase under 
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these conditions is obviously not possible, but the complexes must attach to the terminal 
groups of the SAM or the already grown film surface. Some of the attached species must still 
have the freedom to rearrange as they do in solution, which would explain the typical film 
structure, i.e. round features in a surrounding matrix.757 The film growth rate is constant over 
96 h; for the first 24 h it was proven that small zirconium complexes are available (Figure 
8-13) and in turn the continuation at the same growth rate beyond 24 h proves that such 
complexes are present for many hours more.

It follows that films can also be grown from media that do not show significant particle 
growth in the liquid phase during the deposition. Polynuclear zirconium complexes are most 
likely responsible for the film formation, and it is difficult to categorize the growth 
mechanism into either "ion-by-ion growth / heterogeneous nucleation" or "cluster growth / 
homogeneous nucleation". If the "ion-by-ion" growth mechanism is envisioned as the 
attachment of mononuclear zirconium species to the substrate, then it does not reflect the 
events. Nevertheless, there is no growth in the liquid phase and the film growth is "hetero"-
initiated by the SAM surface. It was previously proposed758 that the sulfonic acid group of the 
SAM is deprotonated and thus negatively charged, and that positively charged small 
zirconium oxide particles would attach through electrostatic and van-der-Waals forces. In 
light of our results, and of literature reports on negatively charged complexes in sulfate 
solutions,717,745 we would like to propose an alternative attachment scenario. By way of ligand 
exchange, i.e. the sulfonic acid groups of the SAM replace sulfates in the complexes, a 
chemical bond could be formed, which would additionally explain the strong adhesion of the 
films on the substrate.

8.1.8 Conclusions

Zirconia films can be grown onto SAM-functionalized silicon wafers from aqueous 
zirconium sulfate solutions. Studying the solution chemistry allowed identification of 
concentration and temperature regimes of either short-lived metastability of the solutions with 
homogeneous precipitation within hours, or of long-lived metastability without precipitation 
during the experiments. If the deposition conditions are selected such that homogeneous 
precipitation is avoided, surfaces free of adsorbed particles, holes, and cracks may be 
obtained. Another advantage of working with solutions that are stable towards precipitation 
during the entire deposition time is that the conditions remain constant (depletion of the 
solution through the film growth is negligible). Accordingly, films are produced that are 
homogeneous in all three dimensions and not just in planes parallel to the substrate surface. 
The thickness of the film is proportional to time under constant deposition conditions, and can 
easily be tuned, e.g. about 75 nm of film are deposited within 96 h.



8. Silicon-Supported Nanocrystalline Sulfated Zirconia Thin Films

207

8.2 Characterization of As-Deposited and of Thermally Treated Films

8.2.1 Introduction and Purpose of Experiments

For use as a model system, structure and chemical composition of the films need to be 
defined. A desirable bulk structure is the tetragonal phase, which has been shown to be the 
most active. A thermal treatment procedure should be designed such as to convert the as-
deposited material into predominantly tetragonal zirconia. Additionally, the sulfate content 
needs to be determined more precisely than possible with SEM-EDX. In the following, the 
films are characterized in their as-deposited state and after different thermal treatments. The 
methods applied are high-resolution transmission electron microscopy (HRTEM) and X-ray 
photoelectron spectroscopy (XPS).

8.2.2 Experimental
Electron microscopy: see section 8.1.3
Thermal treatment: Thermal treatment was either performed in stagnant air or in an argon stream. The 
specimens were contained in a quartz tube that was purged with a 125 ml⋅min-1 Ar and placed inside a horizontal 
tubular furnace. The samples were heated at a rate of 5 K⋅min-1, treatment temperatures were 773, 798, 823, or 
873 K and the holding time at the respective temperatures was 2 h. Some samples were treated in the XPS 
apparatus, vide infra.
X-ray photoelectron spectroscopy: XPS was performed with a modified Leybold ESCA 100 in the FAT mode 
with the following instrument settings: MgKα excitation (1253.6 eV) at 12kV and 14 mA, pass energy 48 eV; 
sputtering: 1 keV He+. Dried films were introduced into the UHV system. Thermal treatment was performed in a 
separate preparation chamber (base pressure 1 × 10-8 mbar) adjacent to the analysis chamber (base pressure 
1 × 10-10 mbar) and specimens were transferred back and forth without exposure to air. The position in the 
analysis chamber can be well reproduced, allowing good comparison of absolute intensities after different 
treatment steps of a single specimen. Samples were heated either in vacuum or in 1.013 bar of 20% O2 in N2 to 
773 K at 20 K∙s-1, held at 773 K for 1 h, and cooled before evacuation.

8.2.3 Characterization of As-Deposited Films by TEM

HRTEM is an excellent tool to investigate the structure of the films; however, in their as-
deposited state the films were very sensitive to the electron beam. The material crystallized in 
the beam to give the tetragonal phase of zirconia, and at room temperature, crystallization 
sometimes proceeded in less than a minute. At 4.3 K, the films were more resistant towards 
the electron beam and images could be taken that reflected the near-original state of the as-
deposited films. A series of images taken of the same spot after different exposure times to 
the electron beam is presented in Figure 8-17. The original sample is nearly amorphous, in 
contrast to a report by Agarwal et al.,678 who identified the composition as nanocrystalline 
tetragonal zirconia intermixed with amorphous basic zirconium sulfate. The amorphous 
nature of our samples was further confirmed by diffraction patterns which were recorded at 
low magnification and thus at low electron dose. Only diffuse rings were detected, which are 
further evidence for the absence of any long-range order in the as-deposited films.
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The selective area diffraction, which 
operates at lower electron dose than the 
high resolution imaging, is considered the 
more reliable method to assess the initial 
film structure. The crystallization in the 
beam to form the tetragonal phase 
proceeded within ≈ 20 min at 4.3 K (Figure 
8-17) and was accompanied by shrinkage of 
the film thickness by up to 10%. Typical 
grain sizes of tetragonal zirconia after 
electron-beam stimulated crystallization 
were below 10 nm.

8.2.4 Thermal Treatment Followed by 
SEM

Initially, we conducted thermal 
treatments at 773 K,760 as this temperature 
was reported in the literature as suitable for 
achieving complete crystallization of the 
film material into tetragonal zirconia.678

Calcination of films obtained from stable 
deposition media at 773 K yielded smooth, 
crack-free surfaces (Figure 8-18). Rrms was 
≈ 0.6 nm. For comparison, the surface of a 
film from a medium with homogeneous 
precipitating is presented in Figure 8-19. 
Such films do not only exhibit crater-like 
defects that are produced when the attached 
colloids are washed off, but also numerous 

small cracks and holes are discernable. Hence, another advantage of the “controlled 
deposition” from a stable medium seems to be that the resulting films do not crack and remain 
contiguous throughout the thermal treatment. However, the films presented in Figure 8-18 and 
Figure 8-19 may not be quite comparable, because they are not equally thick. The film in 
Figure 8-18, which was deposited at 323 K within 24 h, should be about 15 nm thick, while 
the film in Figure 8-19, which was deposited at 343 K within 4 h, should be about 25 nm 
thick.678 Thinner films may be less stressed and less prone to cracking.

Figure 8-17:  TEM cross section images of as-
deposited film taken during 160 kV electron beam 
irradiation at liquid helium temperature: (a) after 
1 min, (b) after 10 min and (c) after 20 min. 
Formation of the tetragonal ZrO2 phase is confirmed 
by power spectrum (see inset). Deposition conditions: 
4 mM Zr(SO4)2, 0.4 N HCl, 323 K, 48 h. 
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Figure 8-18:  SEM image of zirconia film, 
deposited from non-precipitating reaction medium, 
after 2 h calcination at 773 K (5 K∙min-1) in 
stagnant air. Deposition conditions: 24 h, 323 K, 4 
mM Zr(SO4)2 in 0.4 N HCl, rinsed and dried.

Figure 8-19:  AFM image of zirconia film, deposited 
from precipitating reaction medium, after 2 h 
calcination at 773 K (5 K∙min-1) in stagnant air. 
Deposition conditions: 4 h, 343 K, 4 mM Zr(SO4)2 in 
0.4 N HCl, washed and dried.

8.2.5 Thermal Treatment Followed by XPS

The effects of thermal treatments were also investigated using XPS. For time constraints, 
the temperature program had to be shortened, which was achieved by increasing the heating 
rate and decreasing the holding time. All spectra were recorded at room temperature. XP 
spectra of fresh films showed signals of Zr, O, S, C, often Si, and sometimes of impurities 
(typically N). Signals of the Si substrate were not always detectable, suggesting either a 
contiguous zirconia film with a thickness in or just beyond the range of the electron escape 
depth or a thicker film with very few flaws. When detectable, the maximum of the Si 2p (2p3/2

+ 2p1/2) signal was located at 99.7 eV, consistent with Si(100), and 103.4 eV, consistent with 
oxidized Si.

Signals arising from the elements in 
the zirconia film were slightly shifted 
towards higher binding energy due to 
charging of the film; the shift was about 
2.0 eV (dried) or 1.7 eV (calcined films) 
which was much less than the shift 
observed for sulfated zirconia powders 
(almost 7 eV), see Figure 8-20. Binding 
energies of the shifted signals were 
corrected using O 1s = 530.2 eV of the 
ZrO2

761 as internal reference. The as-
deposited films are more or less 

amorphous and the state of oxygen may not equal that in a crystalline oxide. For these 
samples, the choice of the internal reference may be somewhat questionable; however, there 
are no other, more suitable internal standards.
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Figure 8-20:  XP spectra (binding energy only corrected 
for spectrometer work function) of powdered Zr(SO4)2
and a sulfated zirconia film from 24 h deposition, both 
treated 1 h at 773 K in vacuum.
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Figure 8-21:  XP spectra, C 1s region of film in the 
as-deposited state and after thermal treatment at 
773 K in synthetic air. Deposition conditions: 0.4 N 
HCl, 4 mM Zr(SO4)2, 323 K, 24 h. 

Figure 8-22:  XP spectra, Zr 3d region of film in the 
as-deposited state and after thermal treatment at 
773 K in synthetic air. Deposition conditions: 0.4 N 
HCl, 4 mM Zr(SO4)2, 323 K, 24 h.

Figure 8-21 through Figure 8-24 show the most important regions before and after 
thermal treatments. The C 1s signal (Figure 8-21) of the as-deposited film is composed of 
several species. The main contribution at 284.9 eV arises from hydrocarbon contaminations 
and maybe, in part from the hydrocarbon backbone of the SAM. After 24 h of deposition, i.e. 
after formation of an about 15 nm thick film, the SAM is on the verge of the depth detection 
limit of the method and is probably only visible in areas where the film is imperfect. Oxidized 
carbon species at 286.7 and 288.9 eV may either arise from contaminations or from partially 
oxidized SAM; the severe conditions during the oxidation of the functional group of the SAM 
may have led to side reactions. Calcination removed most of the carbon from the surface; a 
concomitant increase in the intensity of Zr, O, and S signals was observed. The result of the 
thermal treatment is thus a rather clean surface. The Zr 3d5/2 signal is located at 182.4 eV after 
calcination, close to the reported value of 182.2 eV for ZrO2.761
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Figure 8-23:  XP spectra, O 1s region of zirconia 
film in the as-deposited state and after thermal 
treatment at 773 K in synthetic air. Deposition 
conditions: 0.4 N HCl, 4 mM Zr(SO4)2, 323 K, 24 h.

Figure 8-24:  XP spectra, S 2p region of zirconia 
film in the as-deposited state and after thermal 
treatment at 773 K in synthetic air. Deposition 
conditions: 0.4 N HCl, 4 mM Zr(SO4)2, 323 K, 24 h.

The O 1s signal of the freshly calcined film can be distinguished into at least two peaks, 
at about 532.0 eV and 530.2 eV (Figure 8-23). The lower binding energy species is assigned 
to the O2- of ZrO2; the shift is consistent with observations on powders,436 validating the use 
of this signal as internal reference. The species at higher binding energy may originate from 
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sulfate oxygen and from surface hydroxyls. Heating in air reduced the fraction of high 
binding energy oxygen and increased the fraction of oxide species. The exact chemical 
changes to the film cannot be elucidated by this experiment alone. If it is assumed that the 
material consists of cores of zirconia with sulfate on the surface, then the removal of the 
contaminant C layer will also produce an increase in the oxide signal, because the analyzed 
volume then encompasses more oxide material.

The maximum of the S 2p (2p3/2 + 2p1/2) signal was detected at a binding energy of 
168.9 eV before and 169.0 eV after calcination as presented in Figure 8-24, consistent with 
the presence of S(+VI).

Further evidence for the assignment of the O 1s signal at 531.9 eV to sulfate-oxygen 
arises from spectra recorded after sputtering the sample with 1 keV He+ (fluence: ≈ 3 × 1016

He+ cm-2). The spectra in Figure 8-25 show that this oxygen species has almost disappeared 
after sputtering. Concomitantly, the sulfur signal was shifted to 161.1 eV (Figure 8-26), 
consistent with S(-II).761 The reduction of sulfur along with the disappearance of one oxygen 
species strongly suggests that this particular O 1s peak at 531.9 eV belongs to the sulfate 
species, as has been proposed for sulfated zirconia powders.436 Overall, the XPS binding 
energy data are consistent with the presence of a film of sulfated zirconia. The films are also 
continuous; the substrate signals were not detectable for thicker films.
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Figure 8-25:  XP spectra of zirconia film, O 1s 
region. Calcined at 773 K: solid line, after He+

sputtering: circles. Deposition conditions: 0.4 N HCl, 
4 mM Zr(SO4)2, 323 K, 24 h.

Figure 8-26:  XP spectra of zirconia film, S 2p 
region. Calcined at 773 K: solid line, after He+

sputtering: circles. Deposition conditions: 0.4 N HCl, 
4 mM Zr(SO4)2, 323 K, 24 h.

XPS data were also quantified and the values were within the range of suitable 
compositions of sulfated zirconia materials. The composition of the surface of a calcined film 
was 25.5 at% Zr , 70.3 at% O, and 4.2 at% S. The sulfur content is thus slightly higher than in 
the typically investigated powders, which is probably a result of the somewhat more moderate 
calcination program (773 K vs. 823 K for unpromoted sulfated zirconia powders) and the 
absence of overheating effects in such a thin film. With powdered sulfated zirconia catalysts, 
it was revealed that more active material is obtained when larger amounts are calcined 
(Chapter 4.1). The amount of material in our films is very small, which raises the question 
whether an active material will be generated in the calcination. This has not been tested yet, 
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but the films, because of their small mass, offer the possibility of much better control of 
heating procedures, and “glow-type” overheating may be mimicked.

8.2.6 Thermal Treatment Followed by TEM

When it was revealed that the films crystallize rapidly in the electron beam information in 
the literature on the crystallinity of the films based on HREM images became questionable; 
and it followed that also treatment temperatures reported in the literature as sufficient for 
complete crystallization should be re-checked. We used a series of specimens from a 48 h 
deposition and treated in argon for 2 h. The results are presented in Figure 8-27. At 798 K, 
there was no change to the film structure, which would also mean that the 773 K selected for 

our XPS measurements may have 
been too low to achieve 
crystallization. However, the 
treatment for XPS was conducted in 
air and at a higher heating rate; and 
combustion of the SAM may 
generate high local temperatures. 
The influence of the treatment 
atmosphere is under investigation. 
After treatment at 823 K the film 
consists of grains of the tetragonal 
phase of zirconia. Treatment at 873 
K resulted not only in tetragonal but 
also in a small amount of the 
monoclinic phase of zirconia, as 
evidenced by additional rings in the 
diffraction pattern.

The films shrank by 30–40% during the thermal treatment, but remained free of cracks 
and voids and uniformly thick. In comparison to the grain sizes obtained through electron 
beam crystallization, the grains in the thermally crystallized specimens were generally larger, 
and were sometimes as large (10–50 nm) as the film thickness. Once treated at temperatures 
of 823 K and higher, the (crystalline) samples were stable under the electron beam.

8.2.7 Conclusions

As-deposited films are of largely amorphous nature. The amorphous material crystallizes 
spontaneously in the electron beam to give tetragonal zirconia with very small grains. 
Thermal treatment at 823 K in argon converts the amorphous material into purely tetragonal 
zirconia with 10–50 nm grain sizes. Quantification of XPS yields a sulfur content of about 4% 
in the calcined films, a reasonable content for a model system for sulfated zirconia catalysts. 

 

Figure 8-27:  Diffraction patterns of zirconia films treated at 
(a) 798, (b) 823 K, and (c) 873 K. HREM image of film treated 
at 823 K. Deposition conditions: 4 mM Zr(SO4)2, 0.4 N HCl, 
323 K, 48 h. 

ba c
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Sulfur was found in the oxidation state +VI. The existence of a second oxygen besides the 
oxygen species of ZrO2 indicated that sulfur is present in the form of a sulfate.
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8.3 Adsorption of Ammonia on Calcined Sulfated Zirconia Films Monitored by XPS

8.3.1 Introduction and Purpose of Experiment

After establishing chemical composition and structure, adsorptive and catalytic properties 
of the films demand attention. Ammonia is a strongly basic probe molecule usable for the 
detection of acidic sites. As described in Chapter 2.3.7 ammonia is a suitable probe molecule 
to e.g. distinguish unsulfated from sulfated zirconia, but not to study promoted sulfated 
zirconia. We used ammonia adsorption as a first test for acid sites and monitored the 
adsorption by XPS.

8.3.2 Experimental
XPS: For measurements, see section 8.2.2. Ammonia adsorption was performed at room temperature in the 
preparation chamber of the apparatus. Different exposures were applied.

8.3.3 XP-Spectra after Adsorption of 
Ammonia

XP spectra taken of the N 1s signal 
after exposure to NH3 (10000 L) at room 
temperature showed two peaks at 402.3 
eV and 400.3 eV (Figure 8-28). The 
higher binding energy species was 
significantly weakened upon heating to 
473 K in vacuum while the lower binding 
energy species remained largely 
unaffected.

Ammonia can be adsorbed on the 
film, and similar to what has been 
observed previously for the adsorption of 

pyridine on sulfated zirconia,436 the N 1s signal reveals two species. Johansson and Klier436

assigned the higher binding energy signal to the formation of pyridinium ions and the lower 
binding energy to interaction of pyridine with Lewis acid sites. Accordingly, the higher 
binding energy signal may represent ammonium ions761 while the lower binding energy may 
represent the adsorption of ammonia on Lewis acid sites.

8.3.4 Conclusions

After thermal treatment, the sulfated zirconia thin films exhibit acidic properties 
consistent with those detected for powders, i.e. ammonia is adsorbed at room temperature at 
two different sites. The films can thus be regarded as a model system for sulfated zirconia 
powders.
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Figure 8-28:  N 1s signal of a zirconia film; treated in 
vacuum at 773 K (bottom spectrum); after exposure to 
10000 L NH3 (top). Deposition conditions: 24 h, 323 K, 
4 mM Zr(SO4)2, 0.4 N HCl. 
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9. Summary
Previous investigations have failed to explain the extraordinary activity of sulfated 

zirconia materials for isomerization of n- to isoalkanes at temperatures as low as room 
temperature. The majority of the published work has focused on the characterization of acid 
sites with strongly basic probe molecules (see Chapter 2.3). Here, a novel approach was taken 
that encompassed the following:
(i) identification of a reproducible preparation of highly active catalysts and of the proper 

handling conditions for catalyst characterization
(ii) detailed study of the role of the zirconia structure, including variation of the nature of 

zirconia bulk by preparative means
(iii) characterization of the state of the promoters manganese and iron in zirconia catalyst, 

including their interplay with zirconia
(iv) measurement of the number of sites for alkane adsorption and evaluation of the 

strength of interaction
(i) in situ studies during n-butane and n-pentane isomerization to understand the changes 

in activity (induction period, deactivation) and the processes during regeneration
The catalytic activities published for sulfated zirconia materials vary by up to 1.5 orders 

of magnitude; the reproducibility of the preparation is often poor. We prepared sulfated 
zirconia and manganese- or iron-promoted sulfated zirconia from a commercially available 
sulfated zirconium hydroxide. The precursor was dried, optionally impregnated with 
manganese or iron nitrate solutions, and then thermally treated at 823 K or 923 K. We could 
identify the calcination as a critical step in the preparation. Specifically, an extrinsic 
parameter, i.e. the batch size used in the calcination was found to have a strong influence on 
the catalytic properties of the product. Bed volumes of 2.3, 8.4, or 17.1 ml, which contained 
about 3, 10, or 25 g of catalyst, were tested. The maximum isomerization rate of the catalysts, 
measured at 1 kPa n-butane and 333 K, increased with increasing calcination batch size. 
Causes for an effect of the batch size are seen in the actual temperature in the powder bed 
which was monitored during the calcination process. During the heat-up phase, a several 
minute long overshoot of the bed temperature of up to 260 K ("glow") over the oven set 
temperature was observed. The extent of the overshoot increased with increasing batch size 
and increasing heating rate, and was shifted to higher temperatures by the presence of sulfate, 
promoters, or combinations thereof. Different promoters exert different shifts, indicating that 
the promoters influence the chemistry during calcination. It could be shown that the heat 
release is not related to combustion of contaminants but to crystallization and sintering of the 
X-ray amorphous precursor. During the glow, the sample experiences rapid heating (45 K∙s-1) 
and cooling, which determines structure and morphology. Depending on the actual 
temperature that is reached, volatilization and potential redeposition of catalyst components 
can also be envisioned. Samples calcined in the differently sized boats were characterized, 
and the following trends were discovered in the data: With increasing boat size, the BET 
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surface area increased, the number of ink-bottle shaped pores increased, and the c/a ratio of 
the lattice parameters of the tetragonal phase increased. None of these effects seemed 
pronounced enough to explain the activity differences, but we would not necessarily expect 
the number of active sites to scale linearly with any of these quantities. In summary, the batch 
size and packing during calcination, so far neglected in the literature and usually not even 
reported, are crucial parameters in the making of sulfated zirconia catalysts.

For characterization or catalytic tests, powders are often homogenized and then pressed 
into pellets or wafers. Such action was found to significantly alter the properties of sulfated 
zirconia catalysts. After grinding, milling, or pressing, the catalytic activity was found 
reduced, particularly the initial high activity was affected. Grinding and pressing are "standard 
laboratory procedures" that are frequently applied and usually in a different way for different 
experiments, rendering data uncorrelatable. Studies that do not account for this phenomenon 
are questionable. This "sensitivity" is an obstacle in the characterization of these catalysts; 
however, it also may be a characteristic feature of a highly active material. The mechanical 
stress also effected a partial phase transformation of the metastable tetragonal to the 
monoclinic phase of zirconia, confirming a relation between bulk phase and catalytic
performance.

The role of the crystalline phase of zirconia was studied by comparing tetragonal zirconia 
to zirconia without an extended crystalline bulk structure. Two target structures were 
successfully synthesized, an MCM-type material, i.e. a framework of amorphous zirconia 
walls enveloping uniformly sized mesopores, and zirconia nanocrystals supported in various 
concentrations (10, 20, and 50 wt%) and sizes on silica or on γ-alumina. The standard sulfated 
tetragonal zirconia, obtained through calcination of a sulfated hydroxide, was superior to the 
MCM- and the supported materials with respect to maximum catalytic activity, but all 
samples were catalytically active. Zirconia was well-dispersed on alumina but easily formed 
tetragonal crystals when combined with silica, as shown by X-ray diffraction, transmission 
electron microscopy and thermal analysis. Substantial amounts of tetragonal zirconia as 
indicated by the according reflections in diffractograms in the supported materials did not 
lead to a pronounced activity enhancement in comparison to highly dispersed zirconia. It is 
concluded that the presence of the tetragonal zirconia phase appears to be a necessary but not 
a sufficient requirement for excellent catalytic performance.

Promoted catalysts were studied in the hope that understanding the function of the 
promoter action might lead to an understanding of the unpromoted material. Manganese, 
whose promoting effect is debated, and iron, a generally accepted promoter, both interact 
strongly with zirconia. Solid solutions are formed up to concentrations of several mol%; the 
formation of such solutions is preferred when zirconium and the promoter are coprecipitated, 
in comparison to impregnation of a solid hydroxide. Mn(II) and Fe(III) ions were found 
isolated in the zirconia lattice by electron paramagnetic resonance (EPR); the average 
oxidation state of manganese was ≈ 2.6 according to X-ray absorption spectroscopy (XAS), 
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indicating the presence of higher valent species. Iron was always found in the oxidation state 
+III. The fraction of extra-lattice species was higher for iron than for manganese: ion 
scattering spectroscopy (ISS) at 2 wt% promoter did not detect manganese, but did detect 
iron, EPR spectra were consistent with the presence of Fe2O3, and X-ray absorption near edge 
spectra of samples before and after washing with oxalic acid demonstrated that Fe2O3 can be 
removed from the surface. Both promoters were similarly effective with respect to the 
maximum activity, iron-promoted catalysts tended to have a more stable activity at longer 
times on stream (hours). The different distribution of the promoters in the catalyst materials at 
equal performance suggests that only a fraction of the promoter species contributes to the 
promoting effect. The fact that the manganese surface concentration was extremely low points 
towards the ions dissolved in the zirconia lattice as the relevant species. A unified model to 
explain the promoter effect was developed. This model applies to all of the promoted sulfated 
zirconia materials, and can be transferred to sulfated zirconia itself. Most known promoter 
cations can be incorporated into the zirconia lattice. These ions are also lower valent than 
zirconium; i.e. for charge balance, oxygen vacancies must be created in the structure. We 
believe that such oxygen vacancies in surface-near regions could lead to coordinatively highly 
unsaturated sites. Oxygen vacancies have been described as defects in pure tetragonal 
zirconia. The promoters will not generate a new type of site but just increase the number or 
density of sites that also exist on unpromoted sulfated zirconia. Consistent with this idea, the 
literature reports equal activation energies for unpromoted and promoted sulfated zirconia. 
Furthermore, the product distributions and the time on stream behavior are equivalent, 
independent of the presence of a promoter and the type of promoter (many transition metal 
cations), indicating that not the chemistry of an individual promoter is relevant for the 
catalysis but the interaction with zirconia.

The active sites of a catalyst are of primary interest, and we have investigated them using 
two different approaches. Nanocrystalline films of sulfated zirconia supported on a silicon 
wafer were developed as model system, and their surface was probed by ammonia with X-ray 
photoelectron spectroscopy (XPS) for analysis. The surface of powder catalysts was probed 
with small alkanes using microcalorimetry as analytical method.

The nanocrystalline films were developed to overcome the difficulties with powders in 
some experiments, specifically problems with porosity, and electrical and thermal 
conductivity. Preparation of nanocrystalline films of zirconia was described in the literature 
but had to be optimized for our purposes. The procedures for cleaning and functionalization 
of the doped silicon wafer substrate were only slightly modified. A self-assembled monolayer 
consisting of bifunctional C16-surfactant molecules was attached to the surface of the wafer, 
and the terminal groups served as anchor points for zirconia species. The zirconia layer was 
deposited by immersing the functionalized wafer into a solution of zirconium sulfate in 
hydrochloric acid. The stability of the zirconium-containing solution towards hydrolysis was 
identified as crucial for a successful deposition. The colloidal chemistry in the liquid phase 
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was studied in the range 0.4–0.6 N HCl, 2–4 mM Zr(SO4)2, and 323–343 K in order to find 
conditions ensuring stability of the deposition medium for many hours. Optimal conditions 
were found and homogeneous films could be obtained, whereby the film thickness could be 
tuned by the deposition time in the range of up to about 75 nm (ca. 96 h at 323 K, 4 mM 
Zr(SO4)2, 0.4 N HCl). The film consists of small grains, which during calcination at 823 K 
transform into tetragonal zirconia crystals of 10–50 nm diameter. The films contain sulfate 
from the deposition medium as evidenced by XPS and ISS measurement showing sulfur in the 
oxidation state + VI and oxygen linked to the sulfur.

Ammonia, although not suitable for promoted catalysts, is one of the few probes that 
according to the literature deliver temperature programmed desorption data that can be 
correlated with the catalytic performance. As a strongly interacting probe it could be used in 
the vacuum environment, and two different N species were apparent in XP spectra, indicating 
two types of sites, one of which was more stable upon heating. The sites are presumed to be 
Brønsted and Lewis acid sites, i.e. the developed model system shows properties 
characteristic of sulfated zirconia. Catalytic tests with the model system are under way.

Interaction of the powdered zirconia catalysts with alkanes was weak; the differential 
heats of adsorption for propane, isobutane, and n-butane on zirconia, sulfated zirconia, and 
promoted sulfated zirconia were in the range 45–60 kJ∙mol-1. The heats at coverages below 5 
µmol g-1 could not be determined with sufficient accuracy, and a small fraction of sites with 
higher heats cannot be excluded. Adsorption isotherms were fit with Langmuir and 
Freundlich models and the coverage at a typical alkane partial pressure under catalytic 
conditions was estimated. At 313 K and 1 kPa, about 60–80 µmol g-1 isobutane were adsorbed 
on the sulfated zirconia catalysts. This coverage corresponds to ca. 10–15% of the sulfate, 
implying that there are different sulfate species and that only a fraction of the sulfate is 
simultaneously involved into the isomerization reaction. More sites were occupied by 
isobutane on unsulfated zirconia, i.e. about 115–150 µmol g-1 under the same conditions. 
Several samples, among them zirconia and promoted sulfated zirconia, were found to not only 
adsorb isobutane but to undergo further reactions. This was manifest in a strong heat 
evolution in connection with continuous consumption of isobutane, an effect that could last 
hours and was seemingly disjointed from the normal adsorption steps. However, the effect 
only took place after contact with isobutane, and the released heat was so high that it can only 
be explained by solid state reactions. It is thus believed that the formation of active sites on 
the catalyst was observed, i.e. during the induction period in a catalytic test, a restructuring of 
the surface occurs.

Deactivation of sulfated zirconia is a problem, and is usually ascribed to coke formation. 
In situ investigations with UV-vis spectroscopy during n-butane and n-pentane isomerization 
revealed that the formation of unsaturated surface species is related to the occurrence of the 
bimolecular isomerization mechanism. Product and deposit formation were shown to be 
competitive processes. The surface species formed on sulfated tetragonal zirconia absorbed at 
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305–330 nm, which according to the literature falls into the absorption range of allylic
cations. At higher temperature (523 K) and longer times on stream, polyunsaturated species 
were detected during butane isomerization; pentane isomerization was only investigated at 
low temperature (< 323 K). Band positions of unsaturated species for MCM-like sulfated 
zirconia differed from those for sulfated tetragonal zirconia. Because the product distribution 
is similar on both types of materials, it was assumed that the same type of surface deposits is 
formed. The species on the surface of the mesoporous sulfated zirconia absorbed at lower 
wavelength, consistent with a lower positive charge of the cation, and indicating a lower 
polarizing power of the non-crystalline surface.

In situ diffuse reflectance spectra could give no further information on the hydrocarbon 
deposits, possibly due to a lower sensitivity of the IR experiment. The IR data are consistent 
with the accumulation of water on the surface during isomerization; part of the water 
originates from the feed gases but it appears that water was also formed on the surface. The 
water led to a restructuring of the sulfate groups as evidenced by a shift of the S=O band to 
lower wavenumbers. However, the slight differences in the degree of hydration that were 
visible in the IR spectra did not affect the catalytic activity.

Not entirely resolved is the role of oxygen in calcination, activation and reactivation and 
the importance of redox reactions of the promoter. Iron-promoted sulfated zirconia was more 
active after calcination in oxygen than after calcination in air. The maximum isomerization 
rate scaled with the oxidation state of manganese (from XAS) directly before the start of the 
reaction. However, the manganese valence did not change significantly throughout an entire 
reaction profile encompassing induction and deactivation. Catalysts activated or regenerated 
in 50% oxygen for 1 h were more active than those activated in inert gas, but catalysts 
activated or regenerated in 50% oxygen for more than 60 h or treated in pure oxygen for 30 
min were less active than those treated in inert gas. Regeneration in inert gas is not possible, it 
converts adsorbed hydrocarbons into unsaturated species. These data indicate that in 
regenerating the catalysts, a balance must be found between oxidizing all surface deposits 
without completely oxidizing the catalyst. Nevertheless, these observations are consistent 
with the hypothesis of an important role for oxygen vacancies in sulfated zirconia catalysts.

Several experiments gave indications for two types of sites on the sulfated zirconia 
catalysts, a highly active type which is responsible for the high short term activity and less 
reactive sites which are responsible for the long term activity. Deactivation was often not 
complete, i.e. not all sites were blocked by deposits, and in some cases the mechanical stress 
subdued only the high initial activity of the catalyst. The fact that oxygen can have a positive 
and a negative effect also points towards two types of site. However, all results can also be 
explained if isolated sites (slow monomolecular mechanism) and site ensembles (fast 
bimolecular mechanism, but also deposit formation) are assumed. The abundance of site 
ensembles will vary depending on the treatments.
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10. Functional Model
By investigating the material’s chemistry of zirconia, major achievements in 

understanding the reactivity of sulfated zirconia and promoted sulfated zirconia for 
conversion of alkanes were made. Decisive for the reactivity of these catalysts is the zirconia 
structure and defects inherent to it.

It was revealed that the calcination step is a major factor in controlling structure and 
defect chemistry of zirconia. The essential event during calcination is the formation of 
zirconia crystals from a large surface area X-ray amorphous precursor and the 
thermochemistry associated with this conversion. Due to large exothermicity, this conversion 
leads to a brief but extensive self-heating of the sample; a process that may be altered by any 
additive such as sulfate or a promoter. It became evident that differently active catalysts can 
be made from identical precursors, i.e. the number of active sites is not solely ruled by the 
composition, and, hence, the formation of such sites must be kinetically controlled. At the 
same time, reproducibility of catalyst preparation, whose lack presented a challenge in 
sulfated zirconia research and has hindered progress, was improved considerably by 
controlling extrinsic parameters such as bed size and packing during calcination. The solid 
state chemistry of zirconia determines the disposition of sulfated zirconia to become 
catalytically active through activation and subsequent exposure to hydrocarbon feed.

The so far vaguely formulated and much debated hypothesis of superior activity of the 
tetragonal phase relative to the monoclinic phase is replaced by a more clearly outlined 
picture. The presence of the tetragonal (cubic) phase is a necessary but not a sufficient 
requirement for extraordinary activity in n-butane isomerization. Subtle variations in the 
tetragonal phase must account for marked differences in activity, suggesting that the active 
configuration must be a deviation from the normal order in the structure. The ability to form 
such configurations is unique to the tetragonal and cubic phases. The number of active sites 
can be diminished through excessive oxygen exposure at elevated temperatures, suggesting 
that an oxygen deficiency is necessary to create such sites. Active sites are highly instable and 
can be destroyed through application of mechanical stress.

The first model that encompasses both unpromoted and promoted sulfated zirconia has 
been developed. Originally it was assumed that promoters enhance the acidity, but this idea 
had to be dismissed. A completely new angle emerges here with the discovery that the 
predominant effect of the promoters is their interaction with the zirconia. Promoter ions are 
dissolved in the zirconia and stabilize the tetragonal or cubic phase. Moreover, they create 
defects, most likely oxygen vacancies that compensate for the lower valence of the promoter 
ions relative to Zr(IV). This model holds for many transition metal cations. In unpromoted 
sulfated zirconia, traces of Zr(III) may take the role of the promoter. Sulfated zirconia and 
sulfated zirconia promoted with transition metal cations operate with the same type of sites, 
independent of the element employed as promoter.
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Defects and sulfate cooperate. Such cooperation can be envisioned in many different 
ways; e.g. the defect sites themselves can be (Lewis acid) sites, the properties of hydroxyl or 
sulfate groups in the immediate vicinity of the defects can be altered, or geometric variation 
may favor a certain sulfate configuration. Probing of such sites is difficult because they are 
rare and may only be formed upon exposure to the feed; and even the presumably most 
specific probe molecule, i.e. the reactant, also adsorbs on catalytically irrelevant sites.

The catalytic performance with time on stream suggests the presence of two types of 
active constellations on the surface, a type that rapidly accumulates side products and a long-
term stable type. A new, alternative explanation is that not two types of constellations are 
present but isolated sites and site ensembles, which are preferably formed by the tetragonal 
(cubic) zirconia phase. Isolated sites and ensembles favor different isomerization 
mechanisms, monomolecular isomerization and the rapid but deposit-producing bimolecular 
isomerization, respectively. The bimolecular mechanism occurs when already isomerized 
molecules are available, i.e. on site ensembles or under conditions of high conversion or 
hindered product removal. The isolated sites deactivate only slowly and, given the dynamic 
nature of the zirconia bulk, they may be replenished during long-time operation. Regeneration 
of the catalyst in an oxidative environment is possible but a careful balance of the overall 
oxidation state of the catalyst must be maintained.
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