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Abstract: 

 

Butane skeletal isomerization reaction on sulfated zirconia at low temperature was studied 

to investigate the general features of the active structure and the reaction mechanism. Labile 

sulfate species, which can be removed by water washing and restored by gaseous SO3 

sulfation, were discovered to be the key components in active sulfated zirconia for butane 

skeletal isomerization. The initial step of n-butane isomerization on sulfated zirconia was 

concluded to be the in situ generation of butene by oxidative dehydrogenation of n-butane. 

Isomerization takes place as monomolecular skeletal isomerization of the n-butyl carbenium 

ion to the iso-butyl carbenium ion. The chain reaction is propagated by a hydride transfer 

from n-butane to the iso-butyl carbenium ion.     

 

 

 

Untersuchungen zur Charakterisierung genereller Merkmale der aktiven Zentren und des 

Reaktionsmechanismus der Skeletisomerisierung von Butan bei niedrigen Temperaturen 

wurden an sulfatisiertem Zirkondioxid durchgeführt. Labile Sulfatspezies, die durch Wasser 

entfernt und durch eine Sulfatisierungsbehandlung mit SO3 wiederhergestellt werden können, 

haben sich als Schlüsselkomponenten für die Butanisomerisierungsreaktion an sulfatisiertem 

Zirkondioxid herausgestellt. Als Initialschritt der Butanisomerisierung auf sulfatisiertem 

Zirkondioxid wurde die in-situ Generierung von Buten durch oxidative Dehydrierung von      

n-Butan identifiziert. Die Isomerisierung geschieht als Skelettisomerisierung des                    

n-Butylcarbenium Ions zu einem iso-Butylcarbenium Ion. Die Kettenreaktion wird durch 

Hydridtransfer von n-Butan auf das iso-Butylcarbenium Ion fortgesetzt.   
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1.1. General introduction 

iso-Butene, product of dehydrogenation of iso-butane, is very important intermediate in 

the production of poly-isobutylene, tert-butyl alcohol, methyl tert-butyl ether, etc.. Butane is 

available from natural gas sources, which usually contain only very limited amounts of iso-

butane. Therefore, the isomerization of n-butane to iso-butane is of substantial importance in 

the petrochemical industry. 

Butane isomerization is a very old process, having been used in refineries since the 

Second World War. Nowdays, the most prevalent method of producing iso-butane from n-

butane is the UOP Butamer process, using platinum chloride catalyst. In the Butamer process, 

n-butane combined with hydrogen and a chlorinated organic compound flows through one or 

two fixed bed reactors in series, containing platinum chloride on alumina catalyst. The 

hydrogen is used to suppress the polymerization of olefin intermediates, while the chlorine 

source is used to maintain catalyst activity.  

The main disadvantages of the commercial processes for n-butane isomerization are the 

corrosiveness and the high cost of catalyst disposal. Thus, improvement in acidic catalysts and 

processes for n-butane isomerization are urgently sought after. The catalysts of the new 

generation should be active at low temperature in order to shift the thermodynamic 

equilibrium of n-butane skeletal isomerization towards the desired branched product. The 

most quoted candidate catalysts for n-butane isomerization at low temperature are sulfated 

zirconia and promoted sulfated zirconia, which have been studied for more than two decades. 

These catalysts are thought to be the promising catalysts for industrial processes due to their 

high activity, ease of safe handling and lack of corrosiveness. 

Despite the significant number of papers dealing with sulfated zirconia catalysts, the exact 

nature of the active sites is not clearly established. Furthermore, the mechanistic details of n-

butane skeletal isomerization are not completely known. 
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1.2. Fundamental knowledge of saturated hydrocarbon chemistry 

Hydrocarbons are compounds of carbon and hydrogen, which play an important role in 

chemistry. Hydrocarbons, in which all atoms are bonded to each other by single sigma bond, 

are named alkanes or paraffins and the general formula being CnH2n+2. Alkanes can be straight 

chain or branched. Cycloalkanes are cyclic saturated hydrocarbons containing carbon ring(s). 

Carbon can also form multiple bonds with other carbon atoms, which results in unsaturated 

hydrocarbons, i.e. olefins, acetylenes, dienes or polyenes. 

The modern life of human is affected by a large energy demand. Our major energy sources 

are fossil fuels, i.e. oil, gas and coal, as well as atomic energy and hydro-energy. Fossil fuels 

are basically hydrocarbons with different H:C ratio, as illustrated in Table 1.1 [1]. 

 
Table 1.1 H:C ratio in natural hydrocarbon sources 

 
Methane 4.0 
Natural gas  3.8 
Petroleum crude 1.8 
Tar sands bitumen 1.5 
Shale oil (raw) 1.5 
Bituminous coal 0.8 

 

Methane is the main component (generally > 80 %) of natural gas. Gas liquids (“wet” 

gases) contain significant amounts of C2-C6 alkanes. Petroleum or crude oil is a complex 

mixture of many hydrocarbons, predominantly straight-chain alkanes with small amounts of 

branched alkanes, cycloalkanes and aromatics. The quality of petroleum varies according to 

the specific gravity and viscosity. In general, light oils, characterized by low specific gravity 

and viscosity, are richer in straight-chain hydrocarbons and more valuable than the heavy oil. 

Extra heavy oils, the bitumens, having a high viscosity, contain high concentration of resins 

and asphaltenes. Coals are fossil with low hydrogen content.  

Distillation of crude oil yields several fractions which find different applications. However, 

the quality of the fractions obtained directly by distillation seldom meet the required 

specifications for various applications. Refining and upgrading of the naphtha fraction, 

attempted to obtain higher octane number, are necessary to meet the requirements of internal-

combustion engines in today’s automobiles. The main hydrocarbon refining and conversion 

processes are cracking, dehydrogenation, and isomerization. Table 1.2 gives the octane 

number of saturated and branched hydrocarbons [ 2 ]. The branched alkanes have a 

considerably higher octane number than their linear counterparts. Therefore, isomerization of 

hydrocarbons will substantially improve the combustion properties of gasoline.   
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Table 1.2 Octane number of straight-chain and branched paraffinic hydrocarbons 

 
Paraffinic hydrocarbons Octane number 
n-Butane 94 
iso-Butane 100 
n-Pentane 63 
2-methylbutane 90 
2,2-Dimethylpropane          116 
n-Hexane 32 
2-Methylpentane 66 
3-Methylpentane 75 
2,2-Dimethylbutane    94.6 
2,3-Dimethylbutane 95 
n-Heptane 0 
2-Methylhexane 45 
3-Methylhexane 65 
3-Ethylpentane 68 
2,2-Dimethylpentane 80 
2,3-Dimethylpentane 82 
2,4-Dimethylpentane 80 
3,3-Dimethylpentane 98 
2,2,3-Trimethylbutane          116 
n-Octane          -19 
2-Metylheptane    23.8 
3-Metylheptane 35 
4-Metylheptane 39 
2,2,3-Trimetylpentane 105 
2,2,4-Trimetylpentane 100 
2,3,3-Trimetylpentane 99 
2,3,4-Trimetylpentane 97 

 

iso-Butane, the product of n-butane isomerization, reacts under mild acidic conditions 

with olefins to give highly branched hydrocarbons in the gasoline range. Moreover, its 

dehydrogenation product, iso-butene, is a very important intermediate in the production of 

poly-isobutylene, tert-butyl alcohol, methyl tert-butyl ether, and other products. However, 

straight chain saturated hydrocarbons or paraffins, as their name indicates (parum affinis: 

slight reactivity), have very little reactivity, which has to be overcome for their further 

conversion. 

In 1933, Nenitzescu and Dragan [3] reported that n-hexane can be converted to its isomers 

when refluxed with aluminum chloride, which was thought to be the first reportage of 

catalyzed isomerization of saturated hydrocarbons. Later on, in 1946, Bloch, Pines, and 

Schmerling [4] observed that aluminium chloride in the presence of HCl could isomerize n-

butane to iso-butane. 
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At present, the isomerization of gasoline or naphtha, a fraction of distillation of crude oil, 

converts the straight chain hydrocarbons to its branched isomers, significantly raising its 

octane number. The most common naphtha isomerization processes used in the industry are 

the UOP's Penex process, the Union Carbide's Total Isomerization Process (TIP), the Union 

Carbide Hysomer process and the BP Isomerization process, where naphtha is combined with 

hydrogen and flows through one or two fixed bed reactors in series. The presence of hydrogen 

prevents coking and deactivation of the catalyst. In the TIP and Hysomer processes, using 

platinum supported on zeolite as catalyst, at the reaction temperature higher than 200 °C, 

while the Penex process and the BP process, using platinum chloride supported on alumina as 

catalyst, operate at temperatures below 200 °C. Figure 1.1 depicts a generic process flow 

diagram of Penex or BP processes for isomerization of naphtha [5]. 

 

      Figure 1.1 Scheme of naphtha isomerization 
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For the isomerization of n-butane to iso-butane, the most prevalent method is the UOP 

Butamer process [5]. In this process, n-butane is combined with hydrogen and with a 

chlorinated organic compound. The hydrogen is used to suppress the polymerization of olefin 

intermediates, while the chlorine source is used to maintain the catalyst activity. The feed 

flows through one or two fixed bed reactors in series, containing platinum chloride on alumina 

as catalyst. Figure 1.2 describes the UOP Butamer process flow diagram for n-butane 

isomerization. 

 

Figure 1.2 Scheme of butane isomerization (UOP Butamer process) 

 

The equilibrium between n-butane and iso-butane is temperature dependent. As shown in 

Table 1.3 [6], at 180 °C the equilibrium composition contains about 45 % of iso-butane and 

55 % of n-butane, but at –6°C, 85 % of iso-butane can be obtained. Therefore, in order to 

obtain a maximum ratio iso-butane/n-butane, it would be advantageous to carry out the 

isomerization at low temperature. Since the early 1960s, superacid are known to react with 

saturated hydrocarbons, even at temperature much lower below 0 °C, which also initialed 

extensive studies devoted to hydrocarbons conversion [7].  

 
Table 1.3 Equilibrium composition of n-butane and iso-butane 

 
Temperature (°C)  

-6 38 66 93 180 
iso-Butane 85 75 65 57 45 
n-Butane 15 25 35 43 55 
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Since the early reports of Nenitzescu on alkane isomerization on wet aluminum chloride in 

1933 [3], all mechanistic studies have led to a general agreement on the carbenium-type 

nature of the reaction intermediates in acid catalyzed hydrocarbon conversion. At first, the 

hypothesis about the formation of carbenium ions in solution was put forward by Meerwein 

who observed that the rate of camphenhydrochloride rearrangement into isobornylchloride 

increases with the dielectric constants of the solvent [ 8 ]. Later on, the carbenium ion 

mechanisms were also suggested for a number of other organic reactions [9]. However, we 

should bear in mind that the existence of carbenium ions in solution was drawn from the 

composition and stereochemistry of the resulting final products or by indirect arguments 

based on the kinetics of the corresponding reactions. Therefore, the direct observation of 

carbocations in solutions of super acids by NMR and other spectral techniques by Olah and 

co-workers [10] was a very important step for hydrocarbon chemistry. The 13C chemical shifts 

of the positively charged carbon atoms in aliphatic carbenium ions are at least 350 ppm higher 

than that of the corresponding neutral hydrocarbon. 

The stability of carbenium ion is very different. In general, tertiary carbenium ions are the 

most stable, while the primary ones are the least stable. Therefore, the carbenium ion 

formation is easier at tertiary carbon atoms. The stability of carbenium ion also can explain 

why only the tertiary carbenium ion, i.e. t-butyl cation, was formed when n-butane or iso-

butane reacted with HSO3F:SbF5, the magic acid [11]. 

However, the adsorbed carbocations on zeolite or other solid acids are not similar to those 

present in liquid superacids. In fact due to the basicity of surface oxygen, the carbenium ions 

form more or less covalent surface alkoxides. The 13C MAS NMR study of active 

intermediates resulting from the interaction of 13C enriched propene [12], tert-butanol [13, 14] 

and isobutanol [15, 16] with acid hydroxyl groups in hydrogen forms of zeolites indicates that 

the 13C chemical shifts are only 70-80 ppm, instead of 300-350 ppm for carbenium ions in 

superacid.  

The corresponding elementary steps of hydrocarbon conversion on solid acids involve a 

partial dissociation or stretching of the C-O bond of the alkoxides, resulting in high 

energetically excited ion pairs, which resembles the free or weakly solvated carbenium ions in 

superacid solution. The activation energy of partial dissociation of the C-O bond of alkoxides 

is around 100 kJ/mol, which should be added to the activation energy of conversion of 

carbocations on zeolites [17].   
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1.3. History of sulfated zirconia and other anions modified metal oxides 

Due to the more severe environmental legislation, non-polluting and efficient catalytic 

technologies as alternatives for the present processes using highly corrosive catalysts, attract 

immense research efforts. The solid acids, for instance, acid-treated clays, zeolites, zeotypes, 

ion-exchange resins and metal oxides, should replace the highly corrosive, hazardous and 

polluting liquid acids, which are widely used in chemical industry. Due to its high activity, 

sulfated zirconia was believed to be the most promising catalyst among the solid acids for 

several important acid-catalysed industrial reactions.  

 

1.3.1. Discovery of unique catalytic property of sulfated zirconia 

The first report of sulfated zirconia as catalyst for paraffin conversion traces back to the 

patent of Holm and Bailey in 1962 [18]. These authors reported that a sulfate-treated zirconia-

gel modified by platinum is active for n-pentane isomerization and the activity as well as the 

selectivity being similar to those of commercial catalysts.  

It is strange that the unique catalytic property of sulfated zirconia for paraffin 

isomerization has not attracted much attention for more than one decade after its discovery. In 

the late 1970’s, Arata et al. [19, 20] observed that the sulfate treated metal oxides, ZrO2 or 

Fe2O3, are able to isomerise n-butane at low temperature (room temperature), like very strong 

acids or superacids (SbF5-HF and SbF5-FSO3H) can do. Based on the titration method of 

Hammett indicators these catalysts were claimed to be superacid. Other sulfated metal oxides, 

i.e. sulfated TiO2, SiO2 and SnO2 [21], have also been found to be active in n-butane 

isomerozation. In addition, commercial γ-Al2O3 can also be used for preparation of active 

catalysts for alkane conversion [22, 23]. 

Thereafter, sulfated zirconia became the subject of many investigations devoted to the 

understanding of the nature of active sites, mechanism of alkane isomerization or even to the 

influence of multi-factors.  

 

1.3.2. Promoted sulfated zirconia 

The modification of sulfated zirconia with various transition metals such as Pt [24], Fe and 

Mn [25], has been found to improve the catalytic activity and the stability against the rapid 

deactivation of sulfated zirconia.  

The promotion of sulfated zirconia with Pt has been first adopted in the patent of Holm 

and Bailey [18] for isomerization of n-pentane. The incorporation of Pt on the catalyst surface 
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and the presence of hydrogen in the reaction mixture have been found to increase the catalytic 

activity of sulfated zirconia and to improve the catalyst lifetime.  

The promoting effect of Fe and Mn, which also attracts intensive investigation, was first 

discovered by Hsu et al. [25]. These authors reported that sulfated zirconia doped with 1.5 % 

Fe and 0.5 % Mn is two or three order magnitude more active for n-butane isomerization at 

low temperature than unpromoted sulfated zirconia. They postulated that this enhancement is 

due to the generation of additional strong acid sites. On the contrary, Adeeva et al. [26] 

proposed that this promoting effect is caused by the formation of more alkene intermediate 

species. Ni [27] was also used as an activity promoter for sulfated zirconia. However, Gao et 

al. [28] reported that Ni has a detrimental effect on the catalytic performance of sulfated 

zirconia.  

In addition to the promoting effect of transition metals, other elements were found to have 

a positive effect on the catalytic activity and stability of sulfated zirconia. Gao et al. [29] first 

reported that the incorporation of small amounts of Al into sulfated zirconia enhances the 

catalytic activity and stability, when the isomerization reaction of n-butane is performed at 

250 °C in the presence of hydrogen. Pinna et al. [30] further confirmed the promoting effect 

of Al. Moreover, Ga [31], which is in the same group of Al, also exhibits a promoting effect 

on the catalytic activity of sulfated zirconia. 

 

1.3.3. Modification of zirconia with other anions (WO4
2-, PO4

3-) 

Modification of zirconia with other anions, like WO4
2- [32] or PO4

3- [33] can also generate 

strong acid sites on zirconia surface. Especially, WO4
2- modified zirconia  (tungstated 

zirconia), was thought to be the alternative catalyst for sulfated zirconia because, in spite of its 

lower activity, the surface tungsten species are more stable than the sulfate groups. Like 

sulfated zirconia, also tungstated zirconia was reported to be superacid on the basis of titration 

with Hammett indicators [32]. The addition of a metal component (< 1 wt.% Pt) into 

tungstated zirconia system and the presence of H2 in the reaction mixture can effectively 

overcome the low selectivity to isomers in alkane isomerization with excellent stability [34]. 

Contrary to the sulfated zirconia, Fe and Mn have no promoting effect on the catalytic 

behavior of tungstated zirconia [35].  

PO4
3- promoted zirconia, which is the subject of only few recent studies, is another active 

catalyst for hydrocarbons conversion [33]. 
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1.4. Preparation methods of sulfated zirconia 

The catalytic performance of sulfated zirconia is significantly dependent on the 

preparation methods and on the activation procedures before reaction. A variety of synthesis 

methods has been developed in the last two decades. These methods differ mainly from the 

zirconia precursor, sulfation agent, calcination procedure and also activation conditions.   

 

1.4.1. Conventional method 

Sulfated zirconias used in the patent of Holm and Bailey [18] and in the report of Arata 

et al. [19] were prepared following the two steps procedure illustrated in Figure 1.3. This 

preparation method was also widely used in the later researches and therefore is denoted here 

as “conventional method”. In the first step the zirconium hydroxide is precipitated by adding 

aqueous ammonia to a solution of a zirconium salt, such as ZrOCl2 or ZrO(NO3)2. The second 

step consists in the sulfation of zirconium hydroxide with H2SO4 or (NH4)2SO4 solution. The 

resulting sulfated zirconium hydroxide must be finally calcined in air at 550-650 °C to 

generate strong acidity.   

  

   

      Figure 1.3 Scheme of the conventional method for the preparation of 
sulfated zirconia  

 

Generally, ZrOCl2 or ZrO(NO3)2 are used for zirconium hydroxide preparation. Zirconium 

hydroxide can also be prepared by sol-gel method [36]. The concentration of H2SO4 solution 

is 1N and the ratio between liquid and solid in sulfation process may vary from 2 to 10 ml/g.  

 Zirconium salt Base

Zr(OH)4 Source of sulfur 

Sulfur containing Zr(OH)4

Sulfated zirconia

Calcination at 550-650 °C 

Step 1 

Step 2 
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1.4.2. Non-conventional methods 

Although the two steps method described above is widely used, other methods (non-

conventional methods) have been also developed, mainly for better understanding the 

influence of preparation procedure. Among the non-conventional methods, one step method 

and sulfation of crystalline zirconia method are the techniques most used in recent studies. 

Ward and Ko [37] prepared sulfated zirconia following a single step method based on sol-

gel synthesis. Zirconium n-propoxide was first mixed with n-propanol, nitric acid and sulfuric 

acid. This solution was then mixed with another solution containing n-propanol and water, 

and the mixture was vigorously stirred for gelation. A zirconia-sulfate aerogel was obtained 

after supercritical drying with CO2. By calcination at 773 K, sulfates were expelled onto the 

surface and transformed into the active species.  

Another one step method for sulfated zirconia preparation is the thermal decomposition of 

zirconiumsulfate: Zr(SO4)2 → ZrO2 + 2SO3 [38]. The released SO3 may be retained on the 

zirconia surface. However, this method is not so attractive because it is difficult to control the 

sulfate content. 

In recent years, direct sulfation of crystalline zirconia by H2SO4 or (NH4)2SO4 solution has 

been used for the better understanding the origin of the activity of sulfated zirconia catalysts. 

In 1995, Comelli et al. [39] reported that the sulfation of crystalline zirconia leads to an 

inactive catalyst for n-butane isomerization, which is in consistent with the results of the 

earlier researches. However, Ward and Ko [40] reported that, after sulfation, crystalline 

zirconia aerogel was active for n-butane isomerization. They concluded that the content of 

surface hydroxyl groups was the determining factor for generating acidity. Vera et al. [41] 

also confirmed the importance of the surface OH groups for the formation of active sites by 

sulfation. Sulfation of crystalline zirconia with sulfuric acid at 300 °C could overcome the 

inertness of the crystalline zirconia surface and induce catalytic activity for n-butane 

isomerization. 

However, Morterra et al. [42] demonstrated that sulfation of zirconia stabilized in the 

cubic or tetragonal phases by incorporation of Y2O3 resulted in catalytic active sulfated 

zirconia; on the contrary, sulfation on crystalline monoclinic zirconia was not effective for 

active sties generation. Therefore, they concluded that the metastable tetragonal phase and the 

cubic phase are the active phases. CaO-stabilized cubic zirconia can also be used for 

preparation of active sulfated zirconia [43]. 

Sulfation on metal oxides by gaseous sulfur sources was also confirmed to be effective 

method. Iron oxide treated by H2S and SO2 followed by oxidation at 400-450 °C was found to 
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be active for the isomerization of cyclopropane [44]. It has also been reported that zirconia 

modified by H2S and SO2 followed by oxidation was an active catalyst for 1-butene double 

bond isomerization at 20 °C [45]. Gaseous SO3 can also be used for preparation of active 

sulfated metal oxides of strong acidity; Where SO3 was used as sulfur source without 

additional oxidation step [46, 47].   

 

1.4.3. Influence of preparation parameters on the properties of sulfated zirconia 

Various parameters during sulfated zirconia preparation have been studied thoroughly, i.e. 

zirconia precursor, sulfur source, calcination procedure and also the activation treatment 

before reaction.  

At the beginning, it was reported that only the amorphous zirconia hydroxide prepared by 

hydrolysis of a zirconium salt can be used for the synthesis of active sulfated zirconia [19], the 

sulfation of crystalline zirconia being not effective for generating the strong acidity required 

in n-butane isomerization. However, Riemer et al. [48] reported an exception to this rule. 

They prepared sulfated zirconia by sulfuric acid impregnation of a zirconia sample obtained 

by calcination of a commercial zirconium hydroxide, followed by further calcination at 

600 °C. This material exhibited the same surface sulfate structure and proton chemical shift as 

those of the sample prepared from zirconium hydroxide. As expected, the sample was also 

active for n-butane isomerization.  

Zirconia can exist in three different crystalline isomorphs: monoclinic (M), stable at 

temperature below 1373 K; tetragonal (T), stable between 1373 to 2173 K; and cubic (C), 

stable above 2173 K. Nevertheless, the T and C forms can be generated at low temperature as 

metastable structures. The addition of anions, such as sulfate, as well as of some metal oxides, 

i.e. Y2O3 and CaO, can stabilize the metastable phases.  

Sulfated zirconia prepared by conventional method is mainly metastable tetragonal phase, 

which leads to the postulation that the metastable phases are the active phases for sulfated 

zirconia. This has also been confirmed by the studying of sulfation on different zirconia 

crystalline phases. After sulfation and calcination treatment, Y2O3-stabilized tetragonal or 

cubic zirconia was active for n-butane isomerization reaction, while, the sulfation of 

crystalline monoclinic zirconia resulted in an almost inactive sample [42]. However, Stichert 

et al. reported that monoclinic sulfated zirconia could also be active in n-butane isomerization 

[49, 50]. However, comparing to the tetragonal one, the monoclinic sulfated zirconia had only 

one-fourth of the catalytic activity, which indicats that tetragonal phase favorites n-butane 

isomerization. 
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Besides the bulk phase, the surface properties of zirconia have also been considered one of 

the determining factors for the generation of active sites. Vera et al. [41] and Ward and Ko 

[40] demonstrated that the intensity of the IR bands corresponding to hydroxyl groups of 

crystalline zirconia is the crucial parameter for the active catalysts. Later on, Vera et al. [51] 

proposed that the defects of zirconia (oxygen vacancies), are related to the catalytic activity 

for n-butane isomerization through charge abstraction and stabilization of the ionized 

intermediates.  

A variety of sulfur sources can be used for the preparation of sulfated zirconia. In general, 

H2SO4 or (NH4)2SO4 are used as sulfation agents and the sulfation is carried out by 

impregnation. However, Sohn and Kim [45] have also sulfated catalysts with CS2, SO2 and 

H2S. After oxidation at high temperature, these materials were active for n-butene 

isomerization, which indicates that the oxidation state 6+ of sulfur is important for the 

generation of strong acid sites. 

The occupation area of sulfate ion based on the dynamic diameter is 0.31 nm2, which 

indicates that the concentration of sulfate groups for monolayer coverage is 3.2 sulfur atoms 

nm-2 [52]. Since the conventional method for sulfated zirconia preparation resulted in a BET 

area around 100-150 m2/g, the monolayer occupation of sulfate ion should be around 5.2-7.9 

wt % (S wt % = 1.78-2.6 %). It has been proposed that the poly-sulfate, in addition to the 

sulfate, was also present on the zirconia surface, even for sulfate concentrations lower than the 

monolayer [53]. Fărcaşiu et al. [54] reported that the catalytic activity for isomerization of 

methylcyclopentane (MCP) was a function of the sulfur content of sulfated zirconia.  

The calcination is a crucial step for the generation of strong acidity of sulfated zirconia. It 

has also been suggested that the sulfated zirconia precursor should be calcined at 550-650 °C 

in air for several hours to obtain an active catalyst for alkane conversion. Calcination at higher 

temperature leads to an inactive catalyst with mere Brønsted acid sites and lower sulfate 

content. One of the functions of calcination step is to transform the inactive amorphous 

zirconium hydroxide into active tetragonal zirconia by dehydration and severing the sulfate 

group to bind with the zirconia surface to form the active sites [55]. However Morterra et al. 

emphasised that another important function of the calcination is to selectively partially 

remove sulfate groups thus creating strong Lewis acids (coordinatively unsaturated Zr(IV))  

[56, 57].  
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1.5. Nature of active sites of sulfated zirconia 

The general features of the active sites of sulfated zirconia have been explored frequently. 

However, no consensus has been reached. In fact the nature and the strength of acid sites as 

well as the structure of sulfate groups remain object of debate.  

 

1.5.1. Superacid or strong acid 

In 1979, Hino et al. first stated that sulfated zirconia is a superacid on the basis of 

measurements with Hammett indicators [19]. They concluded that the H0 value of sulfated 

zirconia is lower than –14.52, and therefore, in the range of superacids. Furthermore, the TPD 

measurement of ammonia adsorption also confirmed this conclusion [52]. However, the most 

straightforward evidence for the superacidity of sulfated zirconia was its highly catalytic 

activity in alkanes conversion at low temperature, which also has been used as reaction test 

for the strength of acid sites.  

It has been suggested that the sulfate groups on active sulfated zirconia present the 

bridging bidentated structure represented in Scheme 1. According to this model, the strength 

of Lewis acid sites Zr4+ is increased by the inductive effect of the sulfate groups in the 

complex. The model also demonstrated that it is possible to convert Lewis acid sites into 

Brønsted acid sites by water adsorption. 

Using Raman and 1H MAS NMR spectroscopy, Riemer et al. [48] proposed the structure 

model shown in Scheme 2 and they rationalized the origin of the Brønsted acidity to the 

bridging hydroxyl groups. The 1H MAS NMR spectrum of sulfated zirconia showed a band at 

δ = 5.85 ppm, which was 2 ppm downshift compared to that of pure zirconia and higher than 

that of the zeolite HZSM-5 (4.3). Since the 1H chemical shift is related to the acid strength of 

surface OH group if there is no hydrogen bond formation, they pointed out that the highly 

acidic property (superacidity) of sulfated zirconia is due to the high electronegativity of Zr4+. 
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However, more and more characterization results revealed that the acidity of sulfated 

zirconia was similar to that of sulfuric acid, and therefore sulfated zirconia is not a superacid. 

Study of the interaction of 4-nitrotoluene and 4-nitrofluorobenzene with sulfated zirconia 

using UV spectroscopy instead of the visual observation of color changes in Hammett 

titrations, demonstrated that the acid strength of sulfated zirconia is similar to that of 100 % 

sulfuric acid [58].  

Through IR spectroscopy measurements, using benzene and CO as probe molecules, 

Kustov [59] observed that both Brønsted and Lewis acidity of zirconia are enhanced by 

sulfation. In addition, adsorption of H2 and CH4 indicated that the modification with sulfate 

induces a weakening of the polarizing ability of Lewis acid-base pair. However, the shift of 

OH group after adsorption of benzene was smaller than that of zeolite HZSM-5. Thus, the 

Brønsted acid strength of sulfated zirconia is weaker than that of H-X zeolite. A model 

(Scheme 3) was proposed where the enhanced electron accepting properties of the three-

coordinate zirconium was attributed to the inductive electronwithdrawing effect of the sulfate 

group or to its direct interaction of Zr with an oxygen atom of the sulfate group. 

Another structure for sulfate group present on active samples was proposed by F. Babou et 

al. [60] based on the quantum and IR studies (Scheme 4). Sulfated zirconia was considered as 

sulfuric acid grafted at the surface of zirconia in a state very sensitive to dehydration. At high 

dehydration condition, (SO3)ads species exhibit strong Lewis acid property; while at 

intermediate dehydration condition, H3O+ and HSO4
- species induce a very strong Brønsted 

acidity which is very close to that of sulfuric acid. 

 

 

 

 

 

 

 

 

 

Based on IR and NMR measurements, Adeeva et al. [26] concluded that the Brønsted 

acidity of sulfated zirconia is weaker than that of HZSM-5 and H-Y zeolites and the Lewis 

acidity of sulfated zirconia is lower than that of the trigonal coordinated Al3+ of γ-Al2O3. 

These authors attributed the relatively large chemical shift of the proton NMR line of sulfated 
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zirconia to the hydrogen bonds rather than to superacidity. Therefore, they proposed that the 

structure of the OH groups of sulfated zirconia is similar to that of the LF protons of zeolite 

H-Y (Scheme 5). 

  

1.5.2. Brønsted or Lewis active acid sites 

Yamaguchi proposed that Lewis acid sites of sulfated zirconia were responsible for the 

activation of alkane at low temperature, which was confirmed by the IR spectroscopy of 

Pyridine [61]. When sulfated zirconia was evacuated at 500 °C, only Lewis acid sites were 

observed. The authors suggested that the structure of catalytically active species or of the 

species responsible for giving highly acidic properties, involves an organic sulfate structure 

with a metal cation, which acts as a Lewis acid, as shown in Scheme 6. The importance of the 

coordinative unsaturated sites was also illustrated, which suggested that the active sites are 

developed at the edge or corner of the metal oxide surface. 

 

 

 

 

 

 

 

The strong Lewis acid sites were also confirmed by IR spectroscopy of CO at 300 K. In 

addition, the conversion of Lewis to Brønsted acid induced by rehydration of activated 

sulfated zirconia was demonstrated using IR spectroscopy of pyridine [39, 60]. The 

detrimental effect of hydration and CO suggested that the Lewis acid sites, generated from the 

coordinatively unsaturated Zr4+, are crucial for the reaction of alkanes on sulfated zirconia at 

low temperature [39, 62].  

At present, a consensus has been achieved that active sulfated zirconia, when evacuated at 

300-450 °C, possesses not only Lewis acidity but also Brønsted acidity. Arata et al. [21] 

pointed out the importance of the Brønsted acid, since the superacidity of sulfated zirconia 

was measured using Hammett indicator, which is only valid for the evaluation of Brønsted 

acid strength. Ward and Ko [40] proposed that the strong Brønsted acidity of sulfated zirconia 

generated from the surface OH groups and proton donating ability was strengthened by the 

electron inductive effect of the S=O band, as shown in Scheme 7. On the other hand, Kustov 
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et al. [59] and Adeeva et al. [26] attributed the Brønsted acidity to the bi-sulfate species 

instead of OH groups directly bonded to Zr atoms. 

Contrary to the detrimental effect of hydration [39], Song et al. [63] and Dumesic et al. 

[64] reported the promoting effect of minor amounts of water on the catalytic activity. The 

catalytic activity of an ex-situ calcined catalyst, which was rehydrated by the atmospheric 

moisture before activated at 250 °C, was much higher than that of an in-situ calcined sample, 

which was extra dry. It was also shown that the sample activated at higher temperature,      

773 K, exhibited an activity much lower than that activated at lower temperature (588 K). 

Adding of 75 µmol water/g onto the catalytic surface of the sample activated at 773 K 

promoted the activity by an order of magnitude, while larger dosing poisoned the catalyst.  

Recently, direct conversion of alkane into carbonyl-containing organic compounds in the 

presence of sulfated zirconia has been reported by Stepanov et al. [65, 66], which provided a 

new insight to the negative effect of CO on the alkane isomerization reaction. The suppression 

of the isomerization reaction could not be resulted from the blocking of Lewis acid sites, but 

from changing the reaction route from isomerization to carbonylation.  

 

 

 

 

 

 

 

 

 

In addition, several authors have attributed the catalytic activity to a synergistic effect 

between both types of acid sites. The active structure proposed by Clearfield et al. [67] 

(Scheme 8) described one step formation of Brønsted and Lewis acid sites. The bisulfate 

group acts as highly acidic Brønsted acid sites due to the electron withdrawing effect of the 

neighboring Lewis acid sites. It is inferred that the combination of the bisulfate with adjacent 

Lewis acid sites is responsible for the strong acidity. Morterra et al. [68] also postulated the 

synergistic effect of Brønsted and Lewis acid sites for the generation of strong acidity of 

sulfated zirconia based on IR and Microcalorimetric measurements.            
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1.5.3. Surface sulfate state 

Since the strong acidity of sulfated zirconia is generated from the introduction of the 

surface sulfate species, the sulfate state is also an interesting subject for the study of active 

sulfated zirconia.   

Based on IR measurements, Yamaguchi [61] proposed that the sulfate species after 

hydration is similar to the inorganic chelating bidentate species. Removal of water resulted in 

the formation of an organic-like sulfate with a stronger covalent character of the S=O double 

bond, as shown in Scheme 6. The model proposed by Arata et al. [19] also involves a 

bidentate sulfate (Scheme 1) but instead of chelating a single Zr atom, the sulfate bridges 

across two Zr atoms.  

 

 

 

 

 

 

 

However, based on IR experiments isotopic exchange with 18O, Lavalley et al. [69] 

proposed a structure model (Scheme 9, Model 1) of sulfated zirconia with tridentate sulfate 

species containing only one S=O. On sulfated zirconia with higher sulfate content, poly-

sulfate species are formed, as shown in Scheme 9, Model 2. However, in the presence of 

moisture, the structure represented in Model 1 is converted to a bridged bidentate form 

(shown in Model 3), which accounts for the increase in Brønsted acidity. Riemer et al. [48] 

agreed that tridentate sulfate are the main species on zirconia surface (Scheme 2). However, 

they suggested a HSO4
- group is present at the surface, (O-H stretching band at 3650 cm-1). 

White et al. [70] proposed penta-coordinated sulfur structure in the active sulfated zirconia 

(Scheme 10). 
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Mono-dentate bisulfate species (HSO4
-) are present in the models proposed independently 

by Kustov et al. [59] (Scheme 3) and Adeeva et al. [26] (Scheme 5) and the OH group of the 

bisulfate specie is hydrogen-bonded to one surface oxygen atom of zirconia. However, bi-

dentate bisulfate-like specie were attributed to the formation of Brønsted acid sites in the 

active structure models of Clearfield et al. [67], Morterra et al. [71], and Lavalley et al. [69]. 

The model proposed by Riemer et al. [48] (Scheme 2) involves a tri-dentate bisulfate-like 

species. However, F. Babou et al. [60] suggested that sulfated zirconia is sulfuric acid grafted 

on the zirconia surface (Scheme 4).        

 

1.6. Proposed mechanisms for alkane skeletal isomerization on sulfated zirconia at low 

      temperature 

The most intriguing catalytic property of sulfated zirconia is its ability to isomerize 

alkanes, especially n-butane, at extremely low temperature, which is generally considered 

associated to superacidity. Even if the carbenium ion or alkoxy species are generally 

considered as the active intermediates, the initial step and the skeletal isomerization 

mechanism is still a subject of discussion.  

 

1.6.1. Initial step 

Four different mechanisms have been proposed for describing the initialization of the 

skeletal isomerization of alkane in the presence of sulfated zirconia, which were summarized 

by Sommer et al. [72], as shown in Figure 1.4. 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 1.4 Proposed mechanisms of the initial step of n-butane 
isomerization on sulfated zirconia  
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In 1984, Haag and Dessau [73] suggested the ability of solids to protolyse non-activated 

C-H and C-C bonds on the basis of methane and hydrogen formation in the initial stages of 2-

methylpentane cracking at 500 °C on H-ZSM5 zeolite. These results are in agreement with the 

concept of σ-basicity of C-H or C-C bond as proposed by Olah in 1972 [10]. Recently, Gates 

[74, 75, 76, 77] reported the catalytic activity of Fe and Mn promoted sulfated zirconia for the 

conversion of propane, ethane and methane. They suggested that sulfated zirconia based 

catalysts are able to activate the alkanes by formation of carbonium ion. However, this 

mechanism was criticized due to the lack of the evidence of superacidity of sulfated zirconia, 

which is necessary to protolyse C-H and C-C bonds. 

The formation of carbenium ions by hydride abstraction from alkane in the presence of 

Lewis acid sites was also proposed in the induction period of alkane isomerization reaction on 

sulfated zirconia [78]. However, as suggested by Sommer, the formation of a weak metal-

hydride bond from 100 kcal/mol strong C-H bond is not thermodynamically favorable under 

acidic conditions [72].  

Protonation of traces of olefin impurities in the feed by Brønsted acid has also been 

proposed for the generation of the active species, carbenium ion. Tabora et al. [79] observed 

that sulfated zirconia exhibits an extremely low catalytic activity for n-butane skeletal 

isomerization at initial period before losing all activity when the butene impurities were 

completely removed from the reactant mixture.  

On the other hand, even n-butane was carefully purified using an olefin trap, sulfated 

zirconia still showed an obvious activity for n-butane skeletal isomerization, which suggests 

that butene species could be formed in situ on the catalytic surface. Fărcaşiu et al. [80, 81] 

ascribed the initial activity to carbocation precursors formed through one electron oxidation of 

hydrocarbon by the sulfate groups; thus, sulfated zirconia possesses not only strong acid 

properties, but also oxidative property. For the isomerization reaction of n-butane, the 

promoting effect of transition metals was also believed to be the enhancement of the oxidative 

property of sulfated zirconia [26, 82]. Carbenium ion, which was assumed to be the active 

species for the alkane activation on acid catalysts, could be formed via protonation of butene 

by Brønsted acid sites. Therefore, the amount of the butene, in the feed as impurities or 

formed in situ could be the determining parameter for the reaction. 

 

1.6.2. Skeletal isomerization step 

In respect to the skeletal isomerization of carbenium ion on solid acid, inter-molecular and 

intra-molecular route are the main mechanisms proposed [72, 83, 84, 85,]. Since the higher 
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energetic demanding of intra-molecular skeletal isomerization of butyl-carbenium ion by 

formation of a primary one, the inter-molecular mechanism was speculated to be the favorite 

route, in which the reaction proceeds by the alkylation of butene with butyl carbenium ion and 

followed by cracking of C8 intermediate. The kinetic results of butane isomerization were in 

agreement with the inter-molecular mechanism from the previous literature [86]. The high iso-

butane selectivity (90-92 %) during n-butane reaction was explained by the different stability 

and reactivity of the C8 isomers, while the low reaction rate of iso-butane was ascribed to the 

space hindrance of two iso-butyl groups. The kinetics of n-butane reaction in the presence of 

hydrogen at high pressure was also studied [87] and the reaction order of n-butane was higher 

than 1. Therefore, the inter-molecular mechanism was concluded to be predominant pathway 

in the reaction.  

However, the intra-molecular mechanism was also proposed to be prevailing during 

alkane isomerization. The labeled carbon distribution in the products of mono 13C labeled n-

butane isomerization on sulfated zirconia in the presence of hydrogen revealed the intra-

molecular route [88]. On the other hand, the cracking products of branched octants on sulfated 

zirconia at 373 K were found far different from those of n-butane reaction, which suggests 

that C8 species should not be the main intermediates for iso-butane formation [89].   

 

1.7  Scope and structure of this thesis 

Sulfated zirconia as the alternative catalyst for short alkane isomerization process has been 

studied for over two decades owing to its unique catalytic activity at low temperature, 

especially for n-butane. The mechanisms of alkane activation on sulfated zirconia as well as 

the active structure of such a catalyst, however, are still the subjects under discussion. 

Therefore, this work aims at elucidating the mechanism of n-butane skeletal isomerization at 

373 K and the crucial components of the active structure of sulfated zirconia. 

The importance of the labile sulfates in active sulfated zirconia for n-butane isomerization 

is described in Chapter 2. The initial step and propagation step of n-butane skeletal 

isomerization on sulfated zirconia at 373 K was studied in Chapter 3 and 4. In Chapter 5 is 

reported a novel method for preparation of active sulfated zirconia, gaseous SO3 sulfation on 

crystalline zirconia, which circumvented the high temperature calcination step. Finally, the 

results of this thesis are summarized in Chapter 6. 
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Labile sulfates as key components in 

active sulfated zirconia for n-butane 

isomerization at low temperature 

 
 

 

 

Abstract 

A wide variety of sulfate species exists on sulfated zirconia and many of these species 
have been connected to the catalytic performance. Some of these groups show strong 
interactions with polar molecules indicating that they may play a role for the catalytic 
properties. In order to differentiate between these groups and to explore the role of labile 
soluble sulfate for n-butane skeletal isomerization, active sulfated zirconia was washed with 
water. Water washing removed around 40 % of the sulfate species and led to a catalyst 
inactive for the alkane isomerization. This indicates that the labile sulfate plays a key role for 
the catalysis. The water soluble fraction of the sulfate exists as highly covalent sulfate species 
characterized by an S=O vibration between 1390 and 1410 cm-1 on the activated sulfated 
zirconia. Brønsted acid sites related to the sulfate groups are shown to be indispensable for 
activating n-butane, while Lewis acid sites do not directly participate in the alkane conversion 
catalysis.  
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2.1. Introduction 

Sulfated zirconia and other sulfated metal oxides have been studied for over two decades 

owing to their high catalytic activity for activation of short alkanes at low temperature [1].  

However, a general consensus on their surface chemical properties has not been reached. 

There are pronounced debates on the strength and type of acid sites, the state of the sulfate 

and the influence of the zirconia support [1, 2]. Because the strong acidity of sulfated zirconia 

is related to the introduction of sulfate species on the zirconia surface, the state of the sulfate 

has been frequently explored.  

Using IR spectroscopy to investigate sulfated zirconia, Yamaguchi [3] proposed that the 

sulfate species after hydration is similar to inorganic chelating bidentate species. Removal of 

water resulted in the formation of a sulfate resembling more organic sulfates with a stronger 

covalent character of the S=O double band. The model proposed by Arata et al. [4] also 

involves a bidentate sulfate.  

However, Lavalley et al. [ 5 ] proposed a structure model of sulfated zirconia with 

tridentate surface sulfate species containing just one S=O bond based on their IR results of 18O 

exchange using H2
18O vapor at 450°C. The results of Riemer et al. [6] also supports the 

presence of tridentate surface sulfate species. However, these authors suggested a HSO4
- 

group being present at the surface, because an O-H stretching band at 3650 cm-1 was observed 

in the presence of sulfates, which was absent on the sulfate-free material. White et al. [7], in 

contrast, proposed a penta-coordinated sulfur in the active structure of sulfated zirconia. 

Mono-dentate bisulfate species (HSO4
-) are proposed in models independently by Kustov 

et al. [8] and Adeeva et al. [9]. The bisulfate OH group is hydrogen-bonded to one surface 

oxygen atom of zirconia. Bi-dentate bisulfate-like species were also affiliated with the 

formation of Brønsted acid sites in the active structure models of Clearfield et al. [10], 

Morterra et al. [11] and Lavalley et al. [5]. The model proposed by Riemer et al. [6] involves 

a tri-dentate bisulfate-like species. In contrast, Babou et al. [12] suggested sulfated zirconia to 

be sulfuric acid grafted at the zirconia surface. A compilation of these species is presented in 

Table 2.1 as an overview for a starting point of discussion. 

IR spectroscopy [ 13 ] and calculations based on density functional theory [ 14 ] 

demonstrated that several kinds of sulfur species could be present on sulfated zirconia. It is, 

however, also suggested that the caution should be taken when linking such spectroscopic 

studies with catalytic activity, since the information derived could originate from “spectator” 

sulfate groups [15]. 
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Table 2.1 Sulfated zirconia surface models proposed in the previous literatures. 

 

Authors Surface model Authors Surface model 

Yamaguchi [3] 
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O

OO
S

O

O

Zr
O

H

 

Arata et al. [4] 
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Adeeva et al. [9] 
OO

OO

S O
O

H

Zr Zr  

Lavalley et al. [5] 
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Clearfield et al. [10] 
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Riemer et al. [6] 
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O
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Morterra et al.  [11] 
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White et al. [7] 
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O O

OO

Zr Zr

O

OO
Zr Zr

O

O O  

Babou et al. [12] OOO

Zr Zr

O

OO
S

O

 
 

The problem is complicated by the fact that sulfated zirconia is a very sensitive material 

and many variants may exist, despite the fact that industrial catalysts have been developed 

[16, 17]. Thus, we have decided to revisit the problem of the nature of the catalytically active 

surface and the elementary steps of alkane activation of these materials in a larger team of 

several groups addressing the problem rigorously in a multitude of approaches ranging from 

surface science via model catalysts to explore industrial catalysts.  

In this study, we present here for the first time direct evidence that in a commercial sample 

of active sulfated zirconia only a part of the sulfate groups, which can be removed by water 

washing, are the key elements for active species able to convert light alkanes at low 

temperatures. In order to preliminary characterize and understand the nature and function of 

the labile sulfate, activated samples and those in contact with adsorbed probe molecules were 
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investigated with IR spectroscopy and a variety of physicochemical techniques and tested for 

the isomerization of n-butane. 

 

2.2. Experimental 

 
2.2.1. Catalyst preparation 

Sulfate-doped zirconium hydroxide was obtained from Magnesium Electron, Inc. (XZO 

1077/01). The received material was heated up to 873 K with an increment of 10 K/min in 

static air and kept at 873 K for 3 h. This material is denoted as SZ in the following.  

To wash this calcined material 20 g of SZ was suspended in 400 ml bi-distilled water for 

20 min and then filtered. The washing procedure was repeated 3 times. Then, the filter cake 

was dried at room temperature. The resulting powder is denoted as SZ-WW.  

 

2.2.2. Catalyst characterization  

The BET surface area and pore size of sulfated zirconias were determined using a PMI 

automated BET-sorptometer at 77.3 K using nitrogen as sorbate gas. 

The sulfate content (SO4
2- mmol/g) of the catalysts was determined using ion 

chromatography (IC) as described in ref. [18]. For this, 0.02 g of sulfated zirconia was 

suspended in a 0.01 N solution of NaOH for 20 min. Then, the solution was filtered through a 

0.45 µm filter. The sulfur content in the liquid was determined by the ion chromatography 

(Metrohm, 690 ion chromatograph equipped an IC anion column). 

The XRD patterns of the sulfated zirconias were measured with a Philips X’Pert-1 XRD 

powder diffraction-meter using Cu Kα radiation.  

IR spectra of catalyst samples were collected using a Bruker IFS 88 (or alternatively a 

Perkin–Elmer 2000) spectrometer at 4 cm-1 resolution. Self-supporting wafers with a density 

of 5–10 mg/cm2 were prepared by pressing the sample. The wafers were placed into in a 

stainless steel cell with CaF2 windows, heated up gradually with 10 K/min to 673 K in a flow 

of helium (10 ml/min), and held at that temperature for 2 hours. A spectrum was recorded 

after the temperature was stabilized at 373 K. For adsorption of pyridine and CO2 the 

experiments were conducted in a high vacuum cell with a base pressure of 10-6 mbar. The 

sample wafer was heated up gradually with a rate of 10 K/min to 673 K and held at that 

temperature for 2 hours. The samples were exposed subsequently to 0.1 mbar pyridine at    

373 K and to 2 mbar CO2 at ambient temperature. Subsequent evacuation and thermal 

treatments are described in the results section. 



Chapter 2. Labile sulfates as key components in active sulfated zirconia for n-butane isomerization  

 30

2.2.3.  n-Butane isomerization 

Isomerization of n-butane reactions was carried out in a quartz micro tube reactor (8mm 

inner diameter) under atmospheric pressure. Sulfated zirconia pellets (0.2 g, 355-710 µm) 

were loaded into the reactor and activated in situ at 673 K for 2 h in He flow (10 ml/min). 

Then, the catalyst was cooled to the 373 K and the reactant mixture (5 % n-butane in He, total 

flow of 20 ml/min) was passed through the catalyst bed. The n-butane (99.5 %, Messer) 

reactant was passed through an olefin trap containing activated H-Y zeolite (20g) before it 

was mixed with He in order to remove olefin impurities and traces of water. Traces of butenes 

were not detected in the reactant mixture after purification. The reaction products were 

analyzed on-line using an HP 5890 gas chromatography (GC) equipped with a capillary 

column (PLOT Al2O3, 50m × 0.32 mm × 0.52mm) connected to a flame ionization detector 

(FID). 

 

2.3. Results and interpretation 

 

2.3.1. Chemical and physicochemical properties 

The sulfate content (SO4
2- mmol/g), the (BET) specific surface area and the average pore 

size are compiled in Table 2.2. The calcined sulfated zirconia (SZ) and the water washed 

sample (SZ-WW) have high specific surface areas of 109 m2/g and 130 m2/g, respectively. It 

is important to note that the surface bound sulfate of calcined commercial sulfated zirconia is 

partially water soluble. This is clearly seen in the fact that the sulfate content of the water 

washed sample (SZ-WW) was 0.25 mmol/g, while the parent sample (SZ) had 0.44 mmol/g. 

This difference indicates that approximately 40 % of the total sulfate can be removed by 

washing with water as described.   

 

Table 2.2 Physical properties of sulfated zirconia samples 

Sample BET area 
(m2/g) 

Sulfate content 
SO4

2- (mmol/g) 
Pore size 

(nm) 

SZ 109 0.44 3.6 

SZ-WW 130 0.25 3.6 

 

The XRD pattern of SZ (see Figure 2.1) is characteristic of pure tetragonal zirconia. 

Washing with water reduced the fraction of the tetragonal phase and induced the appearance 

of a monoclinic phase in SZ-WW.  
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Figure 2.1 XRD profiles of sulfated zirconias (a) SZ and (b) SZ-WW 
 

2.3.2. IR spectroscopy  

 
Surface hydroxyl and sulfate groups of the activated samples 

The IR spectra of sulfated zirconia (SZ) and water washed sulfated zirconia (SZ-WW) 

samples activated in He up to 673 K are shown in Figure 2.2, which were normalized by the 

thickness of the wafer. In the region of hydroxyl vibrations (Figure 2.2 (A)), the SZ sample 

showed a weak band at 3578 cm-1, a strong asymmetric band at 3634 cm-1 with a shoulder at 

3660 cm-1 and very weak bands at 3740 and 3710 cm-1. Washing with water (SZ-WW, see 

Fig. 2.2 (A) (b)) led to the disappearance of the bands at 3578 and 3634 cm-1 and to an 

increase in the intensity of the OH band at 3660 cm-1. In addition, a group of small bands at 

3775, 3760 and 3747 cm-1 was also observed.  

For activated zirconia, two bands attributed to the OH groups have been reported [19, 20]. 

The higher frequency band (~3760 cm-1) is attributed to terminal OH groups, which are mono-

coordinated to the ZrO2 surface. The lower frequency band (~3680 cm-1) is attributed to the 

bridging OH groups, which are bi- or tri- coordinated to the zirconia surface. The broad band 

at 3500 to 3600 cm-1 is attributed to strongly hydrogen bonded OH groups [19].     

The increase in the terminal and bridged OH groups by water washing indicates that the 

removal of water soluble sulfate groups induces more sites for generating zirconia surface OH 

groups. The lower wavenumber of the bridged OH group in the presence of water soluble 

sulfate (compared to the wavenumber of OH groups in the water washed sample) is attributed 

to the surface inductive effect of the sulfate group via electron withdrawal and bond 

polarization [21]. The multiplicity of components in the 3500-3800 cm-1 region is attributed to 
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surface heterogeneity. In the presence of water soluble sulfates, a weak, broad band at 3578 

cm-1 characteristic of hydrogen bonded OH groups was observed after activation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 IR spectra of sulfated zirconia samples at 373 K after in situ 
activation in He at 673 K for 2 h (a) SZ and (b) SZ-WW 

 

The IR spectra of sulfate groups of these two samples after activation are shown in Figure 

2.2 (B). Both spectra exhibit two groups of bands at 1300-1450 cm-1 and 900-1150 cm-1, 

which is in good agreement with the IR spectra of sulfated zirconia reported previously [22, 

 

4000     3800        3600        3400 
Wavenumber (cm-1) 

3661  

3740  

3634  
1404 

1391  

Wavenumber (cm-1) 
1500      1300         1100         900 

IR
 a

bs
or

ba
nc

e 

IR
 a

bs
or

ba
nc

e 

1015  

1074 

1043 

1011 

3578  

(a) 

(b) 

(a) 

(b) 

3747  

3710  

3760  
3775  

 1450   1400   1350   1300 

(a) (b) (A) (B) 

(C) 
 

(a) 

1404 

1392 
1383 

1364 

(b) 

1392 
1383 

1364 

Wavenumber (cm-1) 
1450                   1400                      1350                   1300 

IR
 a

bs
or

ba
nc

e 



Chapter 2. Labile sulfates as key components in active sulfated zirconia for n-butane isomerization  

 33

23 ]. The group of bands between 1300 and 1450 cm-1 is attributed to S=O stretching 

vibrations of sulfate groups. The bands at 900-1150 cm-1 are assigned to the vibrations of S-O 

bonds of sulfate species connected to the zirconia surface.  

The S=O stretching band of SZ was located at a rather high frequency, with a pronounced 

maximum at 1404 cm-1 and a broad portion to the low frequency side. The spectrum of       

SZ-WW showed the maximum of this band at 1391 cm-1 and the intensity was lower than 

with SZ. The insert in Figure 2.2 (B) shows the S=O stretching bands of these two samples. 

The IR bands of S=O vibration of SZ and SZ-WW were fitted using a minimum number of 

bands and constant wavenumbers and half widths (see Figure 2.2 (C)).   

The deconvolution results reveal that water washing reduces the portion of sulfate group at 

the higher frequency (1410 -1390 cm-1) in the region of S=O stretching vibration of sulfate 

groups. Higher wavenumbers of the S=O stretching vibration indicate a higher S=O bond 

order [24, 25]. Therefore, we conclude that water washing reduces the fraction of the most 

covalent sulfate. In addition to the changes of the S=O vibration band, the intensity of the S-O 

stretching vibration bands also decreased and shifted to higher wavenumbers after water 

washing (see Figure 2.2 (B)). SZ showed the S-O band at 1011 cm-1 with a minor contribution 

at 1043 cm-1, while in the IR spectrum of activated SZ-WW the bands appeared at 1015 cm-1 

and 1074 cm-1 respectively. Thus, the separation of the S=O and S-O vibrations is larger in the 

water soluble fraction than in the sulfate groups after washing.  

 

IR spectra of adsorbed pyridine  

IR spectra of adsorbed pyridine on SZ and SZ-WW at 373 K followed by evacuation at the 

same temperature are shown in Figure 2.3. Bands at 1544 and 1445 cm-1 indicate that after 

activation in vacuum at 673 K, Lewis and Brønsted acid sites are present on SZ. On SZ-WW 

only the band at 1445 cm-1, characteristic for Lewis acid sites, was detected. The 

concentrations of the acid sites of these two samples are compiled in Table 3 using molar 

absorption coefficients of the bands of adsorbed pyridine equal to those determined for 

zeolites [26]. The concentrations of acid sites of these two samples demonstrate that water 

washing removes the Brønsted acidity of sulfated zirconia and increases the Lewis acid sites 

from 0.106 to 0.163 mmol/g. It is interesting to note that for the two samples reported here, 

the total concentration of Lewis and Brønsted acid sits was nearly constant, (0.16 mmol/g). 

This suggests that Brønsted and Lewis acid sites on the sulfated zirconia samples investigated 

are related.   

As shown in Figure 2.3, a marked shift of the band of S=O vibration after pyridine 
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adsorption indicates a strong impact of the adsorbed pyridine molecule on the sulfate. A 

similar effect has been reported previously [27, 28]. Note that the pyridine-sulfate interaction 

shifts all components of the S=O bands to lower wavenumbers, i.e., to 1343 cm-1 for SZ and 

to 1333 cm-1 for SZ-WW, which indicates that all sulfate groups are located at the metal oxide 

surface and are influenced by or interact with pyridine. The band of the S-O vibration shifted 

approximately 30 cm-1 to higher wavenumbers after pyridine adsorption. It indicates that the 

spectral separation between S=O and S-O decreased further by the interaction with the base. It 

can be speculated that the ionic character of the group increased in that process.  

 
Table 2.3 Concentration of Brønsted and Lewis acid sites relative to 

pyridine adsorption/evacuation on sulfated zirconia 
samples. 

Sample Brønsted acid 
(mmol/g)  

Lewis acid 
(mmol/g) 

SZ 0.050 0.106 

SZ-WW 0     0.163 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 IR spectra of pyridine (0.1 mbar) adsorption followed by 
evacuation at 373 K on sulfated zirconia samples activated 
in vacuum at 673 K for 2 h (a) SZ and (b) SZ-WW 
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IR spectra of adsorbed CO2 

CO2 is a suitable probe to characterize the surface basicity of metal oxide systems [29, 

30]. The carbonate species formed after adsorption give rise to bands between 2000 and 1000 

cm-1. However, CO2 is also a weak base, which can reversibly form weakly (and linearly) 

coordinated species with Lewis acid sites. Thus, CO2 adsorption at room temperature can be 

used to probe base sites and the strongest fraction of Lewis acid sites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 IR spectra of 2 mbar CO2 adsorption at room temperature on 
sulfated zirconia samples activated at 673 K in vacuum for 2 
h (a) SZ; (b) SZ-WW. 

 

Figure 2.4 shows the IR spectra of SZ and WW-SZ (activated in vacuum for 2 h at 673 K) 

after equilibration with 2 mbar CO2 at room temperature. With both samples bands at       

2353 cm-1 and 2365 cm-1 attributed to linearly coordinated CO2 were observed. As the upward 

shift of the asymmetric stretching band of adsorbed CO2 is related to the strength of the 

bonding by the Lewis acid site [30], we conclude that the Lewis acid strength is not changed 

in the presence or absence of labile sulfate groups. The intensity of the band of adsorbed CO2 

on SZ-WW is significantly higher than that on SZ indicating a significantly higher 

concentration of Lewis acid sites on SZ-WW.  

With SZ, bands between 1800 and 1200 cm-1 characteristic for carbonates were not 

observed. With SZ-WW, two pronounced bands at 1600 cm-1 and 1457 cm-1 with another 
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minor band at 1220 cm-1 characteristic of bicarbonate were observed. This implies that 

removing the water soluble sulfate by washing strongly increased the concentration of basic 

sites on the surface of the resulting material.  

 

2.3.3. Catalytic activity for n-butane skeletal isomerization 

Figure 2.5 shows the catalytic activity versus time on stream for n-butane skeletal 

isomerization at 373 K on SZ and SZ-WW. It should be emphasized that great care has been 

taken to remove all traces of butenes from n-butane, as such impurities (causing much higher 

activity) lead to uncontrollable behavior and mask differences between the catalysts. The 

butenes impurity in n-butane in this study was below 1 ppm (undetectable by the GC analysis 

used).  

Under the reaction conditions employed an induction period of approximately 4 h was 

observed. It has been suggested that carbenium ion type intermediates, formed by protonation 

of butene, accumulate on the catalytic surface during this period [31]. After the induction 

period, SZ shows a maximum catalytic activity of 0.015 µmol/g·s with an iso-butane 

selectivity of 96 %. The variation of reaction conditions reported in the literature (reaction 

temperature, butane concentration, atmosphere, etc.) makes unfortunately nearly impossible to 

directly compare the reaction rates.  

The problem of the direct comparison is well illustrated by the data of Sayari et al. [31] 

and Tabola et al. [32] performing the reaction at 363 and 373 K. Tabola et al. reports the 

maximum activity to be approximately 40 µmol/g·s, which is orders of magnitude higher than 

our results. The higher activity is attributed to the presence of 4000 ppm butene in n-butane. It 

is interesting to note in this context that these authors also demonstrated that removal of olefin 

impurities with 2 g of activated SZ induced an extremely low activity for a short period before 

the materials became totally inactive. 

The removal of the water soluble sulfate fraction on calcined sulfated zirconia resulted in 

a sample (SZ-WW) which was inactive for n-butane skeletal isomerization at 373 K.  
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Figure 2.5 n-Butane skeletal isomerization reaction (5 % n-butane in He, 
20 ml/min) rate versus time on stream on activated sulfated 
zirconias at 373 K (�) SZ-WW and (�) SZ.  

 

 

2.4. Discussion 

All sulfate species of sulfated zirconia are highly covalently bound to the surface 

compared to the inorganic sulfate salts, which can be clearly inferred from the differences in 

the IR spectra of ionic SO4
2- (band between 1050-1250 cm-1) and surface bound sulfate (bands 

centered at 1200 cm-1) [21]. Together with the partial hydroxylation, the higher covalence of 

the sulfate groups has been affiliated with the high acid strength of sulfated zirconia.  

The S=O bands of sulfates were observed at 1404 cm-1 for SZ and at 1391 cm-1 for        

SZ-WW suggesting that the labile sulfate species in SZ is more covalent than the water 

insoluble sulfate of the SZ-WW sample. The IR spectra also showed that the highly covalent 

(labile) sulfate has a large spectral separation of the vibration of S=O and S-O bands, which 

indicates that the bonding electrons in the sulfate groups are relatively well-localized, 

compared to the symmetric inorganic sulfate (one broad band between 1200 and 1100 cm-1). 

The downward shift of the sulfate S=O band and the upward shift of the S-O band upon 

interaction with pyridine are attributed to an increase in the ionic properties of sulfate 

generated by the interaction with a base molecule. 

The removal of the labile fraction of the sulfate induces the formation of bicarbonates, 

when the sample is exposed to CO2. This indicates that the base strength of at least a fraction 

of the surface is as high as that of pure ZrO2, as the carbonate formed on SZ-WW is identical 

with the carbonates on pure ZrO2. From this we conclude that the removal of a fraction of the 
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sulfate has led to parts of the surface being bare of sulfate groups.  

A consensus has been reached that active sulfated zirconia, when evacuated at 300-450 °C 

possessed not only Lewis but also Brønsted acid sites. The nature and formation of the 

Brønsted acid sites on sulfated zirconia is, however, still debated. Ward and Ko [33] proposed 

that the strong Brønsted acidity of sulfated zirconia is generated from the surface OH group 

and that the proton donating ability was enhanced by the electron inductive effect of S=O 

group. On the other hand, Kustov et al. [8] and Adeeva et al. [9] attributed the formation of 

Brønsted acid to the surface bi-sulfate species. Consensus has been reached, however, that the 

surface coordinated unsaturated zirconium sites (CUS Zr4+) are responsible for the formation 

of the Lewis acid sites. 

It is striking that the washing procedure led to an increase in the concentration of Lewis 

acid sites. Adsorbed pyridine and CO2 indicate that the strength of the Lewis acid sites is 

similar for SZ and SZ-WW. With both probe molecules the wavenumbers of the characteristic 

bands of the adsorbed species were identical with both samples explored. This is important as 

it resolves an old conflict with respect to the role of Lewis acid sites for catalysis.  

In previous reports [34, 35], the catalytic activity of sulfated zirconia has also been 

attributed to the presence of Lewis acid sites, whose strength is enhanced by the electron 

withdrawing of sulfate groups. Here, we prepared two samples with exactly the same Lewis 

acid strength, SZ and SZ-WW. However, SZ-WW is inactive despite a higher concentration of 

Lewis acids sites of equal strength. Therefore, we conclude that Lewis acid sites are not 

directly involved in the isomerization of alkanes by sulfated zirconia at low temperature. 

The increase in the concentration of Lewis acid sites by water washing, on the other hand, 

indicates that at least some of the labile sulfate groups are located on top of Lewis acid sites, 

presumably at the defective sites of zirconia surface. By interaction with the sulfate groups, 

these sites are saturated and Lewis acidity is lost. Thus, the presence of the labile sulfate 

groups on the surface diminishes not only the basic sites, but also a portion of Lewis acid sites. 

The fact that the sum of Brønsted and Lewis acid sites remains constant for the two samples 

suggests that the Brønsted acid sites are affiliated with sulfate groups covering Lewis acid 

sites. It also demonstrates unequivocally that Brønsted acid sites are indispensable for the 

skeletal isomerization of n-butane.  
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2.5. Conclusion 

At least two types of sulfate groups exist on the surface of active sulfated zirconia. One of 

those types of sulfate groups can be removed by washing with water at ambient temperature. 

Approximately 40 % of the sulfur in the sulfated zirconia can be removed in this way. A 

fraction of the sulfate removed via this way is located on top of a Lewis acid site 

(coordinatively unsaturated Zr4+), which has a more covalent S=O bond than all species 

remaining on the surface after washing. It can be clearly identified by a narrow S=O band at 

1404 cm-1. The hydroxyl groups affiliated with these labile sites and the sites of the 

catalytically active Brønsted acid sites are characterized by a broad IR band characteristic of 

hydrogen bonded OH groups. The exact nature of this site is not subject of the present 

contribution. It is shown, however, that the OH groups of ZrO2 are not involved in the 

catalysis and in the generation of strong Brønsted acid sites able to protonate pyridine.     

The catalytic isomerization of n-butane requires the labile sulfate. In the absence of the 

labile sulfate the material is completely inactive for n-butane isomerization at 373 K. Because 

the washing procedure increases the concentration of Lewis acid sites without decreasing their 

strength, we can unequivocally conclude that Lewis acid sites of sulfated zirconia are 

insufficient to catalyze n-butane isomerization. We conclude in consequence that Brønsted 

acid sites affiliated with the labile sulfate groups are indispensable for this reaction.  
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Chapter 3 

 

 

Activation of n-butane isomerization 

on sulfated zirconia: oxidation of      

n-butane by surface groups 
 
 
 
 
 
 
 
 

Abstract 

Catalytic activation and conversion of light alkanes by sulfated zirconia (SZ), such as n-
butane isomerization, is unequivocally shown to be initiated by a stoichiometric step 
producing small concentrations of olefins. The initiation step has been identified to be an 
oxidation reaction (C4H10 + SO4

2-(SO3) → C4H8 + H2O + SO3
2-(SO2)) producing 

stoichiometric amounts of butenes, water and SO2. A combination of thermal desorption 
methods and in situ spectroscopy has been used to determine all three reaction products. 
Supporting the important role of butene for catalytic activity, it is also shown additionally that 
supplying or removing butene in the overall reaction directly correlates with the catalytic 
activity, i.e., butene impurities and the presence of oxygen increase, while the presence of 
hydrogen decreases the maximum activity observed. The thermodynamics of the reduction of 
different SZ surface structures by n-butane has been examined by density-functional (DFT) 
calculations with periodic boundary conditions. The calculations show that sulfate rich surface 
structures of SZ are the most likely to oxidize butane. 

.   
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3.1. Introduction 

Solid acids are environmentally benign catalysts for low temperature activation and 

transformation of alkanes. Among these, sulfated zirconia attracted marked interest during the 

past two decades [1] since Arata et al. [2, 3] rediscovered and reported the catalytic activity of 

sulfated metal oxides for n-butane activation. Despite these efforts and the development of 

industrial catalysts, consensus on the mechanism of alkane conversion has not been achieved, 

which is well documented in several reviews [1, 4, 5, 6]. 

The majority of reports propose that carbenium ion intermediates are the active species 

during catalysis at steady state. However, neither the nature of these carbenium ions nor the 

mechanism of their formation is well understood. Several hypotheses have been proposed. 

Gates et al. [7, 8, 9, 10] suggested that the catalytic activity of modified sulfated zirconia for 

the conversion of propane, ethane and methane is caused by the protolytic activation of short 

alkanes such as shown occurring with superacids in the liquid phase (see Equation 1 for        

n-butane as example).  

 

                                                                                                                                            (1) 

 

Later, however, it has been shown that SZ possesses high acid strength, but its strength 

does not exceed that of sulfuric acid, HZSM-5 or H-mordenite [11, 12]. Thus, considering the 

temperatures at which n-butane isomerization takes place, the reaction pathway seems 

unlikely.  

At the same time, Tabora et al. [13] observed that sulfated zirconia exhibited extremely 

low catalytic activity for n-butane isomerization after removing all butene impurities from the 

feed. Thus, it was proposed that the butene impurities present in the reactant initiate n-butane 

reaction on SZ, via formation of carbenium ion intermediates. 

                                                             

                                                                                                                                            (2) 

 

 However, as sulfated zirconia still shows catalytic activity for n-butane isomerization 

after removal of butene impurities, it is suggested that butene species are formed in situ. 

Fărcaşiu et al. [14, 15] ascribed the initial activity to carbocation precursors formed through 

one electron oxidation of the alkane by sulfate groups. The promoting effect of transition 

metals doping sulfated zirconia was also attributed to the enhancement of the oxidative 

properties [ 16 , 17 ]. What has been unclear and unproven in this group of proposed 

H H 
H+ + → → H2+

+ + 

H+ + → +
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mechanisms was the nature of the redox cycle involved. Evidence for the reduction and 

oxidation products has not been given and in consequence the mechanism was at best 

discussed as one of the possibilities for a reaction pathway.  

The formation of butene by the oxidative species of sulfated zirconia or promoted sulfated 

zirconia could follow the Equation 3.     

 

                                                                                                                                          (3a) 

                                                                                                                                          (3b) 

 

With  Ox. = SO3 and Red. = SO2 this is an exothermic process with a reaction enthalpy of 

-28 kJ/mol [ 18 ]. DFT calculations reported below show that on the surface of SZ,        

Equation 3b, the corresponding reaction might be even more exothermic with the reaction 

energies up to -67 kJ/mol.  

In this work, unequivocal direct evidence for all three potential reaction products of the 

initial alkane oxidation are given using thermal desorption/reaction of n-butane, in situ IR 

spectroscopy during reaction, and quantification of the SO2 formed on the catalyst. It is 

emphasized that n-butane used in this study was carefully purified from traces of olefin before 

contacting it with sulfated zirconia. In order to demonstrate the subtle influences of the 

reaction conditions, the catalytic results are also compared with the conversion of unpurified 

n-butane and the conversion of the purified n-butane in the presence of hydrogen and oxygen. 

DFT calculations with periodic boundary conditions are carried out to explore the 

thermodynamics of the reduction and the accompanying water adsorption of different SZ 

surface structures by n-butane. 

 

3.2. Experimental 

 

3.2.1. Catalyst preparation 

Sulfate-doped zirconium hydroxide was obtained from Magnesium Electron, Inc. (XZO 

1077/01). The as-received sample was heated up to 873 K with a ramp rate of 10 K/min for     

3 h in static air to form sulfated zirconia with 0.44 mmol/g sulfate and total surface area of 

109 m2/g.  

 

+ Ox. → Red. + + H2O

+ Ox. → Red. + * H2O
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3.2.2. Catalyst characterization  

The temperature programmed desorption and reaction (TPD) of n-butane from SZ was 

measured in vacuum. The SZ sample was activated in vacuum (p = 10-3 mbar) at 673 K for 2 h 

and cooled to 323 K for n-butane adsorption. 2 mbar of n-butane (purified with an olefin trap 

containing activated commercial zeolite H-Y) was allowed to equilibrate with the sample for   

5 min. After reducing the pressure to 10-3 mbar, TPD was carried out up to 873 K with a 

heating increment of 10 K/min. The desorbing species were detected by a mass spectrometer 

(QME 200, Pfeiffer vacuum). 

For determining the amount of SO2 produced during activation, n-butane reaction and 

temperature programmed desorption after the reaction, 100 ml of 0.005 N NaOH solution in a 

washing flask was used to collect SO2 and SO3 in the educts. The gases were trapped as 

sulfate and sulfite. Only the sulfate concentrations were determined by ion chromatography 

(Metrohm, 690 ion chromatograph equipped an IC anion column). Sulfite was oxidized in a 

second experiment with H2O2 (200 µl 30 %) and the solution was reanalyzed. The 

concentration of sulfite was determined from the difference between the two experiments.  

In situ IR spectroscopy was used to monitor adsorbed species during n-butane 

isomerization using a Bruker IFS 88 spectrometer at 4 cm-1 resolution. Self-supporting wafer 

(5–10 mg/cm2) were prepared by compacting the sample. The wafers were placed into in a 

stainless steel cell with CaF2 windows, heated up with 10 K/min to 673 K in He flow (10 

ml/min), and activated at that temperature for 2 hours. The wafer was then cooled to 373 K 

and the reactant mixture (5 % n-butane in He, total flow of 20 ml/min) was flown into the cell 

and a spectrum was collected every minute. n-Butane was purified with an olefin trap 

containing activated HY zeolite to remove the butene impurities. 

  

3.2.3. n-Butane isomerization 

n-Butane isomerization was carried out in a quartz micro tube reactor (8mm inner 

diameter) under atmospheric pressure. 0.2 g of sulfated zirconia pellets (355 - 710µm) were 

loaded into the reactor and activated in situ at 673 K for 2 h in He flow (10 ml/min). The 

catalyst was cooled to 373 K and the reactant mixture (5 % n-butane in He, total flow of 20 

ml/min) was flown through the catalyst bed. n-Butane (99.5 %) was passed through an olefin 

trap containing activated H-Y zeolite before it was mixed with He. The butene concentration 

in the resulting gas was below the detection limit (1 ppm). Reaction products were analyzed 

on-line using an HP 5890 gas chromatography (GC) equipped with a capillary column (Plot 

Al2O3, 50m × 0.32 mm × 0.52mm) connected to a flame ionization detector (FID).  
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The skeletal isomerization of unpurified n-butane, containing 26 ppm 2-butene (molar 

basis), on sulfated zirconia at 373 K was also performed to investigate the influence of butene 

impurities in the feed. 

n-Butane isomerization at 373 K were also carried out in the presence of different 

concentrations of hydrogen or oxygen for studying the influence enhancing or reducing the 

concentration of olefins on the catalytic activity. 

 

3.2.4. Computational methods 

The density-functional calculations used the gradient corrected Perdew-Wang functional 

PW91 [19, 20, 21, 22, 23]. Core electrons were described with the projector augmented wave 

scheme [24, 25]. The valence electrons were described by a plane wave basis set with an 

energy cutoff of 400 eV. Periodic boundary conditions were applied to an 1x2 surface cell of 

the t-ZrO2(101), which includes four Zr atoms which miss one coordination compared to the 

bulk. A slab of five layers was used with three bottom layers fixed to the bulk positions. The 

cell sizes were a=6.425 Å, b=7.284 Å and c=30.000 Å. Further details are given in reference 

[26]. All calculations are made with the VASP code [27, 28, 29]. 

 

3.3. Results  

 

3.3.1. Determination of the reaction products of the initiation reaction 

The initiation reaction as formulated in Equations 3 is a stoichiometric reaction and should 

produce a measurable but small concentration of SO2, H2O and butene. The stoichiometry of 

the overall catalytic reaction requires, however, that the majority of catalytic cycles occur in a 

way that does not remove the hydrogen via oxidation, i.e., that an efficient mechanism of 

hydrogen transfer exists. The experiments below establish this initiation as proven elementary 

step.  

 

Evidence for butene formation by TPD of n-butane 

As under steady state conditions butenes are not detected in the reaction products, 

temperature programmed reaction is used to give direct evidence of alkenes formed by 

suppressing subsequent reactions of the reactive alkenes. Figure 3.1 shows the evolution of 

butane and butene from SZ after n-butane adsorption at 323 K during TPD. Butene (m/e = 56) 

desorbed at low temperatures with a maximum rate at 380 K and a broad shoulder between 

500 and 700 K. Note that much lower rates and quantities of desorbing butane were observed, 
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as most of it was already removed by the short evacuation period prior to TPD. Masses higher 

than that of the butane molecular peak were not observed. The fragment pattern observed in 

the mass spectra fits perfectly to the fragmentation pattern of butenes allowing us to exclude 

also the presence of other alkanes or alkenes. Thus, TPD of n-butane clearly shows that 

butene is formed from butane adsorbed on SZ at low temperatures. Molecular hydrogen gas 

was not observed during these experiments allowing us to exclude a route via the direct 

dehydrogenation.  

However, also neither water nor SO2 was detected in parallel to the desorbing butene. 

However, in contrast to H2 which is only very weakly adsorbed on the sulfate modified 

oxides, water and SO2 would be so strongly adsorbed that desorption would be shifted to 

higher temperatures and at these temperatures the formation is partly masked by the partial 

decomposition and dehydration of sulfated zirconia. The mass spectrometric analysis makes 

also difficult to differentiate between desorbing SO2 and SO3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Peak desorption intensity of butene (m/e=56) and butane 
(m/e=58) during a vacuum TPD (heating rate of 10 K/min) 
after adsorption of 2 mbar of n-butane on activated sulfated 
zirconia at 323 K. 

 

Determination of SO2 formed  
Thus, in order to qualitatively and quantitatively determine desorbing SOx, the gases after 

the tubular reactor were passed through a NaOH washing solution. For this purpose, a larger 

catalyst bed (2 g of sulfated zirconia) was used. Desorbed SO3 leads directly to sulfates, while 
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sulfites have to be oxidized by H2O2. Pretreatment of the solution with H2O2 was therefore 

used to differentiate between the formation of SO2 and SO3.  

The sulfate ion peaks in the ion chromatography spectra are shown in Figure 3.2. During 

activation up to 673 K, a small amount sulfate species decomposed and desorbed as SO3 from 

the catalyst (see Figure 3.2 (b)). This amount corresponded to 3 % of the total sulfate content 

of the SZ studied. During the reaction at 373 K sulfur compounds did not evolve from the 

reactor (see Figure 3.2 (c)). Thus, we concluded that SO2 was either not formed during 

reaction or if it was, it was retained on the catalyst surface as sulfite group.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Sulfate ion peaks in IC spectra, dotted line: without adding 
H2O2; solid line: adding H2O2 200 µl (a) 5 mg/l of sulfate as 
standard, (b) after activation of sulfated zirconia at 673 K in 
He, (c) after the reaction at 373 K for 10 h (d) after increasing 
temperature from 373 K to 673 K following to the reaction 
and (e) after increasing temperature from 373 K to 673 K 
following to He treatment at 373 K. 

 

In order differentiate between the two possibilities the reactor was purged with He for 30 

min and then the temperature was increased with 10 K/min to 673 K in He flow. In contrast to 
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the activation of SZ, the solution of the trapped gases showed only a significant amount of 

sulfate ions after oxidation with H2O2 (Figure 3.2 (d)). Thus, we conclude that SO2 and not 

SO3 evolved from the reactor. Approximately 0.2 % of the total sulfate species in SZ were 

reduced by reaction with n-butane for 10 hours. The control experiment of increasing the 

temperature from 373 K to 673 K after exposing the activated catalyst to flowing He at 373 K 

did not lead to the evolution of SOx (Figure 3.2 (e)).  

 
Determination of water formed by in situ IR spectroscopy  

The in situ IR spectra of SZ during n-butane reaction at 373 K are shown in Figure 3.3 (A) 

and (B). After activation at 673 K for 2 h the SZ sample showed a strong IR band at 3636 cm-1 

with a shoulder at 3660 cm-1 and a weak band at 3580 cm-1 in the region of OH groups. The 

bands at 3636 and 3580 cm-1 are attributed to OH groups associated with the sulfate groups, 

while the shoulder at 3660 cm-1 is associated with ZrOH groups. In contact with butane a 

weak broad band between 3500 and 3600 cm-1 appeared, which is attributed to molecules 

hydrogen bonding to OH groups. Additionally, the IR band at 3580 cm-1 increased in intensity.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 IR spectra of in situ n-butane reaction on sulfated zirconia at 
373 K (5 % n-butane in He, 20 ml/min). (a) after activation 
(b) reaction for 60 min (c) reaction for 200 min (d) He purge 
for 10 min follows to the reaction. 
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Activated SZ showed a pronounced group of bands at 1300-1450 cm-1 with a maximum at 

1404 cm-1, which is assigned to the stretching vibrations of S=O bond (see Figure 3.3 (B)) in 

various sulfate groups. During n-butane isomerization, the band broadened and shifted to 

lower wavenumbers, i.e., to 1398 cm-1 with a shoulder at 1378 cm-1 after reaction for 200 

minutes. The band at 1464 cm-1 observed after bringing SZ in contact with butane is assigned 

to the CH2 deformation vibration of butane. It disappeared after He purge for 10 min. 

The formation of water during reaction is verified by the increasing intensity of the water 

deformation band at 1600 cm-1 with the time on stream. As shown in Figure 3.4, the evolution 

of the catalytic activity in the induction period occurred in parallel to concentration of water 

formation. The gradually formation of water on SZ indicates the oxidation of n-butane at 373 

K is the determining step for the compiling of active species, which corresponds to the period 

of increasing activity in n-butane isomerization.     

 

 

 

 

 

 

 

 

 

 

 
 Figure 3.4 Correlation between catalytic activity of sulfated zirconia for 

n-butane isomerization at 373 K during induction period and 
the concentration of water formed during in situ IR reaction. 

 

3.3.2. Promoting effect of butene impurities on the catalytic activity 

Figure 3.5 shows the n-butane isomerization activity versus time on stream (TOS) on SZ 

at 373 K with purified and unpurified n-butane. The butene impurities significantly enhanced 

the catalytic activity. Both reactions showed a period of increasing activity, during which the 

active species, i.e., carbenium-type intermediates, and water (see above) accumulate on the 

surface. Reaching the maximum activity was followed by gradual deactivation. The induction 

period for the reaction of purified n-butane was around 4 h, which was much longer than that 

of reactant without purification (1.5 h) under identical reaction conditions. The iso-butane 
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selectivity of both reactions was higher than 95% and the byproducts of the reaction were 

primarily propane, iso-pentane and n-pentane (the ratio of iso- to n-pentane was 4-5).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5 Catalytic activity of sulfated zirconia at 373 K for the 

isomerization reaction of n-butane (20 ml/min of 5 % n-
butane in He) (�) purified with olefin trap (�) unpurified 
and containing 26 ppm 2-butene.  

 

3.3.3. Influence of H2 and O2 on the catalytic activity 

Adding H2 and O2 to the carrier gas allows to important questions to be answered, i.e., the 

role of hydrogen lies in reducing traces of olefins and/or intercepting possible hydride transfer 

reactions, and the role of oxygen is mainly to increase the local concentration of olefins. The 

reaction rates versus time on stream in the presence of hydrogen with different concentration 

are shown in Figure 3.6. The presence of hydrogen significantly lowered the catalytic activity, 

even when only 0.5 % H2 was present in the feed. The catalytic activity was indirectly related 

to the concentration of H2 (negative reaction order) in agreement with previous reports that 

hydrogen has a strongly negative effect on the rate of alkane isomerization [30]. 

Figure 3.7 shows the influence of the presence of oxygen in the reactant on the catalytic 

activity. With increasing oxygen partial pressure the initial increase in activity was higher and 

shorter, followed by rapid deactivation with TOS. For instance, the catalysts operated in the 

presence of 5 % oxygen was completely deactivated after 16 h TOS, while the one in the 

absence of oxygen or in the presence of hydrogen still had a very stable activity. 
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Figure 3.6 Catalytic activity of sulfated zirconia for the isomerization 
reaction of n-butane (20 ml/min of 5 % n-butane in He) at 
373 K in the presence of hydrogen. The concentration of 
hydrogen in the feed: (�) 0 %, (�) 0.5 %, (�) 1.5 %, (�) 
2.5 %, (�) 5 %. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 3.7 Catalytic activity of sulfated zirconia for the isomerization 
reaction of n-butane (20 ml/min of 5 % n-butane in He) at 
373 K in the presence of oxygen. The concentration of 
oxygen in the feed: (�) 0 %, (�) 0.5 %, (�) 1.5 %, (�) 2.5 
%, (�) 5 %. 
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3.3.4. Calculated reduction energies 

 In a previous DFT study we have calculated the structures and stabilities of different 

surface species for increasing loading of H2SO4 or SO3 and H2O adsorbed from the gas phase 

on t-ZrO2(101) [26]. For a given composition different “isomeric” surface structures are 

examined and their stabilities compared. For example, H2O can dissociate on the surface into 

H+ and OH- and form a bridging and a terminal hydroxyl group. The surface composition is 

written in brackets, e.g. [SO3,OH-,H+,H2O] denotes a surface phase with one SO3 and two 

H2O molecules adsorbed on a 1x2 t-ZrO2(101) surface cell. One water molecule is 

dissociatively adsorbed. The surface phase [SO4
2-,OH-,3H+] has the same total composition, 

one SO3 and two H2O molecules on the surface, but SO3·H2O is present as H2SO4 which is 

dissociatively adsorbed as SO4
2-,2H+ and the second H2O molecules is also dissociatively 

adsorbed. 

The relative stability of surface structure with different composition depends on the 

concentration of sulfur containing species in the gas phase with which the surface is assumed 

to be in equilibrium. If we assume that H2SO4 and H2O are present in the gas phase, the 

pyrosulfate phase [S2O7
2-,2H+,H2O] (Figure 3.8) is the prevailing structure for wide 

temperature and partial pressure ranges. If we assume equilibrium with SO3 and H2O in the 

gas phase the proton free [SO3] structure dominates over wide temperature and partial 

pressure ranges. The vibrational spectra discussed in section 3.3.1 (Figure 3.3 (B)) indicate the 

presence of pyrosulfate species in the SZ sample used in this study. In a previous work we 

show that only loadings of two sulfates per 1x2 t-ZrO2(101) surface cell exhibit vibrations 

above 1400 cm-1 and only pyrosulfate species vibrate in the region of 1420 – 1400 cm-1. 

Coadsorption of water to the prevailing [S2O7
2-,2H+,H2O] species (ν(S=O) = 1421 cm-1) [26], 

yielding [S2O7
2-,2H+,2H2O] (ν (S=O) = 1409 cm-1), results in a red shift of the S=O mode of 

12 cm-1. 
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                   Figure 3.8 The structure of [S2O7
2-,2H+,H2O]. 

 

To characterize the oxidizing power of SZ, we calculate the reduction energy, ∆Ered, i.e. 

the energy of the following reaction: 

1x2 t-ZrO2(101)·nSO3·mH2O   → 1x2 t-ZrO2(101)·(n-1)SO3·SO2·mH2O + 1/2 O2            (4) 

Table 3.1 shows the results for the dominating [SO3] and [S2O7
2-,2H+,H2O] phases and for 

phases which a different number of H2O molecules on the surface. The sulfated surfaces are 

much more easily reduced than the clean ZrO2 surface. The reduction energies for the sulfated 

phases are roughly in the range between the gas phase reduction energies of H2SO4 (176 

kJ/mol) and SO3 (94 kJ/mol). They depend on the sulfur concentration of the surface. Surface 

structures with one SO3 on the 1x2 surface cell have larger reduction energies, between 200 

and 173 kJ/mol depending on the number of H2O molecules on the surface. Surface structures 

with two SO3 molecules on the 1x2 surface cell have lower reduction energies, between 165 

and 106 kJ/mol. The prevailing [SO3] and [S2O7
2-,2H+,H2O] structures have reduction 

energies of +173 and +156 kJ/mol, respectively. The lowest reduction energy is found for the 

[S2O7
2-,2H+] surface structure, +106 kJ/mol.    

Table 3.1 also shows the heats of reduction at 298 and 398 K differ from the energies by 

not more than 10 kJ/mol. For the gas phase species comparison can be made with 
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experimental reaction heats. This indicates an error of about 20 kJ/mol of the calculated 

values. 

Table 3.1 The reduction energy, ∆Ered, for the loss of ½ O2 of different SZ 
structures in kJ/mol. 
 ∆Ered ∆ K

redH 298
 ∆ K

redH 398
 

pure 1x2 t-ZrO2(101) 554.5  
  
[SO3]a 173.2 174.1 166.2 
[SO3,OH-,H+] 177.6  
[SO4

2-,2H+] 179.2  
[SO3,OH-,H+,H2O] a 199.9 199.4 191.6 
[SO4

2-,2H+,OH-,H+] 189.9  
[SO4

2-,2H+,3H2O] a 184.8 184.5 176.0 
  
[2SO3] a 161.8 163.0 155.1 
[S2O7

2-,2H+] 106.3 109.5 101.6 
[S2O7

2-,2H+,H2O] a 155.5 156.5 148.4 
[SO4

2-,HSO4
-,3H+] a 164.6 166.4 158.6 

[S2O7
2-,2H+,2H2O] 124.3  

  
H2SO4 (gas) 176.3 154.0b 153.8 
SO3 (gas) 94.3 80.8c 80.9 

 
 a These structures are most stable for specific pressure and temperature regions. 
 b observed value 196.5 kJ/mol [18]. 
 c observed value 98.9 kJ/mol [18]. 
 

3.4. Discussion 
The presented data show for the first time that in the initiation step butene is formed 

together with water and SO2 or sulfite following the reaction mechanism noted in Equation 3. 

This demonstrates the strong oxidizing ability of labile sulfate groups identified to be 

indispensable for catalysis in an earlier contribution [ 31 ]. The alkene formed reacts 

immediately with Brønsted acid sites of sulfated zirconia forming an alkoxy group or 

carbenium ion, which is the key intermediate. The accumulation of the alkoxy 

groups/carbenium ions seems to be the most important change in the surface chemistry during 

the activation (induction) period observed in so many studies and also in the present work. 

Water and SO2 also formed in this step remain on the surface in a non-dissociated state. 

The favorable reaction energies for the oxidative dehydrogenation of butane according to 

Equation 3 explain the initial butene formation. On the surface of SZ one of the SO3 species is 

reduced to SO2 and the H2O molecule formed remains on the surface: 

C4H10 + 1x2 t-ZrO2(101)·nSO3·mH2O→ C4H8 + 1x2 t-ZrO2(101)·(n-1)SO3·SO2·(m+1)H2O (5) 
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Table 3.2 shows the calculated energies for this reaction. For surface structures with a single 

sulfur atom per (1x2) surface unit cell the reaction energies are positive (6 to 47 kJ/mol 

depending on the water content), while structures with two sulfur atoms per cell have negative 

reaction energies (-10 to –67 kJ/mol). The reaction of one of the dominating pyrosulfate 

surface structures, [S2O7
2-,2H+,H2O], with butane yields the [SO4

2-,SO2,2H+,2H2O] structure 

shown in Figure 3.9 (reaction energy -10 kJ/mol). In this reaction, the pyrosulfate splits into a 

tri-dentate sulfate species and SO2 which is not directly coordinated to the surface, but only to 

two water molecules via two hydrogen bonds (Figure 3.9). The energy expense for the 

removal of SO2 is Ediss,SO2 = 34 kJ/mol. The less stable pyrosulfite structure would look like 

Figure 3.8, with one oxygen atom removed. Reaction 5 does not consider adsorption of 

butane/butene on the SZ surface. We expect that the adsorption energies of both species are 

similar or that butene binds more strongly than butane because of specific interactions with 

the double bond.  

In the gas phase, Equation 4, the calculated reaction energy is –14 kJ/mol, i.e. the 

oxidative dehydrogenation of butane by SO3 in the gas phase is also thermodynamically 

favored. The calculated reaction enthalpy at 298 K is –11 kJ/mol and the corresponding 

experimental value is -28 kJ/mol. The difference of 17 kJ/mol is in the expected error range of 

DFT calculations 

 

Table 3.2 The calculated total reaction energy, ∆Etotal, of different SZ structures 
with n-butane in kJ/mol  (following Equation 5). 
SZ SZred,OH2 ∆Etotal 

[SO3] a [SO2,OH-,H+] 37.1 
[SO3,OH-,H+] [SO2,OH-,H+,H2O] 47.0 
[SO4

2-,2H+] [SO3
2-,2H+,OH-,H+] 5.6 

[2SO3] a [SO4
2-, SO2,2H+] -36.1 

[S2O7
2-,2H+] [S2O6

2-,2H+,H2O] -66.8 
[S2O7

2-,2H+,H2O] a [SO4
2-, SO2,2H+,2H2O] -10.1 

[SO4
2-,HSO4

-,3H+] a [S2O6
2-,2H+,2H2O] -26.7 

   
H2SO4 (gas) SO2 + 2H2O 68.2 
SO3 (gas) SO2 + H2O -13.8 

 

a These structures are most stable for specific pressure and temperature regions. 
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Figure 3.9 The structure of the reduced [S2O7
2-,2H+,H2O] accompanied 

by an additional water molecule [SO4
2-,SO2,2H+,2H2O]. 

 

The oxidative initiation reaction is not catalytic but stoichiometric and the question arises, 

how long a catalyst may live, given that the concentration of sulfate on the surface of zirconia 

is finite. The current experiments show that the concentration of start molecules necessary to 

achieve an active catalyst is surprisingly small. For a period of 10h and a turnover of only 

0.00088 mmol/g of sulfate/SO3 were reduced. This corresponds to a ratio of approximately 

500 butane molecules converted per SO3 molecule reduced. A catalyst could, therefore, 

maintain its activity for 5000 h assuming similar operating conditions. It is important to note 

that such small concentrations are formed continuously through the bed, avoiding so high 

concentrations and the danger of higher rates of the inter-molecular reactions of condensation. 

This shows also why it is so difficult to add trace amounts of butenes to the catalyst and 

achieve a stable performance. 

The important role of butene as initiating agent for n-butane isomerization on sulfated 

zirconia was clearly demonstrated by the far higher catalytic activity in the presence of only 

26 ppm butene (0.033 µmol/g·s vs. 0.018 µmol/g·s). Supporting indirect evidence for the 

present findings is provided by liquid phase catalysis. The oxidation of alkane during 

isomerization in liquid acid, whose acid strength is not so high to protonate the alkanes, also 
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contributes to the initial step generating the active species. The formation of SO2 [32] during 

n-butane isomerization in the presence of FSO3H/HF acid and SbF3 formation during 

activation of iso-butane in SbF5 [33] are such examples. Similarly, the lack of reactivity of 

alkanes without tertiary hydrogen atoms in weaker superacids, such as CF3SO3H, can be 

overcome by adding alkenes.  

The concentration of butenes in the reactant stream can also be influenced by the presence 

of hydrogen and oxygen. Hydrogen could play a double role, i.e., it could lower the 

concentration of butenes in the reactor [34] and/or it could stop the reactions of the carbenium 

ions by acting as a hydride transfer agent [35]. It has also been suggested by Garin et al. [30] 

that iso-butene is rapidly hydrogenated on sulfated zirconia at low temperature in the presence 

of hydrogen. In this context it should be mentioned that the dissociation of molecular 

hydrogen on zirconia surface was reported to form surface Zr-H groups [36], which could be 

very active for hydrogenation. While the present data do not suffice to distinguish between 

these two possibilities, the linearly decrease of the catalytic activity with increasing of the 

hydrogen concentration in the feed suggests that the catalytic activity is directly related to the 

concentration of surface butene species.  

 It is noteworthy on the other hand that molecular oxygen works as promoter for the 

initial step of the reaction. Given the low reaction temperature of 100°C, we think that this is 

achieved by oxygen creating a small concentration of oxidation sites (labile SO3 or labile 

pyrosulfates), which oxidize butane to butene. Alternatively, the direct observation of O2
- 

species on the sulfated zirconia surface by ESR spectroscopy after adsorption of n-butane [37] 

or benzene [38] and a subsequent treatment with dry O2 has also been reported. The formation 

of O2
- species was attributed to the presence of Zr-H groups, which are formed on sulfated 

zirconia with reacting n-butane.  

In the presence of oxygen clearly also the negative effect of a high concentration of olefins 

is seen. As the rate of butene molecules formed exceeds the rate of hydride transfer in a 

carbenium ion chain reaction, alternative pathways for the reaction of butenes are preferred, 

i.e. oligomerization leading to a rapid deactivation.   
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3.5. Conclusions 
Butene species formed by oxidation of n-butane are shown to be the key intermediates 

during n-butane isomerization on sulfated zirconia. Butene is formed by a stoichiometric 

reaction between butane and a pyrosulfate type surface species. For the first time direct 

experimental evidence is given for all reaction products involved and the reaction 

intermediates have been modeled by theoretical chemistry. The initiating reaction occurs 

stoichiometrically, but the olefins formed induce a chain type reaction that converts 500 

butane molecules per butene formed. This allows the sulfated zirconia catalysts to reach 

acceptable lifetimes and oxidative regeneration may lead to newly formed oxidation sites 

extending the lifetime further. Molecular hydrogen impedes the dehydrogenation reaction via 

pathways that basically are variants of hydride transfer. The presence of molecular oxygen 

induces reaction pathways to olefins, which rely on the generation of labile sulfate/SO3 

entities on the surface and/or the generation of O2
- anions. Whatever the mechanism of 

formation, the present study also shows that the reaction rate and the catalyst stability depend 

on the concentration of olefins. At low concentrations of butenes the rate increases with the 

olefin concentration, at high concentration a high maximum activity is achieved, but the 

catalyst deactivates via formation of oligomers. The DFT calculations show clearly that the 

sulfur as well as the water content plays an important role in this initialization step by its 

influence on the energy of formation of the butene. 

The evidence for the present pathway opens design strategies for new catalysts combining 

subtly redox chemistry with acid-base catalysis, opening so new generic pathways for 

activating and functionalizing alkanes. 
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Abstract 

The isomerization of butane is initiated by an oxidative dehydrogenation and proceeds via 
a hydride transfer from n-butane to the iso-butyl carbenium ion. Transient experiments show 
conclusively that this process is fast compared to the isomerization step and, together with the 
physisorption of butane is concluded to be in quasi-equilibrium. The high selectivity to 
isomerization (~96 %) at low conversion implies that intra-molecular skeletal isomerization of 
butyl carbenium ions prevails. The reaction kinetics could be well described by Langmuir-
Hinshelwood-Hougen-Watson rate equations over a wide range of partial pressures. At higher 
conversion the selectivity decreased. The by-products, i.e., propane and pentanes, are formed 
via bimolecular routes as secondary and tertiary products. It is especially noteworthy that at 
higher conversion propane is formed almost exclusively indicating multiple alkylation and 
cracking steps to occur under such conditions.   
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4.1. Introduction 

Sulfated zirconia and other sulfated metal oxides are of interest due to their unique activity 

for skeletal isomerization of short alkanes at low temperature [1, 2]. The kinetics of butane 

isomerization on sulfated zirconia has been studied [3, 4, 5, 6, 7] and the results have been 

reviewed in the recent years [ 8 ]. However, the differences of n-butane and iso-butane 

isomerization reactions indicate that the conclusions reached for a narrow set of conditions 

may not be generalized.  

In general, an induction period can be observed, when butane is isomerized on sulfated 

zirconia at low temperature, which was assumed due to the formation of carbenium ion 

species on the catalytic surface [9, 10]. The presence of butene significantly shortened the 

induction period [11], which is rationalized with the easier formation of carbenium ions by 

protonation. The importance of carbenium ions during alkane skeletal isomerization on 

sulfated zirconia has also been evidenced by the negative effect of CO [9, 12] (formation of 

oxocarbenium ion), which can be directly observed by NMR spectroscopy. Quantum 

mechanical studies also contributed to understand the state of these carbenium ions and their 

conversion [13]. 

Two main mechanisms for butane isomerization on solid acid have been proposed: inter-

molecular (bi-molecular) and intra-molecular (mono-molecular) routes [14, 15, 16, 17]. The 

intra-molecular skeletal isomerization of butyl carbenium ion requires the formation of a 

primary carbenium ion, which is a highly energetic demanding process. Therefore, the inter-

molecular mechanism was speculated to be the preferred route, because it involves the less 

energetic demanding formation of a secondary carbenium ion, followed by cracking and a 

subsequent hydride transfer/desorption steps. Note that the kinetics of butane isomerization 

has been analyzed assuming the inter-molecular mechanism [7]. The high iso-butane 

selectivity (90-92 %) during n-butane isomerization was explained by the different stability 

and reactivity of the C8 isomers, and the low reaction rate of iso-butane was ascribed to the 

steric hindrance of two iso-butyl groups forming the C8 intermediate.  

When n-butane isomerization was carried out in the presence of hydrogen, the reaction 

order for n-butane was higher than 1 [6]. Therefore, the inter-molecular mechanism was 

concluded to be dominate under these conditions. However, the opposite conclusion was 

reached using mono 13C labeled n-butane under similar reaction conditions [15]. It should be 

noted that cracking products of branched octanes on sulfated zirconia at 373 K far different 

from those of butane reaction. Therefore, in another set of experiments it was concluded that 

branched octylcarbenium ions are not the main intermediates of butane isomerization [18].   
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In summary, the presently reported experiments do not allow to unequivocally conclude 

along which pathway n-butane skeletal isomerization proceeds. This is among other factors to 

be ascribed to the impure feeds, which induce different reactions including preferred 

oligomerization and deactivation. After having demonstrated in Chapter 3 that the initiation 

step consists of the oxidative dehydrogenation of n-butane [19], this Chapter addresses the 

propagation step of butane skeletal reaction on sulfated zirconia at 373 K via a kinetic 

analysis.  

 

4.2. Experimental 

 

4.2.1. Catalyst preparation 

Sulfate-doped zirconium hydroxide was obtained from Magnesium Electron, Inc. (batch 

number XZO 1077/01). The as-received sample was heated to 873 K with an increment of 

10 K/min and maintained at the final temperature for 3 h in static air to form sulfated zirconia 

with a concentration 0.05 mmol/g of Brønsted acid sites. The resulting catalyst was kept in a 

desiccator and was activated in situ as described below prior to the kinetic studies. 

 

4.2.2. Adsorption isotherms and differential heats 

      The adsorption isotherms were measured in a SETARAM TG-DSC 111 instrument. 

Approximately 15 mg of pellets were charged into the quartz crucible used in the TG-DSC 

system. The sample was activated by heating to 673 K with an increment of 10 K/min and 

maintaining at 673 K for 2 h in vacuum (p<10-6 mbar). After activation, the temperature was 

stabilized at 373 K. n- and iso-Butane were introduced into the closed system in small doses 

and allowed to equilibrate with the sulfated zirconia until a further mass increase was not 

observed. The butane pulses were repeated until pressure reached 300 mbar. The differential 

heats of n-butane and iso-butane adsorption were determined at 308 K. 

 

4.2.3. Butane isomerization 

Isomerization of n-butane (99.5 %, Messer) and iso-Butane (99.95 %, Messer) were 

carried out in a quartz micro tube reactor (8mm i.d.) under atmospheric pressure. Sulfated 

zirconia pellets (355-710µm) (0.2 or 0.5 g for n-butane or iso-butane, respectively) were 

loaded into the reactor and activated in situ at 673 K for 2 h in He flow (10 ml/min). The 

catalyst was cooled to the 373 K and the reactant mixture (different n- or iso-butane partial 

pressures in He, total flow of 20 ml/min) was flown through the catalyst bed. Butane was 
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passed through an olefin trap containing activated zeolite H-Y (20g) before it was mixed with 

He. The butane concentration in the resulting gas was below the detection limit (1 ppm). The 

reaction products were analyzed using an on-line HP 5890 gas chromatography (GC) 

equipped with a capillary column (Plot Al2O3, 50m × 0.32 mm × 0.52mm) connected to a 

flame ionization detector (FID). 

In order to investigate the catalytic activity and selectivity of sulfated zirconia for n-butane 

(5 % n-butane in He) at high conversion, 1.5 g of sulfated zirconia was loaded in the reactor 

and reactant flow rates of 2 and 0.5 ml/min were applied.  

 

4.2.4. Transient kinetic analysis 

 A concentration transient study during n-butane isomerization at 373 K (0.2 g of sulfated 

zirconia, 20 ml/min of 5 % n-butane in He) on sulfated zirconia was performed after 5 h TOS 

(time on stream), when a stable activity was observed. The feed was steeply changed from     

5 vol. % n-butane to 2 vol. % propane in He or pure He (20 ml/min). Samples of the effluent 

were collected using a VICI 32-port valve (16 loops) and analyzed by GC. 

 

4.3. Results 

 

4.3.1. Isotherms and differential heats of butane adsorption 

The isotherms of butane adsorption at 373 K on activated sulfated zirconia are shown in 

Figure 4.1. Significant differences between n-butane and iso-butane adsorption were not 

observed. The isotherm could be described by a simple Langmuir model, 

 

    

in which Q denotes the concentration of butane adsorbed at a pressure p, Q0 the maximum 

concentration of butane adsorbed and Kad the adsorption constant. By linearly fitting the 

experimental data, the n-butane adsorption constant Knad = 28.2 and the iso-butane adsorption 

constant, Kiad = 23.5 were obtained.  

The differential heats of n-butane and iso-butane adsorption as a function of the butane 

coverage determined at 308 K are compared in Figure 4.2. For both butanes, the heats of 

adsorption showed a similar dependence on the coverage of butane, starting at approximately 

60 kJ/mol (at low coverage) and modestly declined to about 40 kJ/mol at 40 µmol/g coverage. 

Thus, overall two isotherms (adsorption sites) seem to coexist, which may include 

chemisorbed butane molecules at low pressures.    
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Figure 4.1 Isotherms of (�) n-butane and (�) iso-butane adsorption at 
373 K on sulfated zirconia (activated in vacuum at 673 K for 
2 h). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Differential adsorption heats of (�) n-butane and (�)      
iso-butane adsorption at 308 K on sulfated zirconia (activated 
in vacuum at 673 K for 2 h). 

 

4.3.2. n-Butane and iso-butane reactions at various partial pressures 

The isomer formation rates versus time on stream (TOS) during butane skeletal 

isomerization on sulfated zirconia at 373 K at various partial pressures are shown in       

Figure 4.3 (A) and (B) for n-butane and iso-butane reaction, respectively. All the reactions 

showed an induction period depending upon the butane partial pressure. Higher partial 

pressure led to a shorter induction period, i.e., the half time of induction period length (t1/2) of 

the n-butane reaction at 50 mbar was 120 min, but only 28 min for the reaction at 170 mbar. 
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The half induction period lengths versus the partial pressure for n-butane and iso-butane 

isomerization reaction are shown in Figure 4.4 (A) and (B), respectively. Following the 

induction period, the catalyst showed a stable catalytic activity with only very slow 

deactivation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 (A): iso-Butane formation rates versus time on stream for    
n-butane skeletal isomerization on sulfated zirconia at 373 K 
for (�) 170, (�) 100, (�) 50, (�) 28, (�) 17 and (�) 7 
mbar n-butane in the feed; and (B): n-Butane formation rates 
versus time on stream for iso-butane skeletal isomerization 
on sulfated zirconia at 373 K for (�) 88, (�) 50, (�) 36, (�) 
19, (�) 13, (�) 9, (�) 6, (�) 4.6 and (�) 3.2 mbar iso-
butane in the feed. 
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Figure 4.4 Half of the induction period versus partial pressure in the 
feed of n-butane (A) and of iso-butane (B).   

 

Because the conversion of butane was lower than 1 %, the plug flow reactor is safely 

concluded to be operated in differential mode and the reaction rates can also be considered as 

the intrinsic forward reaction rates. The maximum rate of iso-butane formation increased with 

increasing n-butane partial pressure (see Figure 4.5 (A)). In addition, the selectivity to iso-

butane was nearly constant (appr. 96 %) at all n-butane partial pressures. The main by-

products were equimolar amounts of propane and pentanes (n- and iso-pentane with a ratio of 

1:4).  However, as shown in Figure 4.5 (B), the maximum rate of n-butane formation from 

iso-butane increased linearly only for iso-butane partial pressures lower than 19 mbar. For 

higher partial pressures, the formation rate increased more gradually indicating lower reaction 

order in a power rate law form. n-Butane formation rates were about 50 times lower than iso-
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butane formation rates, and n-butane selectivity was approximately 80 % at all partial 

pressures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 (A) iso-Butane formation rate versus n-butane partial 
pressure in the feed; and (B): n-Butane formation rate versus 
iso-butane partial pressure in the feed.    

 

 

4.3.3. Transient kinetics 
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propane in He). During propane purge, the surface n-butyl carbenium ion will be desorbed by 

hydride transfer from propane and the absolute amount can be determined by integrating the 

difference of normalized transients during propane and He purge: 

n-Butane partial pressure (mbar) 

0                 50               100              150             200  

R
at

e 
(�

10
2 
µm

ol
/g
٠s

) 
4 
 
3 
 
2 
 
1 
 
0 

iso-Butane partial pressure (mbar) 

0             20            40            60            80           100  

R
at

e 
(�

10
2 
µm

ol
/g
٠s

) 

0.2 
 
 
 
0.1 
 
 
 
   0 

(A) 

(B) 



Chapter 4. Mechanism of chain propagation of butane skeletal isomerization on sulfated zirconia  

 70

 

   

 

where Cn-C4 is the concentration of n-butane in the product effluent. Also, the amount of iso-

butane formation by hydride transfer from propane to iso-butyl carbenium ion can be obtained 

with the same method. The calculation results indicate that approximate 5*10-3 mmol/g of 

surface n-butyl carbenium ion and only around 3*10-5 mmol/g of iso-butyl carbenium ion on 

the catalyst surface at steady state of n-butane isomerization. Therefore, we conclude that the 

n-butyl carbenium ion is the dominant species during n-butane isomerization since its 

concentration is more than two orders of magnitude higher than that of the iso-butyl 

carbenium ion.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Normalized transients at 373 K (20 ml/min, 0.2 g cat.) (�) 
Propane, (�) iso-butane, He, (�) iso-butane, propane, (�) 
n-butane, He and (�) n-butane, propane.   

 

4.3.4. Product distribution at high conversion 

iso-Butane selectivity during n-butane isomerization on sulfated zirconia at low 

conversion was approximately 96 %. However, as shown in Figure 4.7, it decreased with 

conversion. The slope of this decrease was low up to 60 % conversion, while above 60 % 

conversion the decline was by far more rapid. The selectivity varying with conversion can be 

expressed by an exponential equation: 

                S % = 100 - 3.19 × exp (0.0328 × Con %) 

where S is the iso-butane selectivity and Con is the n-butane conversion. The effect of n-

butane conversion on the ratio between iso-butane and total butanes in the products is shown 
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in Figure 4.8. This ratio was almost linear with the conversion and reached the 

thermodynamic equilibrium value at 373 K, ~ 62 % [20] at high conversion (80 %). The iso-

butane yield (Figure 4.9 (A)) increased linearly at conversions lower than 50 %. However, it 

decreased when the conversion was higher than 60 %. On the other hand, at low conversion, 

propane and pentane were formed in nearly equimolar amounts, while at high conversion 

propane was formed in larger amount compared to pentanes (see Figure 4.9 (B)). 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.7 iso-Butane selectivity versus n-butane conversion during n-
butane skeletal isomerization on sulfated zirconia at 373 K.   

 
 
  

 
 

 

 

 

 

 

 

 

 

Figure 4.8 The iso-butane ratio to total butane in the products versus n-
butane conversion during n-butane isomerization on sulfated 
zirconia at 373 K.   
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Figure 4.9 Yield of products (A) iso-butane, (B) (����) propane and (����) 
pentanes versus n-butane conversion during n-butane 
isomerization on sulfated zirconia at 373 K.   

 

4.4. Discussion 

 
4.4.1. Butane skeletal isomerization and disproporationation 
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to propane must be related to multiple further cracking and alkylation steps over these 

catalysts that occur in parallel to the isomerization reaction. 

The high iso-butane selectivity at low conversion of n-butane strongly suggests that the 

intra-molecular route to be operative for n-butane skeletal isomerization. Considering the 

products from the cracking of potentially dimerized butenes (tri-methyl pentanes (TMP)) [21], 

the highest probability for the isomers suggests that the selectivity to iso-butane should not be 

higher than 80 %. For this model it was assumed that primarily TMPs are formed and are in 

thermodynamic equilibrium (2.2.4-tri-methyl pentane: 2.3.4-tri-methyl pentane: 2.3.3-tri-

methyl pentane: 2.2.3-tri-methyl pentane = 63.5 : 9 : 10 : 17.5 [22]) and the cracking rates of 

different isomers are similar. In Scheme 4.1, the possible TMP isomer cracking reactions are 

compiled. Therefore, the iso-butane selectivity higher than 90 % in n-butane isomerization 

reaction cannot result solely from an inter-molecular dimerization route. In addition, the high 

n-butane selectivity during iso-butane reaction (80 %) cannot be rationalized with the dimer 

pathway, where the n-butane selectivity should not be higher than 32 %. On the other hand, 

theoretical calculations suggest that the activation energy from sec-butyl to primary butyl 

carbenium ions is only 76 kJ/mol, which indicates the intra-molecular skeletal isomerization 

of butyl carbenium ion is feasible [23]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 4.1 Potential octane isomers cracking reaction. 
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Propane and (to a lesser degree) pentanes are the main by-products during butane 

isomerization on sulfated zirconia, once it proceeds via the inter-molecular dimerization 

pathway by forming C8 species from two butyl species followed by rearrangement and 

cracking. The equal molar amounts of propane and pentanes in the product at low n-butane 

conversion in this study are in agreement with previous reports in the literature [7]. However, 

at high conversion, the yield of pentanes is much lower than that of propane, which suggests 

the formed pentanes or pentylcarbenium ions are consumed by further reactions.  

Thus, the reversible isomerization and the irreversible disproportionation are responsible 

for the changing of selectivity with conversion. At low conversion, the isomerization rate is 

high and the – at least bimolecular – disproportionation proceeds slowly. At high conversion, 

the integral isomerization rate is lowered as a result of the reverse reaction of iso-butane. 

Especially, when the iso-butane concentration in the product is close to the thermodynamic 

equilibrium with n-butane, no apparent isomerization can be achieved. the isomerization 

product (iso-butane) will also contribute to the disproporationation reaction, thus, at n-butane 

conversion higher than 60 %, iso-butane yield decreases with the conversion.  

 

4.4.2 Rate and equilibrium constants of butane skeletal isomerization reaction  

Scheme 4.2 shows the possible mechanism of butane skeletal isomerization over sulfated 

zirconia at low temperature. Step 1 and 6 are quasi-equilibrated adsorption/desorption of 

gaseous n-butane and iso-butane on the surface with constant Knad and Kiad, for n-butane and 

iso-butane, respectively. Step 2 and 5 are the steps of the hydride transfer from molecular 

butanes to butyl carbenium ions. The transient study indicates that the concentration of 

surface n-butyl carbenium ion is more than 100 times higher than that of iso-butyl carbenium 

ion, which indicates that the hydride transfer from propane to surface butyl species is faster 

than the surface butyl skeletal isomerization. Thus, we postulate here that hydride transfer 

steps during butane isomerization are also in quasi-equilibrium (at least for low conversion 

and, hence, high n-butane concentration) with the hydride transfer constants, Knhy and Kihy. A 

quantum chemical study of elementary steps of hydrocarbon transformation in acid zeolite 

catalysts also confirmed the fast hydride transfer step by comparing the relative activation 

energies, i.e., 180-200 kJ/mol for hydride transfer and 257 kJ/mol for n-butene to iso-butene 

isomerization [24]. Equation 3 and 4 describe the skeletal isomerization reactions of the 

formed butyl carbenium ion with isomerization reaction rate constant, kn and ki, for n-butyl 

and iso-butyl, respectively. 
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Scheme 4.2 Proposed catalytic cycles for butane skeletal isomerization 
on sulfated zirconia. 

 

Since the concentration of the products during butane reactions at low conversion was 

lower than 1 %, the reverse reaction was not considered for the fitting procedure. The 

observed isomerization rates of butane can then be well described by a Langmuir–

Hinshelwood-Hougen-Watson type rate equation: 

For n-butane reaction: 

rn =  kn·Kn·Pn/(1+Kn·Pn)                    [1] 

 

For iso-butane reaction 

ri =  ki·Ki·Pi/(1+Ki·Pi)                        [2] 

 

where Kn = Knad · Knhy and Ki = Kiad · Kihy are equilibrium constants for n- and iso-butane 

reactions. The rates of isomer formation obtained from the butane reaction at various partial 

pressures are fitted with a linear method by Equation 1 for n-butane reaction and Equation 2 

for iso-butane reaction. The values for the kinetic parameters are shown in Table 4.1. 

 
Table 4.1. Kinetic parameters for butane skeletal isomerization on 

sulfated zirconia at 373 K. 
 

 Rate constant 
(µmol/g·s)  Kad · Khy 

kn 0.051 Kn 7.7 

ki 0.0015 Ki 127.1 

 

The composed equilibrium constant Ki for iso-butane reaction, 127.1, is higher than that 
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partial pressure. Since the isotherms of n-butane and iso-butane adsorption on sulfated 

zirconia at 373 K showed no significant difference, the higher equilibrium constant of the iso-

butane isomerization should be related to its highly active tertiary hydrogen. After hydride 

transfer to n-butyl species, iso-butane forms the most stable iso-butyl carbenium ion. 

Besides the equilibrium constant, the skeletal isomerization reaction rate constants, kn and 

ki, are also shown in Table 4.1, 0.051 µmol/g·s and 0.0015 µmol/g·s for n-butane and iso-

butane reaction, respectively. More than one order of magnitude difference in the reaction rate 

constant was found for n-butane and iso-butane skeletal isomerization. The predicted isomer 

formation rates of butane skeletal isomerization versus butane partial pressure are shown in 

Figure 4.10 (A) and (B) for n-butane and iso-butane, respectively. The model fits the 

experimental results well.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 (A) Experimental (�) and predicated (   ) iso-butane 
formation rate versus n-butane partial pressure; and (B): 
Experimental (�) and predicated (    ) n-butane formation 
rate versus iso-butane partial pressure. 
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On the basis of surface Brønsted acid concentration, the kinetic data can be expressed in 

term of turnover frequencies (TOF) (see Table 4.2) of 1 * 10-3 s-1 and 3 * 10-5 s-1 for n-butane 

and iso-butane isomerization reaction, respectively. Furthermore, the Gibbs free energy of 

activation can be calculated from the transition state theory: 

 

   

where kB is Boltzmann constant, h Planck constant, and �G# Gibbs free energy of activation. 

The calculated Gibbs free energies of activation (�G#) (see Table 4.2) were 113 kJ/mol and 

124 kJ/mol for n-butane and iso-butane isomerization reaction, respectively. The activation 

enthalpy can be obtained by the equation: ### STGH ∆+∆=∆ , where �H# is the enthalpy 

of activation and �S# is entropy of activation. The standard entropy of transition state species 

was estimated by assuming that the transition state is similar to the carbenium ion [25]. Thus, 

�S# ≈ 0 and �H# =�G#. The true activation energies obtained by Ea = �H# + RT, as shown 

in Table 4.2, are 117 and    128 kJ/mol for n-butane and iso-butane reaction, respectively.  

The calculated activation energies based on our experimental results are much higher than 

the apparent activation energy reported previously, i.e., 53 kJ/mol [9], 58 kJ/mol [3] and 44 

kJ/mol [26] for n-butane and 80 kJ/mol [3] for iso-butane isomerization. However, since the 

apparent activation energies were measured at relatively low butane partial pressure (KnP << 1) 

with exception of reference [3], the real activation energy should be obtained from following 

equation: Ea = Ea,app + �Had. Since the enthalpy of butane adsorption on the sulfated zirconia 

is around 40-60 kJ/mol, the calculated true activation energies based on transition state theory 

are in good agreement with the expected true activation energies from experimental reports.   

 

Table 4.2.  Turnover frequencies (TOF) for butane skeletal isomerization 
on sulfated zirconia at 373 K and activation energy 
estimated via transition state theory. 

 

Reaction 
Rate 

(µmol/g·s) 
TOF 

(× 10 4 s-1)
�G# 

(kJ/mol)
Ea 

(kJ/mol) 

  n-butane    0.051    10.2 113 117 

iso-butane   0.0015      0.3 124 128 

 

The high relative activity of the active species formed from n-butane, i.e., the n-butyl 

carbenium ion, should be related to differences between the ground state and the transition 

state [23]. Since the iso-butyl carbenium ion is the most stable species (that with the lowest 
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potential energy from the molecules and molecular species investigated), the activation energy 

from the tertiary carbenium ion to methyl cyclopropyl carbenium ion is higher than that from 

n-butyl carbenium ion [23]. However, the activation energy of iso-butane reaction is only 11 

kJ/mol higher than that of n-butane reaction, contrary to the difference of the free carbenium 

ions, which would be around 67 kJ/mol [23]. This is explained by the fact that the carbenium 

ion resembles in the ground state more an alkoxy group than a free carbenium ion [13]. It is 

even demonstrated that the alkoxides formed in the zeolite frame with primary, secondary and 

tertiary carbenium ions have similar potential energies [27]. It is also suggested that with the 

assistance of the oxygen, the intra-molecular skeletal isomerization of butyl carbenium ion is 

facilitated providing by a lower energy demanding pathway compared to the reaction of free 

carbenium ions [16].  

 

4.5 Conclusions 

The isomerization is initiated by an oxidative dehydrogenation of n-butane and proceeds 

via hydride transfer from n-butane to the iso-butyl carbenium ion. Transient experiments show 

conclusively that this process is fast compared to the isomerization step and is concluded to be 

in quasi-equilibrium. 

The change of iso-butane selectivity with n-butane conversion indicates isomers and by-

products are not formed following the same mechanism. The high selectivity to isomerization 

for n- and iso-butane at low conversion (96 % and 80 %, respectively) indicates that the 

isomerization occurs via an intra-molecular mechanism. The true energies of activation 

(estimated by transition state theory using the thermodynamic and kinetic data measured in 

this study) suggests a true energy of activation of 117 to 128 kJ/mol in line with a somewhat 

energy demanding reaction pathway. Considering the heat of adsorption, this value agrees 

well with the reported values of apparent energies of activation in the literatures. The 

reactions can be modeled perfectly in the forward direction using a Langmuir-Hinshelwood-

Hougen-Watson form with the physisorption of the alkanes and the hydride transfer steps 

being in quasi equilibrium.   

The by-products, i.e., propane and pentanes, are formed via bimolecular routes as 

secondary and tertiary products. It is especially noteworthy that at higher conversion propane 

is formed almost exclusively indicating multiple alkylation and cracking steps to occur under 

such conditions. Reversible isomerization and irreversible disproporationation are, thus, the 

cause of the reduced selectivity at high conversion.    
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It is interesting to note that the forward rate of iso-butane isomerization is significantly 

slower than the isomerization of n-butane. This lower activity is associated with a higher 

energy of activation for the isomerization of iso-butane. This is a consequence of the higher 

stability of the iso-butyl carbenium ion (iso-butyl alkoxy group) over the n-butyl carbenium 

ion. Therefore, the difference to methyl cyclopropyl carbenium ion and, hence, the true energy 

of activation will be higher. The strong covalent bonding of the carbenium ions in the ground 

state leads to a dampening of the large differences expected from free carbenium ion 

chemistry. 
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