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Chapter 1 
 
Introduction 
 
  
1.1 Hydrocarbon conversion on solid acid catalysts 
 
1.1.1 General background  
The primary source of hydrocarbons other than methane is petroleum and the 
total of processes that are operated to convert crude oil into a range of usable 
products, is called oil refining. The first step in oil refining is distillation, through 
which the oil is separated into a number of fractions, such as LPG, naphta and 
gas oil. Subsequently the fractions are chemically treated in order to remove 
unwanted substances or to convert certain compounds into other more valuable 
substances. Most of these processes are intended to increase the fraction of 
products that can be used as transport fuels, which have the highest economic 
value. Important examples of such processes are catalytic reforming, catalytic 
cracking and alkylation. The aim of catalytic reforming is to increase the quality 
of gasoline, as measured by the research octane number (RON), by converting 
molecules with a relatively low RON (linear and cyclic alkanes) into molecules 
with a relatively high RON (branched alkanes, aromatics). The main reactions 
that occur in reforming are isomerization and aromatization. The purpose of 
catalytic cracking is to produce gasoline from heavy hydrocarbon feedstocks by 
cleaving the molecules into smaller fragments. Alkylation is the opposite of 
cracking and is meant to convert C3 and C4 hydrocarbons into bigger molecules 
that can be used as gasoline. Isomerization, cracking and alkylation are reactions 
that are catalyzed by acids. Considering the enormous oil consumption in the 
modern world (over 3.5 billion tons in 2000) [1], it can be stated that acid 
catalyzed reactions of hydrocarbons are of major importance nowadays and not 
surprisingly numerous studies have been devoted to the subject. However, 
important questions with regard to the mechanism and to the effect of the 
catalyst pore structure on the activity and selectivity remain to be answered. 
 
1.1.2 Historical development 
In the beginning of the 20th century, the increasing demand for gasoline lead to 
the development of thermal cracking processes. A substantial improvement was 
brought about in the 1930s by Houdry who started using activated clay as a 
cracking catalyst, which allowed for lower operating pressures and higher yields 
of desired products. Later on amorphous silica-alumina (ASA) was introduced, 
which was the most common cracking catalyst until the mid 1960s.In order to 
improve the quality of gasoline catalytic reforming processes were developed 
since the late 1930s. Molybdenum on alumina catalysts were used to carry out 
aromatization and isomerization of linear alkanes into branched alkanes, thereby 
increasing the octane number. However, large amounts of coke were produced 
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concurrently resulting in fast catalyst deactivation. To suppress coke formation, 
hydrogen was applied at high pressure and temperature, but catalyst stability 
remained unsatisfactory. In the early 1950s a breakthrough in catalytic 
reforming was achieved when Universal Oil Products, The Atlantic Refining 
Company and Houdry Process Corporation almost simultaneously introduced 
processes (respectively Platforming [2], Catforming [3] and Houdriforming [4]) in 
which platinum loaded alumina or silica-alumina were used as catalyst. Because 
platinum inhibits deactivation by catalyzing the hydrogenation of coke 
precursors, catalyst life time was enhanced drastically. A major drawback of 
these processes however is that due to the relatively low acid strength of alumina 
relatively high operating temperatures (above 400 °C) are required, which is 
disadvantageous for the RON of the product [5]. In the late 1950s and early 
1960s United Oil Products and BP developed alternative processes [6, 7] which 
allowed for a much lower operating temperature (below 200 °C). This was 
achieved by using platinum loaded alumina catalysts whose acidity was strongly 
enhanced by chlorinating the surface with hydrogen chloride [8]. However, 
because chlorided alumina catalysts are sensitive to impurities in the feed special 
measures, e.g. careful removal of water, have to be taken to retain the activity of 
the catalyst.  
In the 1960s zeolite based catalysts were introduced and later employed in a 
hydroisomerization process developed by Shell, the Hysomer process [5]. The 
main advantage of zeolites over platinum on chlorinated alumina catalysts is 
that they have a much better resistance against feed impurities such as water, 
which obviates the need of expensive drying facilities. Moreover, in zeolite based 
processes it is unnecessary to continously add chlorinating agents, remove 
hydrogen chloride from effluent streams and take precautions against corrosion. 
The main advantage over the processes based on platinum loaded (silica-) 
alumina catalysts is the lower operating temperature (about 250 °C), which as 
stated before is favourable for the RON of the product.   
Nowadays most oil refineries employ processes in which the catalyst is either 
platinum on chlorinated alumina, e.g. the Penex process [7], or Pt/H-Mordenite, 
e.g. the Total Isomerization Package (TIP) process. The latter is a combination of 
Shell’s Hysomer process and Union Carbide’s ISOSIV process [9]. The latter 
process serves to separate linear (reactant) from branched (product) alkanes by 
selectively adsorbing the former into zeolite CaA; after desorption these linear 
alkanes are recycled. 
 
 
1.2 Zeolites in oil refining 
 
Zeolites are aluminosilicates in which aluminum and silicon atoms (called T 
atoms) are tetrahedrally coordinated to four oxygen atoms. Each of the oxygen 
atoms bridges between two T atoms. The geometrical arrangement of the T atoms 
relative to each other forms a secondary structure superposed on the primary 
tetrahedron structure. Because the T atoms are interlinked by bridging oxygen 
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atoms rings of alternating T and oxygen atoms are formed. Zeolites can be 
considered to be structured assemblies of such rings. Because of the large 
variation in ringsizes and possible ways of connecting them numerous structures 
can be formed (so far 133 structures have been reported). The arrangement of the 
rings may give rise to pores and cages as can be seen in figure 1.1 which 
represents the frameworks of two zeolites.  
 
                                    (a)                                                            (b)                            
 
                                                                      
 
 
 
  
 
 
                                                               
 
 
 
 
 
 
 

Figure 1.1 Examples of zeolite structures: (a) mordenite and (b) faujasite. 
 
As mentioned in the last paragraph zeolites have important advantages over the 
catalysts that are or were previously used in oil refining. A further advantage in 
addition to the advantages already mentioned results from the fact that the 
dimensions of the voids are comparable to those of hydrocarbons and moreover 
are uniform in size since they are integrated in the crystal structure. This means 
that zeolites act as molecular sieves, that is they can only host molecules that are 
smaller than the dimensions of the voids. This shape selectivity may result for 
instance in a suppression of the polymerization of alkenes, which causes 
deactivation, because the transition state is too bulky. Furthermore, selective 
removal of linear alkanes with zeolites enhances the content of branched alkanes 
in the product beyond the value set by the thermodynamic equilbrium. The 
separation and isomerization processes can be closely integrated into a single 
process, which is cost-reducing.  
 
 
1.3 Zeolite acidity 
 
Acidity in zeolites is generated by isomorphous substitution of lattice Si4+ cations 
by trivalent cations such as Al3+, Fe3+ or Ga3+. Such a substitution results in a 
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negative lattice charge which must be compensated by a further cation (for 
instance alkali cations). Brønsted acidity can be introduced by using protons as 
compensating ion. These can be generated by subsequently exchanging the 
original compensating cations with ammonia ions and decomposing the ammonia 
ions at high temperature. The protons thus generated can be expected to be 
strongly acidic due to the high formal charge excess (+3/4 [10]) of the bridging 
oxygen atom to which it is attached (see figure 1.2). A common way to 
characterize the acid strength of solid acids is the Hammett indicator method. 
Hammett introduced the acidity function H0 as a means to be able to compare the 
acid strength of different solvents: 
 

B

BH
BH c

c
pKH +

+ −= log0                                            (1.1) 

 
where cB and cBH+ are respectively the concentrations of a base B and its 
conjugated acid. pKa is a measure of the base strength of B and is defined by 
 

BH

BH
BH aa

a
pK

+

+

+ = log                                             (1.2) 

   
where ai denotes the activity of species i. The H0 value of an acid can be 
determined by measuring BBH cc +  for a particular indicator and using a 
literature value for +BHpK (these are available for a variety of indicators). 
Originally this method was developed to characterize the strength of strong 
liquid acids [11]. Walling [12] suggested to extend this method to solid acids and 
Umansky et al. later applied it to characterize the acid strength of zeolites [13]. 
He found for H-Mordenite a H0 value somewhat higher than that of 100 % H2SO4. 
At first sight this is a surprising result considering the large difference between 
the deprotonation energy of a gas phase H3O+ ion (648 kJ/mol [14]) and the 
dissociation energy of a bridging hydroxyl group (1250 kJ/mol [15]). The 
difference is mainly due to the fact that the bonds between zeolite atoms are 
covalent, superposed by small long-range electrostatic interactions [10]; the 
heterolytical dissociation energy of an OH bond is about 670 kJ/mol higher than 
the homolytical dissociation energy [16]. In addition to the difference in 
deprotonation energy solvation effects that are capable of increasing the acid 
strength considerably in homogeneous media are absent in zeolites. The fact that 
in spite of the seemingly unfavorable energetics adsorbed molecules are 
protonated by zeolites means that there are large compensating energy terms 
that lower the energy difference between BH+ and B. A major compensating 
factor is the attractive interaction that arises between the positively charged 
adsorbate and the negatively-charged zeolite lattice. This is especially important 
since zeolites have a low dielectric constant (only four times the value in 
vacuum), so that screening interactions that would lower the electrostatic 
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Figure 1.2. Brønsted acid site. 
 
interaction are absent. In view of the discussion of hydrocarbon activation which 
will follow hereafter it is important to stress that the protonated base is 
coordinated to several oxygen atoms surrounding the aluminum atom. 
A further important factor that lowers the energy of proton transfer is the 
polarizability of the OH bond which causes a decrease of the electron density on 
the proton and hence of the repulsive interaction caused by electron overlap 
between occupied adsorbate orbitals and OH σ bond electrons. This polarizability 
is related to the deprotonation energy (this is not equivalent to the dissociation 
energy of the OH bond!), which depends on a number of parameters, such as the 
angle φ between the two T-O bonds of the bridging oxygen atom and the distance 
between the T atoms connected to the bridging oxygen [17]. It appears that the 
deprotonation energy is controlled by the change in the degree of lattice strain 
upon deprotonation. This strain originates from the geometrical distortion which 
is inevitably generated when silicon atoms in the all-silicon parent structure are 
replaced by aluminum atoms. Since according to the bond order conservation 
principle [18] the protonation of the bridging oxygen atom causes a lengthening 
of the T-O bonds as well as a change in φ, the strain in the zeolitic rings also 
changes which affects the deprotonation energy.  
A further important parameter that determines zeolite acidity is the silicon to 
aluminum ratio. At low Si/Al ratio’s the deprotonation energy is also influenced 
by the value of the Si/Al ratio. To explain this it is necessary to consider the 
identity of the T-atoms in the second coordination shell with respect to the acidic 
OH group (see figure 1.3). Since the aluminum atoms carry a lower positive 
charge than the silicon atoms the electronegativity of the former is lower. This 
means that the aluminum-oxygen interaction is weaker than the silicon-oxygen 
interaction. According to the bond order conservation principle this means that if 
Al(1) is replaced by a silicon atom the O(2)-Si(3) bond is weakened, as a result of 
which the Si(3)-O(4) bond is strengthened which in turn causes a weakening of 
the O(4)-H bond. Therefore, the deprotonation energy decreases (acidity 
increases) as the number of aluminum atoms in the second coordination shell 
decreases until all T-positions are occupied by silicon atoms. Since several          
T-atoms in the second shell can be connected to the same T-atom of the first shell 
the number of next-neighbouring T-atoms and hence the Si/Al ratio at which  

O
Si

O

H

Al

O

O O OO
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Figure 1.3. Second coordination shell with respect to the acidic OH group. 
 
there are no aluminum atoms in the second shell also varies. This explains why 
the Si/Al ratio at which the acidity reaches its maximum is a function of the 
zeolite type.  
 
 
1.4 Conversion of hydrocarbons catalyzed by acids 
 
1.4.1 Carbocations 
Acid catalyzed reactions of hydrocarbons are now generally accepted to involve 
carbocations, either as stable species or as transient intermediates. This concept 
dates back to 1922 [19] and was later generalized by Whitmore [20] who found 
that structural rearrangements often occur during addition reactions of alkenes 
and dehydration of alcohols. Later this concept was succesfully used to describe 
hydrocarbon reactions catalyzed by aluminum halides and sulfuric acid and 
catalytic cracking [21, 22]. However, because hydrocarbons are very weak bases 
the equilibrium concentration of carbocations in regular acids is unobservably 
low and until the early sixties their existence was only hypothetical. Due to the 
development of superacids it became possible to generate long-lived carbocations 
in concentrations high enough to enable direct study by spectroscopic and other 
techniques [22]. 1H and 13C NMR spectroscopy has been used to determine the 
structures of carbocations, their relative stabilities and the rates of 
rearrangements [23, 24]. Besides NMR spectroscopy calorimetry has been used to 
determine the heats of transformation of alkylcarbenium ions [25]. The results 
confirm the expected stability order of carbocations (quarternary > tertiary >> 
secondary > primary). Alkylgroups presumably stabilize the positive charge 
because overlap of the vacant p orbital of the positively charged carbon atom and 
a neighboring C-H σ-bond leads to charge delocalization (hyperconjugation) and 
the higher polarizability of an alkylgroup compared to that of a hydrogen atom 
allows more electron density to shift toward the charge.  
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Two types of carbocations are known, carbenium and carbonium ions. The 
difference between the two species is that in a carbenium ion the charged carbon 
atom is three-coordinated and in a carbonium ion five-coordinated. Contrary to 
carbenium ions, at least one of the substituents of the charged carbon atom of a 
carbonium ion is a hydrogen atom. Carbonium ions are formed by protonation of 
an alkane: 
 
 

 
   (1.3) 

 
 
 
Carbonium ions are very unstable [26] and readily decompose into a carbenium 
ion and a hydrogen molecule (equation 1.4) or a carbenium ion and an alkane 
(equation 1.5): 
 
 
 

(1.4) 
 

 
 
 

 (1.5) 
 
 
Carbenium ions can be formed in various ways: from carbonium ions by cracking 
or removal of hydrogen (equations 1.4 and 1.5), from alkanes by hydride transfer 
toward a carbenium ion (equation 1.6) and from alkenes by protonation (equation 
1.7):  
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1.4.2 Reactions of carbenium ions 
Carbenium ions can undergo transformations such as skeletal isomerization, 
cracking and alkylation. The first two will be discussed here, since they comprise 
the main reactions occurring in the experiments that are carried out in this 
study.   
Skeletal isomerization reactions are usually classified into two groups, namely 
isomerization reactions in which the degree of branching remains unchanged 
(type A isomerization) and isomerization reactions in which the degree of 
branching changes (type B isomerization). In the past it was thought that 
isomerization reactions proceeded via succesive hydride and alkyl shift, for 
example:  

 
  

(1.8) 
 
 
 
 
However, this classical mechanism had to be rejected because 1. on the basis of 
the classical mechanism the rates of isomerization of n-butane and n-pentane are 
predicted to be similar, whereas it was found that n-pentane isomerization is 
much faster and 2. the activation energy of branching rearrangements which 
start from a tertiary carbenium ion and which according to the classical 
mechanism would involve a primary carbenium ion intermediate are predicted to 
have much higher activation energies than the ones actually measured [22]. 
Nowadays it is generally accepted that type A isomerization proceeds through 
cyclization of the carbenium ion into a protonated cyclopropane (PCP), followed 
by opening of the cyclopropane ring [27]: 
  
    

 
(1.9) 

 
 
Type B occurs via the same route, except that the opening of the cyclopropane 
ring is preceded by a corner-to-corner proton jump [27], which itself proceeds via 
an edge-protonated cyclopropane intermediate or transition state [28]: 
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(1.10)  
 
 
 
 
 
Because the activation energy of the proton jump is considerable, type B 
rearrangements are slower than type A rearrangements [27].  
There is no reason to exclude protonated cycloalkanes with rings containing more 
than three carbon atoms as possible intermediates in skeletal isomerization. In 
principle, the largest ring that can be formed from an n-alkane with n carbon 
atoms and that leads to a side chain upon ring opening contains n-2 carbon 
atoms. Indeed, studies of the distribution of products resulting from the 
isomerization of a series of n-alkanes have provided evidence for the existence of 
protonated cyclobutanes, cyclopentanes etc [29, 30]. However, the contribution of 
protonated cycloalkanes to the formation of branched isomers rapidly decreases 
with increasing ring size [30]. 
Cracking of carbenium ions proceeds via so-called β-scission, which involves the 
transfer of the two electrons of the C-C bond in the β position of the charged 
carbon atom toward the C-C bond in the α position. As a result the fragment 
containing the α C-C bond is an alkene, while the other fragment is a carbenium 
ion because the carbon atom originally in the γ position loses an electron. 
Depending on the skeletal configuration of the starting carbenium ion, five types 
of β-scission reactions can be distinguished as shown in figure 1.4. The rate of    
β-scission reactions decreases in the order: 
 

A >> B1, B2 > C >> D                                          (1.11) 
 
This order can be explained by considering the stabilities of the carbenium ions 
that are involved. Type D β-scission is obviously the slowest mode since it yields 
a primary carbenium ion. Type A β-scission is much faster than type B2 and C    
β-scission because it produces a tertiary carbenium ion, whereas the other modes 
produce only secondary carbenium ions. At first sight it seems suprising that 
type B1 cleavage is not the fastest mode of β-scission because in this reaction a 
secondary carbenium ion is converted into a more stable tertiary ion. However, 
since the reacting alkane rapidly isomerizes to a more stable tertiary carbenium 
ion its equilibrium concentration is very low. Under conditions typical for 
hydrocarbon conversion over solid acid catalysts the order of the rates of 
isomerization and β-scission reactions is [30]: 

R C C R

H H

CH2

R C C C R

H H

HH H

H

R C C R

H H

CH2H

R C C R

H H

CH3

R C C R

CH3

HH

R C C R

H H

CH2H

+ + +

+ +
+



Chapter 1 
 

 10

 
             Scission reaction                                     Mode 

 
 
                                                                                                          A                            
                                                                                           
 
                                                                                                          B1 
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                                                                                                          C 
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Figure 1.4. Types of β-scission reactions. The dashed lines denote n-alkyl  
                        groups. 
 
 
type A β-scission >> type A isomerization > type B1 and B2 β-scission,  

type B isomerization > type C β-scission >> type D β-scission           (1.12) 
 

In the case of n-alkane conversion β-scission is inevitably a consecutive reaction 
of isomerization. Moreover, isomers with increasing numbers of side chains are 
formed consecutively, that is, dibranched isomers are formed from monobranched 
isomers, tribranched isomers from dibranched isomers etc. This means that at 
low conversion the selectivity toward monobranched isomers will be close to 100 
%. As the conversion increases consecutive reactions become important and the 
selectivity toward dibranched isomers and cracked products increases. The 
selectivity toward tribranched isomers is very low since the various 
configurations are rapidly converted into each other via type A rearrangements 
and as soon as the carbenium ion assumes the configuration susceptible to type A 
β-scission (one side chain in the α position of the charge carrying carbon atom 
and two in the γ position, both connected to the same carbon atom) it cracks.  
Figure 1.4 shows that the minimum number of carbon atoms that a hydrocarbon 
must have to undergo type A, B, C and D cracking is respectively eight, seven, six 
and four. Considering the order of the rates of the different modes of β-scission 
this means that at high conversion of n-alkanes the selectivity toward cracked 
products will increase in the order    
 

n-C5 < n-C6 < n-C7 < n-C8+                                      (1.13) 
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Besides the monomolecular conversion routes described above, isomerization and 
cracking may also occur via a bimolecular mechanism. This mechanism starts 
with the coupling between a carbenium ion and an alkene molecule. The 
resulting dimer can subsequently isomerize and or crack. In this way products 
may be formed which are not formed readily via monomolecular reactions. For 
example, n-pentane cannot be formed by β-scission of n-hexane but is readily 
formed via the following sequence: 
 
 
 
 
 
 
 

 (1.14)  
 
 
 
 
 
 
 
1.4.3 Hydrocarbon activation on solid acids 
Although carbocations have never been directly observed on the surface of solid 
acids, it is thought that they exist as (transient) reaction intermediates. The 
argument for this assumption is that the observed relative rates of hydrocarbon 
reactions are in agreement with the behavior predicted on the basis of the 
relative stabilities of the carbocations that would be involved [30]. Until recently 
it was believed that adsorbed carbocations are short-lived intermediates with 
properties similar to those of gaseous or solved carbocations. Kazansky was the 
first to propose that carbocations ions are not stable intermediates but transition 
states [31] and that protonated alkenes are converted to alkoxides [32]. The 
generation of alkoxides has been confirmed experimentally by NMR spectroscopy 
[33-35] and infrared spectroscopy [36]. Due to the development of quantum-
chemical calculations it became possible to study the interaction of adsorbed 
carbocations with the surface of catalysts. These calculations have shown (e.g. 
references [16, 37-40]) that protonation of alkenes indeed leads to formation of 
alkoxides and that hydrocarbon reactions proceed via transition states in which 
the hydrocarbon fragment has a geometry and charge similar to those of classical 
carbenium ions. To illustrate this the protonation of ethene is depicted in figure 
1.5. Initially the double bond of the alkene interacts with the Brønsted acidic 
hydrogen atom while one of the two carbon atoms interacts with a neighbouring 
oxygen atom of the lattice that does not carry a hydrogen atom; this is called a   
π-complex (a). In the transition state (b) the acidic hydrogen attaches to one of 
the carbon atoms while the other carbon atom becomes more strongly bonded to  

dimerization type A isomerization

hydride shift

type B2 cracking
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                 a                                             b                                                 c 
 

Figure 1.5. Interaction of ethene with a solid Brønsted acid site. (a) π-complex  
                    (b) transition state (c) σ-complex. 
 
the mentioned neighbouring oxygen atom. This stronger interaction results from 
the fact that the proton transfer induces simultaneously a positive charge on the 
hydrocarbon fragment and a negative charge on the lattice oxygen atoms. In the 
final state (c) the hydrocarbon fragment becomes strongly and covalently bonded 
to the neighbouring oxygen atom; this is called a σ-complex.   
An important consequence of the formation of alkoxide intermediates is that the 
activation energies of hydrocarbon reactions on solid acids are considerably 
higher than the corresponding activation energies obtained in liquid superacids 
[39], because on solid acids the activation involves the partial breaking of a 
covalent C-O bond. Because the stability of alkoxides is almost independent of 
the configuration of the hydrocarbon fragment, the differences in activation 
energy of hydrocarbon reactions is mainly determined by the relative stabilities 
of the carbenium ion transition states. Therefore the reactivity patterns are the 
same as in liquid superacids.  
 
1.4.4 Mechanisms of hydroisomerization over bifunctional catalysts 
As explained in paragraph 1.1.2 the first catalysts used in reforming only had an 
acid function and the main reason of introducing acid catalysts loaded with 
platinum was to improve the resistance against coke formation. However, it was 
soon recognized that the new platinum loaded acid catalysts were very active and 
highly selectivity for (cyclo)alkane isomerization [41]. Moreover, Mills et al. [42] 
found that the isomerization activity of catalysts which had only a 
(de)hydrogenation function or an acid function was very low, whereas catalysts 
with both functions showed a considerable isomerization activity. Similar results 
were obtained by Weisz [43] who found that the conversion of n-hexane to iso-
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hexanes on a mixture of silica-alumina and platinum loaded silica was much 
higher than on either of these two components alone. Mills et al. explained their 
results by proposing a reaction scheme in which conversion proceeds by 
dehydrogenation of the alkane on a metal site followed by transport of the 
resulting alkene to an acid site where isomerization occurs. The occurrence of 
alkenes as reaction intermediates is supported for instance by the finding that 
silica-alumina catalysts were highly active for conversion of 1-hexene at 300 °C 
[44]. Coonradt and Garwood suggested [45] that the species that actually undergo 
isomerization are carbenium ions, formed by protonation of the intermediate 
alkenes. In combination with the concept of separate (de)hydrogenation and acid 
functions this results in the following scheme which will be referred to as the 
classical bifunctional mechanism (for n-alkanes): 
 

22nnHC +−n                                                                                         22nnHC +−i                                
 

  
+H2    -H2                                                                                             +H2    -H2                               
           Metal site                                                                         Metal site 
                               
                     + H+                                                                      - H+                                  

2nnHC−n                  +
+− 12nnHCn                     +

+− 12nnHCi                    2nnHC−i      
                     - H+                                                                       + H+ 
                                     

Figure 1.6. Classical bifunctional mechanism for hydroisomerization of  
                         n-alkanes. 
 
Hereby it should be reminded that carbenium ions are formally not intermediates 
but transition states, as explained in the previous paragraph. The fact that the 
isomerization route via alkene intermediates appears to be much faster than the 
route via direct activation of alkanes indicates that the formation of carbenium 
ions requires much less energy input than the formation of carbonium ions. The 
relative rates of the carbenium and carbonium ion routes can be assessed by 
comparing the activation energies of alkene protonation (reaction 7) and of 
protolytic dehydrogenation, which is the sum of reactions 3 and 4 (a mechanism 
involving rearrangement of carbonium ions can be discarded since carbonium 
ions are very unstable as was mentioned earlier): 
 
   

                                                                               (1.15) 
 
 
 
Quantum-chemical calculations have yielded values for the activation energy of 
protonation of alkenes ranging from 63 to 188 kJ/mol [37, 39, 40, 46], and values 

R C R
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for the activation energy of protolytic dehydrogenation ranging from 253 to 437 
kJ/mol [39, 47, 48]. Hence, these calculations confirm that a mechanism involving 
alkene intermediates is indeed faster than a mechanism involving direct 
protonation of alkanes (of course, this is only true below a certain temperature).  
There is a host of literature data indicating that at temperatures below 300 °C 
isomerization occurs primarily via the classical bifunctional mechanism. The 
main argument is that at low ratio between the number of metal sites (nM) and 
the number of acid sites (nA) the initial catalytic activity increases with metal 
loading (e.g. references [49-53]); this is in agreement with the classical 
bifunctional mechanism since the rate of alkene production increases with the 
concentration of metal sites while at low nM/nA the dehydrogenation step is rate 
limiting. Nevertheless, Kouwenhoven [54] and Meusinger et al. [55, 56] observed 
respectively considerable n-pentane isomerization activity on metal-free             
H-Mordenite at 250 °C and n-heptane cracking activity on metal-free H-ZSM-5 at 
270 °C (the cracking activity can be identified with the lower limit of the 
isomerization activity since it is consecutive to skeletal rearrangement of the     
n-alkane). To explain his results Kouwenhoven [54] suggested that carbenium 
ions can be formed from the alkane by abstraction of a hydride ion. Meusinger 
and Corma [55] proposed a mechanism in which carbenium ions are generated by 
protolytic cracking or dehydrogenation of reactant molecules and are eventually 
converted back into alkane molecules by hydride transfer from another reactant 
molecule. Kouwenhoven ascribed the positive influence of platinum on catalyst 
stability and isomerization selectivity to the hydrogenating activity of platinum 
causing alkenes to be saturated before they can form dimers with carbenium 
ions, which leads to deactivation and enhanced cracking selectivity. Chu et al. 
[57] claimed a comparable role of platinum during isomerization over Pt/H-Beta 
catalysts. These authors observed that although metal free H-Beta was less 
active than Pt/H-Beta addition of 1-hexene to the feed resulted in a decrease of 
both overall activity and isomerization selectivity.  
Beside these essentially monofunctional mechanisms (after all, the role of 
platinum is thought to be limited to suppressing coke formation and cracking), 
some authors have formulated alternative bifunctional mechanisms. Iglesia et al. 
[58] and Ebitani et al. [59], who studied the isomerization of alkanes on platinum 
loaded sulfated zirconia, found positive reaction orders with respect to hydrogen. 
According to the scheme depicted in figure 1.6 a positive hydrogen order is very 
unlikely. If one of the acid catalyzed steps ((de)protonation and isomerization) is 
rate limiting, in other words an equilibrium exists between alkanes and alkenes, 
the concentration of alkene intermediates is inversely proportional to the 
hydrogen pressure, resulting in a negative hydrogen order. On the other hand, if 
one of the metal catalyzed reaction step is rate limiting it is likely to be the 
dehydrogenation step, because dehydrogenation of alkanes is a highly 
endothermic process; consequently, in this situation the hydrogen order would be 
equal to zero. Ebitani et al. explained their observation by suggesting that 
additional protons can be generated on the surface by spillover of hydrogen atoms 
from platinum sites followed by electron transfer from a spilled-over hydrogen 
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atom to a Lewis acid site or to a second spilled-over hydrogen atom. A similar 
mechanism has been put forward by Zhang et al. [60], who found a positive 
hydrogen order during n-pentane isomerization over a composite catalyst 
consisting of a mixture of platinum loaded silica and H-ZSM-5. Iglesia et al. [58] 
proposed a mechanism in which the rate limiting step is the transfer of a hydride 
ion to the protonated alkenes that have undergone skeletal rearrangement. As 
these hydride ions were assumed to be generated by heterolytic dissociation of 
dihydrogen on metal sites, this was thought to account for the positive hydrogen 
order.  
In summary, most literature data indicate that isomerization over metal loaded 
acid catalysts proceeds via the classical bifunctional mechanism but in some 
cases other mechanisms appear to prevail. On the basis of the above the following 
criteria can be formulated to decide wether isomerization occurs predominantly 
via the classical bifunctional mechanism: 1. the initial activity of the metal 
loaded catalyst at temperatures below 300 °C should be considerably higher than 
the initial activity of the metal free catalyst (it is important to compare initial 
activities because otherwise differences may result from different deactivation 
rates). 2. the reaction order with regard to hydrogen should be negative or equal 
to zero.       
 
 
1.5 Scope of this thesis 
 
Nowadays a vast number of industrial processes involves the use of catalysts. To 
be able to control these processes and design appropriate reactors knowledge of 
reaction kinetics is indispensable. Important issues in kinetic studies are the 
effects of adsorption, deactivation and diffusion. In addition, an important 
question is how the environment of an active site affects its intrinsic activity. 
This is especially important in the case of reactions catalyzed by acid zeolites, 
since quantum-chemical studies have shown that the local geometry of Brønsted 
OH groups has a strong effect on the energy of deprotonation [61]. The aim of this 
thesis is to study the effect of several of the above-mentioned factors on the 
kinetics of alkane hydroisomerization. In the next chapter an expression will be 
derived that describes the kinetics of alkane hydroisomerization over bifunctional 
catalysts, assuming that the reaction proceeds via the classical bifunctional 
mechanism. This equation makes it possible to separate the effects of adsorption 
on the overall reaction kinetics from those of the intrinsic kinetics. In chapter 3 
the effects of deactivation on the kinetics of n-hexane hydroisomerization over 
Pt/H-Mordenite and H-ZSM-22 will be studied. These zeolite structures have 
been chosen since they contain one-dimensional micropores and hence are 
expected to be particularly sensitive to deactivation due to pore blocking effects. 
In chapter 4 the rate equation derived in chapter 2 will be used to determine 
intrinsic kinetic parameters for n-hexane hydroisomerization over a number of 
platinum loaded zeolites and the synthetic clay magnesium saponite. In this way 
the effects of adsorption on the overall kinetics as well as the influence of the 
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environment of the acid sites on the intrinsic kinetic parameters are determined 
simultaneously. In chapter 5 the effects of single-file diffusion on the kinetics of 
n-hexane hydroisomerization over large crystal size Pt/H-Mordenite are 
investigated. Single-file diffusion is diffusion in one-dimensional pores in which 
molecules cannot pass each other. This causes the motion of individual molecules 
to be strongly correlated, which has been predicted to result in extraordinary 
kinetic behaviour [62]. It may be expected that in acid catalysis diffusion 
limitation will lead to even more anomalous effects, because of the presence of 
strongly bonded and hence presumably immobile alkoxide intermediates. An 
equation will be derived which describes the kinetics of hydroisomerization under 
conditions of single-file diffusion limitation. Subsequently this equation together 
with the intrinsic kinetic parameters presented in chapter 4 are used to model 
the experimental results.          
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Chapter 2 
 
Kinetic analysis 
 
 
2.1 Introduction 
 
The common approach toward kinetic analysis is to determine the reaction rate r 
as a function of reactant(s) pressure and temperature. The dependence of r on the 
concentration of a reactant i is usually characterized by the order of the reaction 
(ni) with respect to i. This parameter originates from collision theory, according 
to which rate equations can be expressed as 
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                                                            (2.1) 

 
where kreact = rate coefficient, j = number reacting species involved in the reaction, 
Ci = concentration of reacting species i. According to equation 2.1 ni is given by 
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The activation energy (Eact) is usually determined by measuring r as a function of 
temperature and fitting the data to Arrhenius’ equation: 
 

( )RTEzr act−= exp                                               (2.3) 
 
where z = frequency of collisions between reacting molecules, R = gas constant 
and T = temperature. Rewriting equation 2.3 results in 
 

Td
rdREact 1

ln
−=                                                    (2.4) 

 
In the case of gas phase and liquid phase reactions ni and Eact can in general 
safely be assumed to be constants. However, in the case of surface reactions these 
parameters may vary as a function of respectively Ci and T. Several reasons for 
this dependence can be pointed out. In the first place, the surface concentration 
of reactant(s) is a non-linear function of T and Ci. This can be illustrated by 
considering the example of a monomolecular catalyzed reaction where adsorption 
of the reactant can be described by a Langmuir isotherm. The corresponding rate 
equation is 
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in which r

adsK is the adsorption constant of the reactant and pr the gas phase 
pressure of the reactant. At low values of r

r
ads pK (for instance at high T and/or 

low pr) the right-hand side of equation 2.5 can be approximated by r
r
adsreact pKk  

whereas at in the limit of an infinitely high value of r
r
ads pK  (at low T and/or high 

pr) the right-hand side becomes equal to kreact. This means that n varies between 0 
and 1 (low r

r
ads pK ) the apparent activation energy (Eact,app) between Eact and Eact 

+∆Hads. (low r
r
ads pK ). A second cause for a varying value of Eact,app and/or ni may 

be a complex reaction mechanism. Consider for example the following consecutive 
reaction (not a surface reaction):  
 
                                                                k-1  k2 

                                                       A B C                                                    (2.6) 
                                                                      k1 

 
The corresponding rate equation under steady state conditions is:  
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If the activation energies of k-1 and k2 are unequal Eact,app will vary with 
temperature. Eact,app will also vary as a function of temperature if diffusion 
limitation becomes rate limiting at high temperature. For instance, if diffusion 
limitation occurs in the case of a first order irreversible reaction Eact,app is equal to 
(Eact,true + Eact,diff)/2 where Eact,true is the true activation energy and Eact,diff is the 
activation energy of diffusion [1]. Finally, deactivation effects may also cause 

ii dCdn  and/or dTdEact to be non-zero. Consider for example a monomolecular 
reaction occurring on a catalyst that is subject to deactivation due to a poisoning 
agent in the feed stream. At low pressure the rate equation is represented by 
 

NpKkr r
r
adsreact=                                                (2.8) 

 
where N denotes the concentration of catalytically active sites. Deactivation 
causes N to decrease as a function of time. If the poisoning reaction is assumed to 
be monomolecular then the rate at which active sites are eliminated is given by 
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where kp represents the rate constant of the poisoning reaction, p
adsK the 

adsorption constant of the poisoning agent and f the ratio between the 
concentrations of poisoning agent and reactant. If in an experiment pr is linearly 
increased with time at a rate α and pr = 0 at t = 0 then t can be substituted by 

αrp  and the solution of equation 2.9 is: 
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Substituting equation 2.10 in equation 2.8 then leads to 
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which finally results in the following expression for the order of the reaction  
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On the basis of the above-mentioned it can be concluded that for various reasons 
particular values for ni and Eact,app are only adequate for a limited range of T and 
pi. This limits the value of this approach as a tool for reactor design and process 
control. In principle, a more rigorous approach such as the microkinetics method 
[2] would be preferable. In this method the adsorption, transport and reaction 
dynamics are represented by a model consisting of a detailed network of 
elementary steps. By simultaneously solving the set of rate equations of these 
elementary steps the equilibrium concentrations of reactants, intermediates and 
products can be calculated and from this the steady state activity. A drawback of 
this method is that the number of elementary steps may be quite high and that 
accurate values for the kinetic constants are often not available because it is 
experimentally impossible to study them separately without interference of other 
elementary steps. This renders it necessary to estimate the constants 
experimentally under conditions that are totally different from the process 
conditions and hence may yield values that are not representative or estimate 
them theoretically by using collision and transition state theory or          
quantum-chemical calculations. However, collision theory usually only provides 
limiting values for rate constants whereas as yet quantum-chemical calculations 
can only be carried out on small clusters, whereby the influence of the extended 
environment of the active site, which may be profound, is neglected.  
Summarizing, whereas a power rate law is often only capable of describing the 
kinetics within a limited range of process conditions, microkinetics analysis often 
allows only for the prediction of trends because an accurate determination of the 
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kinetic constants of all elementary steps involved in a reaction mechanism is in 
most cases not (yet) possible. The two approaches toward kinetic analysis 
mentioned above represent the lower and upper limits of mechanistic detail that 
can be incorporated. However, it is also possible to choose an intermediate 
approach and derive an overall rate equation by lumping a number of elementary 
steps and/or assuming one of the steps to be rate limiting. If this is the case the 
other (reversible) steps are equilibrated and it is sufficient to determine one 
equilibrium constant instead of two rate constants per reversible step; this 
facilitates kinetic modeling not only because of the reduced number of 
parameters to be determined, but also because equilibrium constants can often be 
calculated from standard thermodynamic data. This usually leads to relatively 
simple rate expressions which can be used to fit kinetic data. In the next 
paragraph such an expression will be derived for the hydroisomerization of 
alkanes assuming that the reaction proceeds via the classical bifunctional 
mechanism.  
 
 
2.2 Kinetics of hydroisomerization over bifunctional catalysts  
 
According to the scheme depicted in figure 1.6 the following elementary steps can 
be distinguished within the classical bifunctional mechanism: (de)hydrogenation, 
(de)protonation and isomerization. Even if it is assumed that the rate coefficient 
of any elementary step does not depend on the structural configuration of the 
molecule that is involved and that mass transfer limitations can be excluded, this 
means that if a priori no rate determining step can be identified, at least eight 
rate coefficients are required to describe the kinetics (two for each elementary 
step mentioned of the bifunctional mechansim plus the rate coefficients of 
adsorption and desorption). It is however possible to eliminate a number of these 
steps by demonstrating that they are in equilibrium with the corresponding 
reverse steps. Provided that the catalyst contains enough metal sites, the 
hydrogenation and dehydrogenation steps can usually be assumed to be 
equilibrated. For instance, Weisz [3] studied the hydroisomerization of n-heptane 
over mixtures of platinum loaded alumina and silica-alumina and found that the 
isomerization activity of a fixed amount of mixed catalyst decreased with 
increasing ratio between the platinum component and the acid component. From 
this observation he concluded that the rate controlling step in hydroisomerization 
over bifunctional catalysts must occur on the acid component. Furthermore, 
numerous studies (e.g. references [4-8]) have demonstrated that the activity 
toward isomerization initially increases as a function of metal loading until it 
reaches a constant value, indicating that (de)hydrogenation is no longer rate 
limiting. The metal loading required to obtain this plateau is usually less that 3 
%.  
Although it is as yet impossible to prove experimentally, it can be argued that the 
(de)protonation steps are unlikely to be rate determining as well. As explained in 
chapter 1 quantum-chemical studies have shown that acid catalyzed reactions of 
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hydrocarbons proceed via carbenium ion-like transition states. Therefore, it may 
be expected that the transition state of branching rearrangements is superposed 
on the transition state of (de)protonation, resulting in a higher activation energy 
and accordingly slower rate of the former reaction. Indeed, quantum-chemical 
calculations have yielded an activation energy for the closure of a cyclopropane 
ring that was at least 75 kJ/mol higher than that of deprotonation of an isobutyl 
alkoxide [9]. Furthermore, the energy of the transition state of the isomerization 
of 2-methylpentene toward 2,3-dimethylbutene was calculated to lie 111 kJ/mol 
above that of the protonation of 2-methylpentene [10].   
From the above it follows that the only steps that are likely to be rate 
determining are desorption and isomerization. Below we will derive a rate 
equation for the hydroisomerization of n-alkanes, assuming that (de)hydrogena-
tion, (de)protonation and mass transfer are not rate limiting and that the rate 
coefficients of elementary steps, except those of isomerization, do not vary as a 
function of the structural configuration of the molecule that is involved. Distinct 
rate coefficients are used for branching rearrangements of n-alkanes and 
unbranching rearrangements of monobranched iso-alkanes, but a single rate 
coefficient is used for unbranching rearrangements of monobranched isomers 
irrespective of their skeletal configuration. The net number of isomerized 
molecules produced per unit of time per acid site is called the turn over frequency 
(TOF) and is given by 
 

( )θ−−θ= 1iadsides pkkTOF                                         (2.13) 
 
where kdes and kads are respectively the rate coefficients of alkane desorption and 
adsorption, θi the fraction of sites occupied by iso-alkanes, pi the iso-alkane 
pressure and θ the total fraction of sites occupied by adsorbed molecules. If it is 
assumed that the reaction is carried out at low conversion, as is done in the 
experiments described in this thesis, pi ≈ 0 and the rate of adsorption of              
n-alkanes under steady state conditions equals the total rate of desorption of      
n-alkanes and iso-alkanes: 
 

( ) ( )indesiiinnnnads kpk θ+θ=θ−θ−θ−θ−θ−θ− +=+=1                (2.14) 
 
where pn represents the n-alkane pressure and nθ , iθ , =θn , =θi , +θn  and +θi  the 
fraction of acid sites occupied by respectively n-alkanes, iso-alkanes, n-alkenes, 
iso-alkenes, n-alkoxides and iso-alkoxides. The next step is to eliminate nθ , =θn , 

=θi , +θn  and +θi  by expressing these parameters in terms of iθ . Since the 
(de)hydrogenation and (de)protonation equilibria are established, =θn  and +θn  can 
be expressed in terms of nθ  and =θi  and +θi  in terms of iθ : 
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where Kdh represents the equilibrium constant of dehydrogenation, pH2 the 
hydrogen pressure and Kpr the equilibrium constant of protonation. nθ  can be 
eliminated by writing down the steady state mass balance for iso-alkanes: 
 

idesi
u
isomn

b
isom kkk θ−θ−θ= ++0                                 (2.17) 

 
( b

isomk  and u
isomk  denote the rate coefficients of respectively branching and 

unbranching isomerization) combining equations 2.16 and 2.17: 
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and finally isolating nθ : 
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All θ ’s can now be expressed in terms of iθ  by combining equations 2.15b and 
2.16b with 2.19. Inserting the thus obtained expressions in equation 2.14 results 
in 
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Finally, isolating iθ  and inserting the resulting expression in equation 2.13 gives 
(Kads = adsorption constant of n-alkanes = desads kk ): 
 
                                                                                                                          
 
 
 
 

(2.21) 
 
 
 
 
 
                            
           
 
An important implication of this expression is that within the framework of the 
classical bifunctional mechanism the occurrence of a positive order with respect 
to hydrogen is possible, namely if the terms in the denominator that are inversely 
proportional to 2

2Hp  become dominant. In the extreme case where the other 
terms can be neglected the order with respect to hydrogen is equal to 1, while 
that with respect to the n-alkane is equal to zero.  
Equation 2.21 can be simplified if it possible to identify terms in the denominator 
that can be neglected. For this it is necessary to estimate the relative values of 
the various parameters. Such an assessment will be performed below for            
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n-hexane since this is the primary alkane used as a reactant in the kinetic 
studies described in this thesis.  
 
Kads  
Adsorption parameters for n-alkanes on acid zeolites have been published for 
example by Eder [11] and Denayer et al. [12]. Eder reported values for the 
adsorption enthalpies of various alkanes on a number of zeolites as well as 
adsorption constants '

adsK (in units mol/kg·atm) at fixed temperatures. Kads (in  
Pa-1) at a temperature Tx (in K) can be calculated from '

adsK  measured at a 
temperature Ty using the following equation:  
 

( ) ( )




















−

∆
−=

θ
yx

ads

max

yads
xads TTR

H
np

TK
TK 11exp

'

                 (2.22) 

 
where θp  is the standard pressure ( θp = 101325 Pa), nmax the maximum amount 
of adsorbate (in mol/kg) that can be accommodated in the zeolite pores, ∆Hads the 
adsorption enthalpy and R the gas constant (R = 8.314 J/mol·K). The kinetic 
studies described in this thesis are carried out at temperatures ranging between 
200 °C and 300 °C. Using Eder’s data in combination with equation 2.23 this 
results in Kads values varying between 4·10-5-6·10-4 Pa-1 at 200 °C and 1.1·10-6-
3·10-5 Pa-1 at 300 °C.  
 
kads and kdes    
The value of kads can be estimated using an equation derived from the kinetic 
theory of gases. According to this theory the number of collisions Z of molecules 
in an ideal gas per unit area per unit time is given by [13] 
 

mkT
pZ

π
=

2
                                                  (2.23) 

 
where m is the mass of a molecule of the ideal gas and k Boltzmann’s constant (k 
= 1.38·10-23 J/K). If it is assumed that adsorption is not activated then the 
number of molecules Zp that is adsorbed in a zeolite pore per unit time is equal to 
the number of gas molecules that collides per unit time with an area A of the size 
of the channel opening: 
 

    
mkT

pAZ p
π

=
2

                                                (2.24) 

 
Zp cannot be identified with kads p because the molecules that pass the window of 
the pore mouth are distributed over the sites in the interior of the pore. 
Consequently, kads is an effective rate coefficient related to Zp by 
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pN
ZN

k
s

ppm
ads =                                                (2.25) 

 
where Npm and Ns are respectively the number of pore mouths and sites in a 
zeolite crystal. Inserting the right hand side of equation 2.24 in equation 2.25 
yields the following expression for kads : 
  

mkTNs
AN

k pm
ads

π
=

2
                                           (2.26) 

 
It should be pointed out that the kads in equation 2.26 represents a maximum 
value, because it is only valid if molecules can directly adsorb from the gas phase 
on sites in the interior of the pore. In general this condition is not satisfied 
because the pores are normally too narrow for molecules of the size of alkanes to 
pass each other, so that except at very low pressures direct adsorption on a given 
site in the interior of the pore is inhibited by adsorbed molecules located between 
the site in question and the pore mouths.  
An estimate of kads can be made by entering the exact values of m (1.43·10-25 kg) k 
and T as well as typical values for Npm , Ns and A in equation 2.26. Using a 
typical pore diameter of 5 Ǻ a value for A of 2·10-19 m2 is calculated, assuming 
that the zeolite pores are cylindrical. A typical value for Npm/Ns can be calculated 
if it is assumed that the number of adsorption sites equals the maximum number 
of adsorbate molecules that can be accomodated and that adsorbate molecules are 
hard particles. In this case the distance between two sites is equal to the 
diameter of an adsorbate molecule since this is the minimum distance between 
two adjacent molecules. For a zeolite that contains one-dimensional pore with 
length L, Npm/Ns is given by  
 

L
dNN spm

2
=                                                  (2.27) 

 
where d is the diameter of the adsorbate molecule. Taking methane, which has a 
kinetic diameter of 3.8 Ǻ [14], as a model adsorbate and assuming L = 1 µm (this 
is the order of magnitude of the crystal size of the zeolites used in this study) a 
value for Npm/Ns of 7.6·10-4 is calculated. Finally, inserting the values of the 
various parameters in the right hand side of equation 2.26 yields kads = 1.9 Pa-1s-1 
(at 250 °C). 
Typical values for kdes within the range of experimental temperatures can simply 
be calculated by dividing the above-mentioned typical values for kads by those for 
Kads. This results in values for kdes ranging between ~103 s-1 and ~106 s-1.    
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Kdh   
The enthalpy and the preexponential factor of Kdh (respectively ∆Hdh and 0

dhK ) 
were calculated from the standard enthalpy and entropy of formation of n-hexane 
and the average standard enthalpy and entropy of formation of all unbranched 
hexene isomers (this can be safely done since the values for the individual 
isomers vary by less than 10 %): 
 

θ
−

θ ∆−∆≈∆ hexanenfhexenefdh HHH ,,                            (2.28) 
 










 ∆−∆
≈

θ
−

θ
θ

R
SS

pK hexanenfhexenef
dh

,,0 exp                       (2.29) 

          
where θ∆ ifH ,  and θ∆ ifS ,  are respectively the standard enthalpy and entropy of 
formation of compound i in the gas phase (the temperature-dependence of 

θ∆ ifH , and θ∆ ifS ,  was neglected). Although Kdh refers to the adsorbed phase and 
θ∆ ifH ,  and θ∆ ifS ,  to the gas phase it was assumed that the difference between the 

formation enthalpy/entropy in the gas phase and in the adsorbed phase is equal 
for n-hexane and “hexene”, so that the enthalpy/entropy of dehydrogenation is 
equal in both phases. The values of θ∆ fS  and θ∆ fH  of n-hexane and “hexene” were 
extracted from reference [15]. Inserting these values in equations 2.23 and 2.24 
resulted in ∆Hdh = 118 kJ/mol and 0

dhK = 4.2·1011 Pa. Consequently Kdh increases 
within the experimental temperature range from 0.039 Pa at 200 °C to 7.3 Pa at 
300 °C.    
 
Kpr  
Since no experimental values of Kpr are reported in the literature, an estimate of 
the order of magnitude of Kpr is made on the basis of results of quantum-chemical 
studies. A wide range of quantum-chemically calculated protonation enthalpies 
has been published, varying between -21 and -119 kJ/mol [9, 10, 16-20]. However, 
no values for preexponential factors have been reported in literature and it is 
only possible to indicate an upper limit. Since alkoxides are more strongly bonded 
to the surface than alkenes, the formation of the σ-complex will be accompanied 
by a loss of entropy. As a result, the value of the preexponential factor will be less 
than 1.    
 

b
isomk  and u

isomk  
Values for the activation energy of PCP branching have been determined both 
quantum-chemically [10] and from a combination of quantum-chemical and 
experimental data [6, 21]. The values of the resulting activation energies varied 
between 104 and 190 kJ/mol. Since at temperatures of 200-300 °C a mixture of 
hexane isomers which are in thermodynamic equilibrium contains about 15 %    
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n-hexane [22] (the exact percentage depends on the temperature), it follows that 
the values of b

isomk and u
isomk  have the same order of magnitude. As pointed out by 

Martens et al. [21] the entropy change involved in the transition from the alkoxy 
ground state to the PCP structure is small, so that the preexponential factor of 
PCP (un)branching should have a value of ~1013 s-1 [23].  
On the basis of the orders of magnitude of the various parameters given above, it 
is possible to drop a number of terms in the denominator in equation 2.21. In the 
first place the terms 22

2Hndhpradsisom ppKKKk  can be neglected with respect to 

2Hndhpradsisom ppKKKk  because 
2Hdh pK << 1 (all experiments were carried out 

at a pH2 of ~105 Pa). Furthermore, taking maximum values for isomk  (obtained by 
assuming that the activation energy of PCP isomerization is equal to the lower 
limit of the range of values reported in the literature, i.e. 104 kJ/mol) and Kads 
(see above), maximum values for adsisomKk  varying between 3·10-3 Pa-1s-1 and 
2·10-2 Pa-1s-1 are obtained. As these values are much smaller than the typical 
values of kads (~1 Pa-1s-1, see above), this means that the terms 

2Hndhpradsisom ppKKKk  can be neglected with respect to 
2Hndhprads ppKKk . 

Omitting the above-mentioned negligible terms results in the following reduced 
rate equation: 
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Rewriting this expression into a reciprocal form results in 
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Since this equation has the form e
p
d

p
p

c
p
bapy

nn

H

H
H ++++= 2

2

2
 a plot of 1/TOF 

versus 1/pn at constant pH2 should result in a straight line; in the work described 
here this was observed to be indeed the case. In addition, it was observed that the 
slope of these plots was always larger than 103 s, whereas 1/kads has a value of ~1 
s. Therefore, the terms nads pk/1  and nads

b
isom

u
isom pkkk in equation 2.31 can 

probably be neglected with respect to ndhprads
b
isomH pKKKkp

2
. It was also found 

that plots of 1/TOF versus pH2 at constant pn gave straight lines. This implies 
that the terms in equation 2.31 that are inversely proportional to pH2 can be 
neglected. Incorporating these simplifications results in the following rate 
equation (consider that the terms in equation 2.31 that are inversely to pH2 
correspond to the terms in the denominator in equation 2.30 that are inversely 
proportional to 2

2Hp ): 
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It can be shown that equation 2.32 is obtained by assuming that: 1. branching 
rearrangements are rate determining and 2. the surface and gas phase 
concentration of branched products can be neglected. In this case equation 2.14 
can be approximated by: 
 

( ) ndesnnnnads kpk θ=θ−θ−θ− +=1                                  (2.33) 
 
Expressing nθ  and =θn  in terms of +θn  using equations 2.15a and 2.16a and subse-
quently isolating +θn  leads to 
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Since under the conditions mentioned the reaction rate is given by 
 

+θ= n
b
isomkTOF                                                 (2.35) 
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combining equations 2.34 and 2.35 leads to equation 2.32. The reciprocal expres-
sion corresponding to equation 2.32 is: 
 

ndhprads
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This expression will be central in the kinetic analysis presented in chapter 4. It 
enables the simultaneous determination of b

isomk  and Kpr from the slope (s) and 
intercept (i) of plots of 1/TOF versus 1/pnC6 : 
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Chapter 3 
 
The intrinsic kinetics of n-hexane hydroisomerization 
catalyzed by platinum loaded solid acid catalysts 
 
 
Abstract 
 
The hydroisomerization of n-hexane on a number of platinum loaded acidic 
zeolites and Mg-Saponite was studied at atmospheric pressure, hydrogen to       
n-hexane molar ratios of 14-56 and temperatures of respectively 513-543 K 
(zeolites) and 583-613 K (saponite). Care has been taken to obtain initial data of 
fresh catalysts so that in comparisons between zeolites differences in deactivation 
rate could be excluded. By fitting the measured kinetic data to an equation based 
on the bifunctional mechanism and using independently obtained 
dehydrogenation and adsorption data it was possible to simultaneously 
determine the energy of protonation of hexene (∆Hpr) and the activation energy of 
branching rearrangements (Eact,isom) as well as the corresponding preexponential 
factors. The range of observed values of both ∆Hpr and Eact,isom are in agreement 
with results of quantum-chemical calculations. Even so, the variation in the 
Eact,isom values was quite large (96-182 kJ/mol) in spite of the apparent uniformity 
in acid strength of the catalysts. This implies that lattice distortions required to 
accommodate the transition state depend sensitively on the structural and 
electronic environment of the acid site, which is different for each type of zeolite. 
A compensation effect was observed between the preexponential factor νisom of the 
isomerization rate constant and Eact,isom as was shown by the fact that a plot of    
ln νisom versus Eact,isom was linear with a correlation coefficient of 0.9981. At the 
temperature interval used in this study the kisom values were equal within a 
factor 2.0-2.5. From this it was concluded that at temperatures around 250 °C 
differences in overall kinetics between different zeolites are determined mainly 
by differences of adsorption constants of the reacting molecules. 
 
 
3.1 Introduction  
 
Knowledge of the mechanism and kinetics of hydroisomerization is interesting 
both from a practical and a fundamentally scientific point of view. From a 
practical point of view, values of kinetic parameters are required for kinetic 
modelling, which is necessary to be able to design and optimize commercial 
plants. From a fundamentally scientific point of view, kinetic measurements can 
be helpful in obtaining insight into the nature of the interaction between 
hydrocarbons and solid acid sites and the relation between the pore structure of 
zeolites and catalytic activity, both in terms of its effect on the adsorption



Chapter 3 
 

 34

properties of hydrocarbons and its effect on the structural and electronic 
properties of the acid sites. Here kinetic data of the hydroisomerization of           
n-hexane catalyzed by different zeolites and a non-porous synthetic clay are 
presented. As mentioned in chapter 1 quantum-chemical calculations have shown 
that protonation of alkenes on solid acid sites renders alkoxides as stable reaction 
intermediates, which are bonded to the lattice by covalent C-O bonds. Due to the 
formation of these strong bonds, the enthalpy of protonation (∆Hpr) is expected to 
be accordingly high as will be the activation energy of the branching 
rearrangement (Eact,isom) since this involves lengthening of the C-O bond. This is 
confirmed by results of quantum-chemical [1-6] and kinetic model studies [7-9]; 
values for ∆Hpr ranging from –21 kJ/mol [2] to –154 kJ/mol [9] and for Eact,isom 
ranging from 104 kJ/mol [8] to 190 kJ/mol [4] are reported. The values for Eact,isom 
are indeed much higher than the corresponding values of ~70 kJ/mol observed in 
liquid superacid solutions [10].  
An intriguing issue that has so far hardly been explored is what the effect of the 
environment of the acid site (e.g. the pore geometry) is on the kinetics. Most 
quantum-chemical calculations have been performed within the framework of a 
cluster approximation in which the zeolite is represented by a small fragment 
containing the acid site. In this cluster approach hydrogen atoms are used to 
compensate for the positive charge generated by cutting the tetrahedrally 
coordinated silicon atoms from the parent structure and the geometries of the 
clusters are usually optimized as part of the calculation. As a result, the 
structural and electronic environment of the catalytic site is largely ignored, as 
pointed out by Sinclair et al. [5]. As an alternative, these authors used a so-called 
embedded cluster model [11-13] to study alkene chemisorption on the acid sites of 
zeolite chabazite. In this model a quantum-chemical method is applied for the 
active-site region and a classical method, which is computationally less 
demanding, for the remainder of the system. The results showed that the 
stability of alkoxides is very sensitive to steric interactions with the local atoms 
of the acid site, in other words, ∆Hpr is a function of the catalyst. So far this or 
other more sophisticated methods have not been used to calculate ∆Hpr for most 
zeolite structures and the only experimentally determined values for ∆Hpr found 
in literature were for protonation of alkenes on zeolite Y [9]. This uncertainty 
with regard to ∆Hpr values as determined with cluster model calculations has also 
implications for the reliability of experimentally determined values of Eact,isom. To 
calculate Eact,isom from kinetic measurements Eact,isom is expressed as a function of a 
number of parameters [7, 8] including the apparent activation energy, which is 
the actually measured quantity, and ∆Hpr, for which nearly only quantum-chemi-
cally calculated values are available. Therefore values for Eact,isom determined in 
this way may also be unreliable. In conclusion, a meaningful kinetic analysis 
should involve an experimental determination of ∆Hpr. In the present study the 
kinetic data are analyzed using equation 2.36, which allows for the simultaneous 
determination of Eact,isom and ∆Hpr. Independent adsorption data are used to 
separate the effects of adsorption and intrinsic kinetics on the reaction rate. The 
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results obtained on the different zeolites are compared with each other as well as 
with results of quantum-chemical calculations.  
 
 
3.2 Measurement of kinetic data 
 
3.2.1 Data analysis 
n-Hexane hydroisomerization activities were determined as a function of            
n-hexane pressure (pnC6) at various temperatures. At each temperature 1/TOF 
was plotted as a function of 1/pnC6 (see equation 2.36) and the resulting slope and 
intercept were subsequently inserted in equations 2.37 and 2.38 to determine 
kisom and Kpr. By plotting ln kisom and ln Kpr as a function of the reciprocal 
temperature the values of respectively Eact,isom and ∆Hpr were obtained as well as 
the corresponding preexponential factors.    
 
3.2.2 Measurement of intrinsic kinetics 
In order to ascertain that equation 2.32 adequately describes the experimental 
results, it should be checked wether the conditions under which this equation is 
valid are fulfilled. The condition that the branching rearrangement is rate 
limiting implies in the first place that the dehydrogenation/hydrogenation 
equilibrium is established, which means that the concentration of platinum in 
comparison with the concentration of acid sites is so high, that per unit of 
catalyst mass the rate of (de)hydrogenation is much higher than the rate of        
n-alkoxide conversion. The common way to verify this is by preparing catalysts 
with varying platinum loading and comparing the reaction rates; if the activity 
does not increase with metal loading, it can be assumed that the 
dehydrogenation/hydrogenation steps are equilibrated. In the second place, it 
should be verified that mass transfer is not rate limiting. For a biporous catalyst 
as used in this study mass transfer can be subdivided into three types, namely 
transport through the film surrounding the catalyst pellets, macropore diffusion 
and micropore diffusion. A common test for film mass transfer limitation is to 
vary the flow rate at constant space-time [14]; if the conversion does not change it 
can be assumed that film mass transfer is not rate limiting. This test is based on 
the fact that the rate of mass transfer is a function of the thickness of the film, 
which in turn is a function of the flow rate. If film mass transfer limitation is 
absent the conversion X measured under differential conditions is inversely 
proportional to the flow rate F. Therefore, an alternative test is to measure XF as 
a function of F and determine the critical flow rate Fc at which XF becomes 
constant; it can be assumed that for flow rates higher than Fc film mass transfer 
is not rate limiting. 
Since the mean residence time of molecules within a catalyst particle is 
proportional to the square of the particle diameter [15], macropore diffusion 
limitation leads to a decrease of the activity with increasing pellet diameter. 
Therefore, if the activity of two catalysts with different pellet diameter is equal, 
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macropore diffusion limitation can be excluded. By analogy, micropore diffusion 
limitation will lead to a dependence of the activity on the diameter of the 
crystals, so the corresponding test would be to compare the activities on samples 
with different crystal sizes.    
A final possible source of deviation from the intrinsic kinetics is deactivation. 
Deactivation is mainly caused by coke formation, which results from 
oligomerization of intermediate alkenes. Therefore, to suppress deactivation the 
alkene concentration should be kept low, which is done in industrial reforming by 
applying a high hydrogen pressure (~10-30 bar). In this study however, the 
experiments are performed at atmospheric pressure, so deactivation may have a 
significant effect (see also chapter 4). The effect of deactivation on the catalytic 
activity is very hard to assess, because the level of deactivation is at least a 
function of time, temperature and hexane concentration. Also it is known that 
there is no unambiguous relation between the level of coking, which can be 
measured, and catalytic activity [16], making corrections afterwards based on 
this method unreliable. A relatively easy way to solve this problem is to estimate 
the activity of the catalyst as it would be if deactivation would not occur by 
extrapolation of plots of activity versus time on stream (TOS) to TOS = 0; this is 
illustrated in figure 3.1. The catalyst is regenerated before measuring at new 
values of the temperature or n-hexane pressure. It is important to emphasize 
that the meaning of the value thus obtained is the steady state activity of the 
catalyst if deactivation were absent. This is not the same as an activity that 
would actually be measured at TOS = 0, because this value would include other 
run in effects such as an incomplete establishment of the equilibrium between 
gas phase and adsorbed phase.  
To limit the number of measurements, for each temperature and n-hexane  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1. Estimation of the catalytic activity in case of absence of deactivation        
                     by extrapolation to zero time on stream. 
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pressure only one measurement was performed at TOS = 5 minutes and the 
measured activity was taken as representative of the activity at TOS = 0. The 
error caused by this approximation was relatively small, as was demonstrated by 
the fact that activities determined by extrapolation of activity versus TOS plots 
were less than 5 % higher than those measured at TOS = 5 minutes.  
 
3.2.3 Determination of dehydrogenation and adsorption parameters 
The calculation of the dehydrogenation parameters was already discussed in 
chapter 2 (see pages 30 and 31). 
The adsorption parameters for all materials except H-Beta and Mg-Saponite 
were taken from studies published by Eder [17, 18]. The preexponential factors 
(in units Pa-1) were calculated from the Henry constants KH (in units 
mmol/g·atm) measured at temperature Tm using the following equation: 
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where Qmax denotes the maximum concentration of n-hexane in the porous 
crystals (in units mol/kg). The values of Qmax for H-Mordenite, H-ZSM-5 and      
H-ZSM-22 were extracted from the literature [17, 18]. As no literature values 
were found with regard to saponite and H-Beta the adsorption parameters of 
these materials were determined by means of pulse chromatography. From the 
concentration distribution measured at the outlet of the reactor a dimensionless 
adsorption constant *

adsK  can be calculated using the following equation (for 
bidisperse solids), which is valid for linear adsorption isotherms [19]: 
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with µ = first moment of the concentration distribution function measured at the 
column outlet, τ = width of the input pulse, L = column length, v = velocity of the 
carrier gas, εx = porosity (fraction consisting of void space) of the crystals, εy = 
porosity of the pellets and εz = porosity of the column. Kads can be calculated from 

*
adsK using the following equation 
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with ρ = density of the crystals including the micropores. The values of Qmax for 
H-Beta and Mg-Saponite were determined by measuring the adsorption isotherm 
at a suitable temperature and extrapolating the linear part to p = 0.  
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3.3 Methods and materials 
 
3.3.1 Catalyst preparation 
A sample of the synthetic clay Mg-Saponite (loaded with 2 weight % of platinum) 
and samples of the zeolites NH4-Beta, Na-Beta, Na-ZSM-5, Na-ZSM-22 and     
Na-Mordenite were kindly donated by Exxon Chemicals in Machelen, Belgium, 
Shell Research and Technology Centre in Amsterdam, The Netherlands and 
Akzo-Nobel, The Netherlands. The sodium zeolites were converted into the 
ammonium form by repeated (3 times) ion exchange at room temperature for 16 
hours in a 1 M solution of ammonium nitrate in water. The proton form was 
prepared by calcination of the ammonium zeolites in flowing air at 773 K. 
Subsequently a part of the protons was exchanged for Pt2+-ions in a watery 
solution of platinum(II)tetra-ammonium hydroxide for 16 hours at room 
temperature. The solution contained exactly the amount of platinum 
corresponding to the desired loading upon complete exchange. The filtrate was 
checked for platinum by UV-VIS [20]; in none of the filtrates platinum was 
detected, indicating that in all cases exchange was complete. After drying at 60 
°C the samples were carefully calcined by heating at a rate of 0.5 K/min to 450 °C 
in flowing air and maintaining this temperature for 2 hours. Finally the samples 
were reduced in flowing hydrogen for 2 hours at 400 °C.       
As mentioned in the introduction, a straightforward test to check wether the 
hydrogenation/dehydrogenation reactions are equilibrated is to compare the 
reaction rates for catalysts with different platinum loading whereas to check for 
micropore diffusion limitation the activities of catalysts with different crystal 
sizes should be compared. This would require the preparation of four catalysts for 
each zeolite type that is studied. To limit the amount of catalysts to be prepared, 
for each type of zeolite two catalysts with different platinum loadings (catalyst #1 
and #2) were prepared from one of the two starting materials whereas only one 
catalyst (catalyst #3) was prepared from the other starting material. Catalyst #3 
was loaded with such an amount of platinum that it had a higher platinum to 
acid site ratio than at least one of the other two catalysts. Therefore, if the 
activities of catalysts #1 and #2 do not differ significantly, it can be assumed for 
all three catalysts that the hydrogenation/dehydrogenation reactions are 
equilibrated.    
 
3.3.2 Catalyst characterization 
The crystal size of the samples was determined by scanning electron microscopy.  
The strength of the acid sites of the samples was determined by infrared 
spectroscopy using a Nicolet Protégé 460 FT-IR Spectrometer equipped with a 
diffuse reflectance accessory. As pointed out by Kazansky [21] the only proper 
way to determine the acid strength of surface OH groups with IR is by studying 
their interaction with adsorbed bases. To probe the interaction between acid sites 
and a reactant realistically it is necessary to use a base that has a hardness 
similar to that of the reactant [22]. In this study 1-butene was chosen as a probe 
molecule. As a measure of acid strength the shift of the maximum of the peak 
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corresponding to the OH stretch vibration of the Brønsted acid site upon 1-butene 
adsorption was taken. The void OH vibration band is positioned at about 3610 
cm-1 whereas the perturbed OH vibration band is centered around about 3100  
cm-1 [23]. The catalysts were activated by heating to 450 °C in flowing hydrogen 
and maintaining this temperature for 1 hour. Subsequently the flow was 
switched to helium, the temperature was lowered to room temperature and a 
spectrum was recorded. Then a flow of 1-butene was added to the helium flow 
and a second spectrum was recorded, also at room temperature.  
The concentration of Brønsted acid sites of the materials (with exception of 
Pt/Mg-Saponite) was determined by temperature programmed decomposition of 
isopropylamine (TPDI). In contrast to temperature programmed desorption of 
ammonia, this method allows for selective determination of the concentration of 
sites which are active in hydrocarbon conversion; with increasing temperature 
isopropylamine molecules adsorbed on these sites will crack to form propene and 
ammonia, whereas molecules adsorbed on other acid sites will desorb without 
decomposing [24]. A tube reactor loaded with about 100 mg of the sample (sieve 
fraction 125-500 µm) was dried for 2 hours in helium at 450 °C and after cooling 
to 100 °C exposed to a flow of helium saturated at 0 °C with isopropylamine. 
Then excess physisorbed isopropylamine was removed at 100 °C in flowing 
helium (200 Nml/min) for 16 hours and subsequently the temperature was 
increased with 10 °C/min to 500 °C. The concentrations of the released products 
were monitored with mass spectrometry (m/e = 44 for isopropylamine and m/e = 
41 for propene). Since every Brønsted acid site can adsorb one isopropylamine 
molecule, the amount of propene released equals the amount of accessible 
Brønsted acid sites.  
As the (de)hydrogenation activity is determined by the concentration of surface 
platinum, it is essential to verify that this concentration is indeed varied with 
changing bulk concentration in order to be able to judge wether the 
hydrogenation/dehydrogenation steps are equilibrated. The conventional method 
to determine the concentration of surface metal is chemisorption of hydrogen, 
oxygen or carbon monoxide. However, it was found that the catalysts did not 
adsorb significant amounts of any of these probes at room temperature, although 
they were catalytically active. This is in accordance with the results of 
chemisorption measurements obtained for other metal-loaded zeolites [25-27], 
which have demonstrated that the amount of adsorbed hydrogen decreases with 
increasing acidity of the supporting zeolite. Moreover, results of IR 
measurements have shown that the spectra of adsorbed CO molecules on 
ruthenium-loaded zeolites tend to shift toward higher frequencies with 
increasing acidity [28], indicating a weakening of the metal-CO bond. These 
observations have been ascribed to electron transfer between metal and acid sites 
[27].   
As an alternative to chemisorption the gas phase 1-hexene hydrogenation activity 
of all catalysts was determined and divided by the concentration of acid sites. 
This quantity was taken as a measure of the concentration of catalytically active 
platinum sites relative to the concentration of acid sites. As in the 
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hydroisomerization experiments the measurements were carried out after TOS = 
5 minutes to limit the effect of deactivation on the measured activities.  
The results of the catalyst characterization are given in table 3.1. The shifts of 
the OH stretch vibration frequencies upon 1-butene adsorption varied between 
501 and 517 cm-1 indicating that the strength of the acid sites was similar for all 
samples.  
For all types of zeolite the hydrogenation activity of catalyst #3 was higher than 
that of at least one of the catalysts #1 and #2, as intended. 
 
Table 3.1. Results of catalyst characterization. CH+ = concentration of Brønsted 
acid sites, L = crystal size, ∆νOH = shift of the Brønsted OH stretch vibration 
frequency, Ahydr = 1-hexene hydrogenation activity at T= 50 °C, p = 100 kPa and 
pH2 /p1-hexene = 20. 

Catalyst Si/Al 
ratio 

L (µm) ∆νOH 
(cm-1) 

CH+ 
(mol/g) 

Pt 
loading 
(wt. %) 

Ahydr/CH+  (mol 
1-hexene/s/mol 

H+) 
Beta #1   14 0.1-0.5 n.d. 7.2·10-4    1.6 4.0·10-3 
Beta #2   14 0.1-0.5 n.d. 7.2·10-4    2.2 1.6·10-2 
Beta #3   12.5 1 513 9.7·10-4    2 5.1·10-3 
Mordenite #1   35 0.01-0.1 n.d. 3.3·10-4    2 2.0·10-2 
Mordenite #2   10 0.5-1 512 5.0·10-4    2 1.2·10-2 
Mordenite #3   10 0.5-1 n.d. 5.0·10-4    3 2.2·10-2 
ZSM-5 #1   28 0.6 517 5.5·10-4    1 4.0·10-3 
ZSM-5 #2   28 3.5 n.d. 4.9·10-4    0.5 3.9·10-3 
ZSM-5 #3   28 3.5 n.d. 4.9·10-4    1 7.8·10-3 
ZSM-22 #1   39 1-2 n.d. 2.2·10-4    0.5 2.5·10-2 
ZSM-22 #2   39 1-2 501 2.2·10-4    0.7 8.0·10-2 
ZSM-22 #3   35 4 n.d. 1.1·10-4    0.7 5.4·10-2 
Mg-Saponite   5.5 - - † 4.3·10-6 *    2 - 
n.d.: Not determined 
† Adsorption was below detection limit. 
*Determined from IR absorbance of OD bonds generated by selective deuteration 
of Brønsted acid sites using perdeuterobenzene [29]. 
 
3.3.3 Equipment 
The measurements were carried out using a continuous flow reactor, consisting of 
a quartz tube reactor with an internal diameter of 4 mm filled with zeolite pellets 
which was placed inside a steel oven. Gas phase mixtures of n-hexane (Merck, 
>99 %) and hydrogen were obtained using a Bronckhorst CEM 
(Controller/Evaporator/ Mixer) unit, consisting of a liquid mass flow controller for 
n-hexane, a mass flow controller for hydrogen and a heated mixing chamber. An 
additional mass flow controller was used for adding controlled amounts of 
nitrogen in order to be able to vary alkane concentrations at constant hydrogen 
pressure and space velocity. The gas mixtures were passed through the catalyst 
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bed and the reaction products were analyzed on-line with a HP5890 Series II gas 
chromatograph containing a Chrompack fused silica column with a Al2O3/KCl 
coating and a flame ionization detector. 
 
3.3.4 Conditions 
The measurements were carried out at atmospheric pressure and at 
temperatures between 513 and 543 K except for the measurements on             
Mg-Saponite, which were carried out at temperatures between 583 and 613 K 
because of the much lower catalytic activity. A total flow of 150 Nml/min was 
used, consisting of 140 Nml/min hydrogen, 2.5-10 Nml/min n-hexane and 0-7.5 
Nml/min nitrogen. The reactor was filled with zeolite pellets with a diameter 
between 125 and 250 µm, which were obtained by compressing, crushing and 
sieving. As the differential method of kinetic analysis was used, the amounts of 
catalyst were tuned so as to keep conversions below 10 %.  
As mentioned above, individual activity measurements were performed after 5 
minutes time on stream in order to minimize the influence of deactivation on the 
measured activity. After each activity measurement the catalyst was regenerated 
at 450 °C in flowing hydrogen for 2 hours. 
Measurements regarding the assessment of the effects of mass transfer and the 
relative (de)hydrogenation activity on the reaction rate were carried out at both 
the lower and upper value of the range of temperatures used in the kinetic 
experiments. 
The effect of film mass transfer and macropore diffusion on the hydroisomeri-
zation activity was studied for the catalyst with the highest activity per unit of 
volume, namely Pt/H-Beta (if in this case no mass transfer limitation would be 
observed, it could be safely assumed that the same would be true for the less 
active catalysts).   
 
3.3.5 Calculation of isomerization activity 
The isomerization activity is not by definition equal to the rate of production 
hexane isomers, because of the influence of consecutive and side reactions. In the 
first place, skeletal isomerization can also occur on metal sites. However, since 
this reaction requires ensembles of several metal sites and the particles are 
probably very small (see above) this reaction probably does not play a role. In the 
second place, a part of the monobranched isomers (2-methylpentane) that is 
formed may be cracked on acid sites to give propane. In the third place, 
dimerization cracking may yield hydrocarbons longer than C6, which may 
themselves undergo branching rearrangements. In principle these contributions 
should be included in the calculation of the isomerization activity. However, a 
number of restrictions should be made, because not all branched isomers of 
alkanes longer than C6 are formed by PCP branching and not all propane by 
cracking of 2-methylpentane. Monobranched C8 and C9 isomers are formed 
directly by cracking of the C12 dimer and therefore only multibranched isomers 
should be taken into account. Propane can be also be formed from dimerization 
cracking and hydrogenolysis which could lead to an overestimation of the 



Chapter 3 
 

 42

calculated isomerization activity. Contrary to other metals, hydrogenolysis can 
take place on single platinum atoms [30].  
Although it may be impossible to quantitatively separate the different 
contributions to the propane production, an indication of the relative importance 
of hydrogenolysis, monomolecular and dimerization cracking can often be given 
on the basis of the observed selectivities. Since the rate of fission of internal 
carbon-carbon bonds on platinum does not depend strongly on the position of the 
bond (the rate of fission of terminal C-C bonds is considerably slower [31]), 
hydrogenolysis will always result in the production of ethane, which is hardly 
formed by acid cracking. Consequently, if ethane and propane are detected in 
equimolar amounts this indicates that propane is predominantly produced by 
hydrogenolysis. On the other hand, if bimolecular cracking is important, this is 
reflected by a significant production of alkanes longer than C6 and/or of butane 
and pentane; the latter can be formed by secondary cracking of the branched C8 
and C9 molecules which result from scission of the C12 dimers. Butane formation 
is only an indication of dimerization cracking if its selectivity exceeds that of 
ethane, because hydrogenolysis yields equimolar amounts of these compounds.   
Here the TOF ’s that were used for data analysis, were calculated from the total 
conversion toward all hexane isomers, multibranched isomers longer than C6 and 
propane. If it was inferred from the product distribution that the hydrogenolysis 
and dimerization cracking selectivities were significant the average of the 
isomerization activity as calculated respectively from the conversion into isomers 
only and the conversion into isomers and propane was taken. The selectivity 
toward a product or class of products (e.g. isomers) i is defined here as 
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where Xi is the fraction of reactant molecules converted into i and q the number 
of products or product classes.  
 
 
3.4 Results and discussion 
 
3.4.1 Experiments concerning the influence of mass transfer and (de)hydrogena-
tion activity 
The influence of film mass transfer was studied by measuring XF as a function of 
F for catalyst Beta #2 at 270 °C and pH2/pnC6 = 14. Within the range of flows 
examined (50-150 Nml/min) no significant increase of the activity was observed, 
so at the flow rate that was applied during the kinetic measurements (150 
Nml/min) film mass transfer limitation could be excluded. 
The effect of macropore diffusion on the hydroisomerization kinetics was 
investigated by comparing at the same temperature (270 °C), flow rate (150 
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Nml/min) and pH2/pnC6 (31) the activities of two samples of Beta #2, consisting of 
pellets with a diameter of respectively 125-250 µm and 250-500 µm. The 
measured activities differed by less than 10 %, which is within the experimental 
margin of error. Therefore it was concluded that macropore diffusion was not rate 
limiting.        
Table 3.2 represents the results of the measurements that were carried out to 
study the influence of micropore diffusion and the (de)hydrogenation activity on 
the hydroisomerization kinetics. For all zeolites the hydrogenation/dehydrogena-
tion steps appeared to be equilibrated as indicated by the fact that the activities 
of each two catalysts that were compared in these experiments were equal within 
about 10 %. The results of the experiments regarding the influence of micropore 
diffusion displayed a small difference in activity between the two catalysts in the 
case of ZSM-5 and ZSM-22 (less than about 10 %), but a large difference in the 
case of beta and mordenite. However, for both zeolites the variation of the 
activity ratio’s with temperature was relatively small, in other words, in each  
 

Table 3.2. Results of measurements regarding influence of micropore diffusion  
and (de)hydrogenation activity on hydroisomerization kinetics 

Type of influence 
studied 
 
 

Catalysts 
involved b cat. 

a cat. 
TOF
TOF  

(240 °C) 
b cat. 
a cat. 

TOF
TOF  

(270 °C) 

(de)hydrogenation 
activity 

a. Beta #1 
b. Beta #2 

1.1 1.0 

 
micropore diffusion 

 
a. Beta #1 
b. Beta #3 

 
2.0 

 
1.6 

 
(de)hydrogenation 
activity 

 
a. Mordenite #2 
b. Mordenite #3 

 
0.89 

 
0.93 

 
micropore diffusion 

 
a. Mordenite #1 
b. Mordenite #3 

 
0.14 

 
0.14 

 
(de)hydrogenation 
activity 

 
a. ZSM-5 #2 
b. ZSM-5 #3 

 
0.93 

 
0.91 

 
micropore diffusion 

 
a. ZSM-5 #1 
b. ZSM-5 #3 

 
1.1 

 
1.1 

 
(de)hydrogenation 
activity 

 
a. ZSM-22 #1 
b. ZSM-22 #2 

 
1.1 

 
1.0 

 
micropore diffusion 

 
a. ZSM-22 #2 
b. ZSM-22 #3 

 
0.91 

 
0.88 
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case the apparent activation energy seemed to be no function of the crystal size. 
This suggests that the activity differences did not result from diffusion 
limitation, since the apparent activation energy either decreases [14] or, as is 
possible in the case of single-file diffusion (diffusion in one-dimensional pores 
such as those of mordenite in which the adsorbed molecules cannot pass each 
other), increases when the degree of diffusion limitation increases [32]. Of course 
diffusion limitation cannot explain the differences observed for mordenite since 
the catalyst with the smaller crystal size was less active than the catalyst with 
the larger crystal size instead of the other way round. On the basis of these 
experiments one can only speculate about the reasons for the observed 
differences for beta and mordenite. Here the discussion of this issue will be 
confined to remarking that the apparent variation in the activity of different 
samples of the same zeolite adds to the error in the values of the preexponential 
factors of kisom and Kpr as determined from the kinetic measurements. However, 
the values of Eact,isom and ∆Hpr are hardly affected since the differences did not 
change much as a function of temperature. 
 
3.4.2 Dehydrogenation and adsorption parameters 
The dehydrogenation parameters were already given in chapter 2 ( 0

dhK  = 
4.17·1011 Pa and ∆Hdh = 118 kJ/mol). The adsorption parameters are given in 
table 3.3. The adsorption enthalpy measured for H-Beta was 8 kJ/mol higher 
than the value measured by Denayer et al. [33] for Na-Beta, presumably as a 
result of the presence of acid sites, which are known to enhance the adsorption 
energy [34].  
 

Table 3.3. Adsorption parameters 
Material 0

adsK  (Pa-1) ∆Hads 
(kJ/mol) 

H-Beta 1.5·10-12 -71 
H-Mordenite 1.4·10-11 -69 
H-ZSM-5 6.2·10-14 -82 
H-ZSM-22 6.3·10-14 -82 
Mg-Saponite 1.1·10-9 -34 

 
3.4.3 Kinetic measurements 
The catalysts that were used for the kinetic measurements were Beta #3, 
Mordenite #3, ZSM-5 #1 and ZSM-22 #2 and the platinum loaded Mg-Saponite. 
Except in the case of Mg-Saponite, the selectivity toward isomers was above 90 
%. Therefore errors in the calculated isomerization activities caused by a possible 
contribution of hydrogenolysis and/or dimerization cracking to the propane 
production could be neglected, except for Mg-Saponite. The selectivity toward 
cracked products found for Mg-Saponite was high (between 45 and 66 %), which 
is probably related to the high temperature needed to obtain a measurable 
conversion; no products longer than C6 were detected. As ethane, butane and 
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pentane were all formed in significant amounts, the production of propane could 
not be exclusively attributed to consecutive cracking of PCP branching. Therefore 
results obtained by including the conversion toward propane in the calculation of 
the isomerization activity were compared with those obtained by only considering 
the conversion toward isomers. The differences in the values of the preexponen-
tial factors of protonation ( 0

prK ) and the protonation enthalpies were found to be 
relatively small, but omitting the contribution of propane lead to an increase of 
the preexponential factor of branching rearrangements (νisom) of a factor 5 and an 
increase of Eact,isom of 9 kJ/mol. Therefore, the averages of the values of the 
conversion as determined in the two above-mentioned ways have been used to 
calculate the kinetic parameters.     
The results of the kinetic measurements are shown in figures 3.2 and table 3.4. 
The measured protonation energies are all well within the range of         
quantum-chemically calculated protonation energies [1-6]. Nevertheless the ∆Hpr 
values vary over about 20 kJ/mol, indicating some influence of the structural and 
electronic environment of the acid site. This variation is smaller than that found 
by Sinclair et al. for a series of alkoxides in the pores of chabazite [5]. However, 
in the case of chabazite the influence of steric repulsions is probably much 
stronger due to the relatively small pore size (3.8 x 3.8 Å versus 4.4 x 5.5 Å for 
ZSM-22, which has the smallest pores of the four zeolites studied here). 
Compared with the variation in ∆Hpr values, the variation in Eact,isom values is 
huge. Moreover, the values of ∆Hpr and Eact,isom appear to be unrelated whereas 
one would expect that Eact,isom would increase with increasing –∆Hpr (a higher 
value of –∆Hpr implies that the alkoxy ground state is more stable). Therefore it 
was concluded that the differences are connected to differences in the stability of 
the transition state. Since formation of the transition state in acid catalyzed 
hydrocarbon reactions involves a partial transfer of the hydrogen atom of the acid 
site’s OH group to the hydrocarbon fragment [2, 35], the activation energy 
decreases with increasing acidity [2]. Consequently, an explanation for the large 
variation in Eact,isom values could be that there is a dissimilarity in the strength of 
the acid sites of the various samples. As mentioned before, the results of IR 
measurements showed that the acid strength of all samples was similar. 
However, upon closer consideration it can be questioned wether the relation 
between ∆νOH and Eact,isom is independent of zeolite structure. In essence ∆νOH is 
a measure of the stability of the π-complex relative to the adsorbed alkene,  
 

Table 3.4. Results of kinetic measurements 
Catalyst νisom (s-1) Eact,isom  (kJ/mol) 0

prK (-) ∆Hpr (kJ/mol) 
Beta #3 1016.6 ± 1.4 182 ± 14 10-1.0 ± 1.9 -69 ± 19 
Mordenite #3 1011.6 ± 0.8 129 ± 8 100.8 ± 0.9 -56 ± 9 
ZSM-5 #1 1013.0 ± 0.4 146 ± 4 101.3 ± 1.2 -53 ± 12 
ZSM-22 #2 108.9 ± 0.6 106 ± 6 10-0.1 ± 0.7 -63 ± 7 
Mg-Saponite 108.3 ± 0.6 100 ± 8 101.7 ± 0.7 -55 ± 8 
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a 

 
b 

 

 
Figure 3.2. Determination of kinetic parameters. (a) ln Kpr versus reciprocal 
temperature and (b) ln kisom versus reciprocal temperature (  Beta,  Mordenite, 

 ZSM-5,  ZSM-22,  Saponite).  
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whereas Eact,isom can be considered as the difference in stability between the in 
protonation energies was found to be only about 20 kJ/mol it can be concluded 
that the relative stabilities of the adsorbed alkene and the alkoxide is not a 
strong function of the catalyst. Therefore the variation in Eact,isom values for the 
same (apparent) acidity is probably due to variations in the energy difference 
between the π-complex and the transition state of the branching rearrangement. 
This variation may be related to differences in the energy changes that are 
involved in the distortion of the catalytic site necessary to accommodate 
respectively the π-complex and the transition state of the branching 
rearrangement. According to quantum-mechanical cluster calculations the 
optimized geometry of the cluster in the π-complex differs considerably from that 
in the transition state [3]. Of course the same will hold for real catalytic sites and 
the changes in geometry and the accompanying energy changes will be a function 
of the spatial and electronic structure of the catalytic site. Since a zeolite usually 
contains several crystallographically different tetrahedral sites there may be 
even differences within the same zeolite structure. Therefore, an appropriate way 
to explain the observed differences in Eact,isom would be to perform            
quantum-chemical calculations using models that explicitly take into account the 
specific environment of the acid sites, such as the earlier mentioned embedded 
cluster models.  
In view of the large variation in Eact,isom values the variation in the TOF ’s as 
measured on the various catalysts is surprisingly small: within the range of 
experimental conditions used in this study the lowest and highest TOF at a given 
n-hexane pressure and temperature differed only by a factor of between 4 and 17 
(note: the range of temperatures referred to here is 240-270 °C; the TOF ’s on  
Mg-Saponite were measured at higher temperatures so the hypothetical TOF ’s 
in the range 240-270 °C had to be calculated using the experimentally obtained 
kinetic parameters). If the influence of differences in the adsorption parameters 
is taken into account, that is if only the values of kisom are considered the 
variation is even less: the highest kisom value exceeds the lowest by a factor of 
between 2.0 and 2.5. This indicates that under the experimental conditions used 
here the observed differences in the TOF values are primarily caused by 
differences in the adsorption constants and moreover that there is a 
compensation effect between νisom and Eact,isom. Indeed, if ln νisom is plotted as a 
function of Eact,isom a straight line is obtained (see figure 3.3) with a correlation 
coefficient of 0.9981, although a single isokinetic temperature could not be 
defined. However, the small variation in kisom values within the experimental 
temperature range suggests that the temperature at which the variation is 
minimal is within or just outside this range. Indeed, this temperature was found 
to be equal to 243 °C. This means that at the temperature of industrial hydroiso- 
merization (230-280 °C [36]) the contribution of differences in kisom to the 
differences in activity (in mol/g) between various catalysts is relatively small. 
Moreover, at the pressures that are used (14-41 bar total at a hydrogen to 
hydrocarbon ratio of 1-4 mol/mol [36]) the surface occupancy of alkoxides is close 
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Figure 3.3. ln νisom as a function of Eact,isom. 
 
to 1 (this can be established using the protonation and adsorption parameters 
given in tables 3.3 and 3.4), which means that adsorption effects can be 
neglected. This leads to the conclusion that under industrial conditions 
differences in catalytic activity between catalysts are predominantely determined 
by differences in the concentration of acid sites (at least for equal apparent 
strength of the acid sites). Of course, this statement is only valid if the influence 
of deactivation is left out of consideration since differences in deactivation 
behaviour between catalysts may lead to quite different steady state activities. 
The second restriction that has to be made is that the compensation effect that 
was found does not necessarily apply to other catalysts besides the ones that 
were studied here.   

 
 

3.5 Conclusions 
 
By measuring the rate of the n-hexane hydroisomerization reaction on various 
platinum loaded acidic catalysts (the zeolites H-Beta, H-Mordenite, H-ZSM-5 and 
H-ZSM-22 as well as the synthetic clay Mg-Saponite) as a function of n-hexane 
pressure and fitting the results to equation 2.36 it was possible to simultaneously 
determine the equilibrium constant of hexene protonation and the rate constant 
of isomerization of the resulting n-hexyl alkoxides. By repeating this procedure at 
different temperatures the protonation energy ∆Hpr and the activation energy of 
isomerization Eact,isom as well as the corresponding preexponential factors could be 
determined. The measured values of ∆Hpr varied between –53 and –69 kJ/mol 
whereas the values of Eact,isom varied between 100 and 182 kJ/mol. The range of 
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∆Hpr and Eact,isom values agrees well with the results of quantum-chemical 
calculations although the large variation in Eact,isom values is striking. As the 
(apparent) strength of the acid sites of all catalysts was equal, this large 
variation is probably related to the precise electronic and geometrical changes 
that are involved in the formation of the transition state, which are specific of the 
catalyst and even of the crystallographic position of the acid site.            
Quantum-chemical calculations that explicitly take the environment of the acid 
site into account (for instance by using embedded cluster models) are required to 
explain these results. A compensation effect was found between Eact,isom and the 
corresponding preexponential factor, although an isokinetic temperature could 
not be established. Even so, within the experimental range of temperatures (240-
270 °C) the variation in rate coefficients of branching rearrangements was 
relatively small, leading to the conclusion that the observed differences in 
turnover frequencies observed for the various catalysts was predominantly 
caused by differences in the adsorption constants. Since the temperature range at 
which industrial hydroisomerization is operated is more or less the same as the 
temperature range used here and since it can be shown that at the pressures that 
are applied in the industrial process the surface occupancy of alkoxides is close to 
1, it is concluded that differences in catalytic activity (in units mol/g) are mainly 
governed by the concentration of acid sites, provided that the strength of the acid 
sites is comparable and differences in deactivation behavior can be neglected.     
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Chapter 4 
 
Influence of deactivation on the kinetics of n-hexane 
hydroisomerization over platinum loaded zeolites 
 
 
Abstract 
 
The effect of deactivation on the kinetic parameters of the hydroisomerization of 
n-hexane over platinum loaded H-Mordenite and H-ZSM-22 was investigated at 
atmospheric pressure and temperatures between 240 and 270 °C. It was found 
that preliminary aging lead to a lowering of the n-hexane order (m) and an 
enhancement of the hydrogen order (n). These results could be explained from the 
dependence of deactivation rates on the n-hexane and hydrogen pressure. 
Preliminary aging was found to cause an enhancement of the activation energy 
on ZSM-22 and a lowering on mordenite. This was attributed to differences in the 
mode of coke formation. At lower Pt loading both m and n measured after aging 
were lower, due respectively to a larger increase of coking activity with 
increasing n-hexane pressure and a smaller increase of decoking activity with 
increasing hydrogen pressure. The apparent activation energy was only 
marginally affected by the platinum loading because of the low rate of 
deactivation after aging.   
 
 
4.1 Introduction 
 
In acid catalyzed reactions of hydrocarbons deactivation is predominantly caused 
by formation of coke which covers the active sites and/or blocks pores. The 
formation of this coke is thought to involve the following consecutive steps: 
formation of olefins (resulting from cracking or, in the case of hydroisomerization, 
from dehydrogenation of alkanes), cyclization of the olefins (in the case of small 
olefins this step is preceded by an oligomerization step), transformation through 
hydrogen transfer into monoaromatics, alkylation of the monoaromatics, 
cyclization of the alkyl monoaromatics and conversion into biaromatics by 
hydrogen transfer. The biaromatics are susceptible for further alkylation and 
cyclization to give triaromatics etc. Figure 4.1 represents a possible coking 
scheme for n-hexane. 
Although the metal sites catalyze the dehydrogenation of alkanes, thereby 
yielding alkenes which may be converted into coke, one of their functions is to 
suppress coke formation. This suppression is possible because the metal catalyzes 
both dehydrogenation and hydrogenation while under common hydroisomeriza-
tion conditions the alkane/alkene equilibrium lies strongly on the alkane side. 
Therefore, any unsaturated molecule that comes in the vicinity of a metal site is 
readily hydrogenated. The rate of coking will depend on the ratio between the
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Figure 4.1. Possible mechanism of coke formation from n-hexane.  
 
concentration of metal sites and the concentration of acid sites (CM/CA) since this 
determines the average lifetime of unsaturated molecules (the lower this ratio, 
the longer it takes for a molecule to reach a metal site). Indeed, there are many 
studies that have demonstrated the positive effect of an increasing CM/CA on the 
suppression of coke formation (for example, references [1-4]). Under industrial 
hydroisomerization conditions the rate of deactivation is low due to the high pH2 
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atmospheric pressure under which conditions deactivation is considerable. 
Moreover, the catalysts used in this study have one-dimensional micropores 
which enhances the deactivating effect of coking. The reason for this is that in 
such channels active sites are not only eliminated because they are covered with 
coke but also because due to the presence of coke they are inaccessible to reactant 
molecules (pore blocking).  
Here the effect of deactivation on common empirical kinetic parameters, namely 
the reaction orders with respect to n-hexane (m) and hydrogen (n) and the 
apparent activation energy (Eact,app), is investigated at atmospheric pressure for 
the hydroisomerization of n-hexane over Pt loaded H-Mordenite and H-ZSM-22. 
Such an approach implies that the elaborate form of the rate equation for 
hydroisomerization (equation 2.32) is rewritten into an empirical form: 
  

                              n
H

m
nCreact ppkTOF

26=                                            (4.1) 
 
in which kreact is the effective reaction rate coefficient. From equation 2.32 it can 
be gathered that m and n are functions of pnC6 and pH2 ranging from 0 to 1 (m) 
and –1 to 0 (n). Since the first two terms in the denominator of the right hand 
side of equation 2.32 are usually much smaller than the last term (this can be 
verified by calculating Kdh , Kads and Kpr from the values reported in paragraph 
3.4.2 and inserting them in equation 2.32), it follows that if m and n are 
measured within the same range of pnC6/pH2, then m = -n. However, in many 
studies a difference between the absolute values of m and n is found, both m < -n 
and m > -n [6, 7]. These differences are usually attributed to deactivation effects. 
Coking may affect the values of kinetic parameters in various ways. For instance, 
the negative influence of a higher pH2 on the activity may be compensated by a 
partial hydrogenation of coke from the acid sites, resulting in m > -n.   
As the deactivation rate and the concentration of deactivated sites may be 
expected to be a function of the process variables (temperature, pH2, pnC6) and 
time on stream (TOS), this also applies to effects of deactivation on the 
hydroisomerization kinetics. Results obtained with deactivated catalysts are 
compared to results obtained after correction of the measured activity for 
deactivation. The differences will be explained in terms of the relative 
importance of the various factors that influence deactivation. In addition, the 
influence of CM/CA on the extent to which deactivation affects the kinetic 
parameters will be studied.  
 
 
4.2 Methods and materials 
 
The catalysts used in this study were Mordenite #2, Mordenite #3 and ZSM-22 #3 
(see chapter 3). The characteristics of these catalysts were already reported in 
table 3.1. 



Chapter 4 
 

 54

The measurements were performed using a fixed bed reactor with on-line GC 
analysis. Details about the experimental set-up can be found in the previous 
chapter. The reactor was filled with zeolite pellets (sieve fraction 125-250 µm); 
the amount of catalyst was adjusted so as to keep the conversion below 10 % 
(differential method of kinetic analysis). 
The following conditions were applied: temperatures between 240 and 270 °C,    
n-hexane pressures between 1700 and 6600 Pa, hydrogen pressures between 34 
and 93 kPa at a total flowrate of 150 Nml/min (nitrogen was used as a make-up 
gas). The catalysts were pretreated before each experiment in hydrogen during 2 
hours at 450 °C. Two types of kinetic measurements were performed. In the first 
type, the kinetic measurements were performed after an initial deactivation 
period (which may be equal to 0) at the conditions of the first GC analysis. In the 
second type, the catalyst was regenerated at 450 °C in hydrogen for 2 hours after 
each individual conversion measurement. Next the conversion was measured as a 
function of time on stream and the value obtained by extrapolation to TOS = 0 
was taken as an estimate of the conversion of the non-deactivated catalyst.  
The values of m, n and Eact,app were determined by plotting ln TOF versus 
respectively ln pnC6 , ln pH2 and 1/T.  
 
 
4.3 Results and discussion 
 
4.3.1 Deactivation measurements 
The activity of the catalysts was measured as a function of TOS at temperatures 
and pressures corresponding to the limiting values of their respective ranges 
used in the kinetic measurements. The results are shown in figures 4.2 and 4.3; 
the activities have been normalized by dividing by the initial activities in order to 
allow for easier comparison. To characterize the deactivation rate the values of 
TOS at which the activity reaches 75 % or 50 % (respectively t3/4 and t1/2) of the 
initial value have been determined (see table 4.1). Two parameters have been 
defined because of the large difference in deactivation rates observed at the two 
pressures that were applied. Table 4.1 shows that tx is smaller at higher pnC6 and 
temperature. This is caused by the fact that since the surface concentration of 
olefins, which as explained above act as coke precursors, increases with pnC6 and 
temperature (recall that dehydrogenation is an endothermic reaction), the rate of 
coking also increases. At low pnC6 the activity decay of mordenite is much faster 
than that of ZSM-22, whereas at high pnC6 the difference in the rate of decay is 
relatively small. This distinct behaviour at low and high pnC6 may be related to 
the higher adsorption constant of n-hexane on mordenite compared to ZSM-22  
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Figure 4.2. Deactivation curves for 3% Pt/H-Mordenite. The conversions (X) 
have been normalized by dividing by the initial conversion (X0) (  240 °C, pnC6 = 
1690 Pa,  240 °C, pnC6 = 6760 Pa,  270 °C, pnC6 = 1690 Pa,  270 °C, pnC6 = 
6760 Pa).  
 

Figure 4.3. Deactivation curves for 0.7% Pt/H-ZSM-22. The conversions (X) have 
been normalised by dividing by the initial conversion (X0) (  240 °C, pnC6 = 1690 
Pa,  240 °C, pnC6 = 6760 Pa,  270 °C, pnC6 = 1690 Pa,  270 °C, pnC6 = 6760 Pa). 
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Table 4.1. tx values corresponding to the curves in figures 4.2 and 4.3. 
Sample pnC6 (Pa) T (°C) t1/2 (hr) t3/4 (hr) 

Mordenite 1690 240 - 3.8 
Mordenite 6760 240 4.6 1.0 
Mordenite 1690 270 - 3.8 
Mordenite 6760 270 3.1 0.85 
ZSM-22 1690 240 - 40 
ZSM-22 6760 240 4.6 1.1 
ZSM-22 1690 270 - 44 
ZSM-22 6760 270 3.9 1.3 

 
(see table 3.3), as will be explained below. Combining equations 2.15a and 2.34 
leads to the following expression for the fraction of sites occupied by olefins:  
 
 
 

(4.3) 
 
 
 
By using the values reported in tables 3.3 and 3.4, =θ  can be calculated as a 
function of pnC6. This resulted in (at 250 °C) =θ Pa 1690 = 6.3·10-7 and =θ Pa 6760 = 9.7·10-7 
for H-Mordenite and =θ Pa 1690 = 9.7·10-8 and =θ Pa 6760 = 2.5·10-7 for H-ZSM-22. Hence 
for H-ZSM-22 an increase of pnC6 from 1690 to 6760 Pa causes =θ  to increase by a 
factor 2.60 whereas for H-Mordenite =θ  increases only by a factor 1.55. Therefore 
the difference between the rates of coking of the two catalysts becomes smaller 
with increasing pnC6. Nevertheless it may seem surprising that in spite of the 
lower =θ values for H-ZSM-22 the values of t1/2 at pnC6 = 6760 Pa are similar for 
both catalysts. This similarity is probably related to the fact that the rate of 
deactivation is not only determined by the olefin concentration. In the first place 
the rate of coking decreases with increasing CM/CA, as was explained in the 
introduction; this ratio is probably higher for H-ZSM-22, as indicated by the 
higher normalized hydrogenation activity (per acid site, see table 3.1). In the 
second place the pore diameter of ZSM-22 is smaller than that of mordenite, 
which may result in a lower rate of coking because the formation of the transition 
states of the bimolecular coking reactions is sterically more hindered. On the 
other hand, due to the larger size of the ZSM-22 crystals coke formation has a 
stronger deactivating effect because of the larger number of active sites 
eliminated as a result of pore blocking.  
As can be seen in figures 4.2 and 4.3 the rate of deactivation decreases as a 
function of TOS and at least in some cases eventually becomes zero. This 
suggests that the coke forming reactions are counteracted by decoking reactions. 
Studies of the regeneration of coked platinum loaded alumina catalysts by 
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hydrogen have shown that removal of coke occurs predominantly through 
hydrogenolysis [8, 9]. However, in the experiments described here the selectivity 
toward characteristic hydrogenolysis products (methane and ethane) was very 
low, suggesting that no significant hydrogenolysis occurred. On the other hand, 
this does not necessarily mean that hydrogenolysis does not play an important 
role in counteracting deactivation. The argument is as follows. The order of 
magnitude of the rate of (de)activation can be characterized by dividing the 
number of sites per gram of catalyst that is inactivated after t1/2 (= 1/2 CH+) by t1/2. 
In the case of mordenite this number equals ~10-8 mol/s/g. Assuming that each 
inactivated site is covered by coke and that the coke deposited on a site contains 
on average ten carbon atoms then the steady state hydrogenolysis activity would 
correspond to a production of ~10-7 mol methane/s/g. This is a factor of 10-102 
lower than the typical hydroisomerization activities. The fact that the observed 
methane production is even lower can be ascribed to pore blocking, which has 
been shown to be the main cause of deactivation on mordenite [10]; due to pore 
blocking the number of sites that is inactivated may be much higher than the 
number of sites that are actually covered by coke, which causes the 
hydrogenolysis activity to be much lower than it would be if all sites were 
covered.  
A notable result which can be observed in figures 4.2 and 4.3 is the fact that the 
steady state level of deactivation increases with temperature in the case of 
mordenite (the normalized activity decreases) whereas in the case of ZSM-22 it 
decreases. This suggests that the apparent enthalpy of coking on ZSM-22 has a 
negative value and on mordenite a positive value. If it is assumed that the 
amount of coke that is formed is small the apparent enthalpy of coking is equal to 
the sum of the adsorption energy of the coke compounds (∆Hads,coke) and the 
enthalpy of the stoichiometric conversion of n-hexane into coke ( cokenCH →∆ 6 ). 
Hence an explanation could be that in the case of ZSM-22 cokenCcokeads HH →∆>∆− 6,  
and cokenCcokeads HH →∆<∆− 6,  in the case of mordenite. The latter situation is what 
may be expected on the basis of thermodynamic considerations. For example, 
consider benzene as a model compound for coke. Literature values for ∆Hads,benzene 
on zeolites vary between -55 kJ/mol (NaY) and -92 kJ/mol (NaZSM-5) [11]. On the 
other hand, benzenenCH →∆ 6  is 260 kJ/mol benzene (calculated from thermodynamic 
data reported in reference [12]), so that benzenenCbenzeneads HH →∆<∆− 6, . Therefore the 
most probable reason for the dissimilarity between the two zeolites is that the 
compositions of the coke on ZSM-22 and mordenite are different. This is well 
possible since the formation of aromatics on ZSM-22 is much more restrained 
than on mordenite because of the smaller pore size. In fact, the diameter of a 
benzene molecule (6.6 Å [13]) is larger than the dimensions of the pores of     
ZSM-22 (4.4 x 5.5 Å), so that aromatics cannot be accommodated unless the 
adsorbing molecules and/or pores are distorted. It may therefore be speculated 
that coke formation on ZSM-22 is terminated at the stage of oligomerization so 
that the coke predominantly consists of large aliphatic alkanes. This may explain 
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the observation that coke formation on ZSM-22 appears to be exothermic. For 
example, if n-decane is taken as a model compound for coke on ZSM-22 an 
apparent enthalpy of coking of –94 kJ/mol is calculated, obtained by adding -123 
kJ/mol for ∆Hads,nC10 [14] and 29 kJ/mol n-decane for 106 nCnCH →∆ . 
 
4.3.2 n-Hexane order measurements 
The values of the order of the reaction with respect to n-hexane measured 
without and with intermediate regeneration are given in table 4.2. The latter 
data will be referred to as intrinsic data. In the case of the order measurements 
that were performed without intermediate regeneration an initial deactivation 
period of 23 hours was applied.  
 

Table 4.2. Results of n-hexane order measurements  
(pnC6 = 1690-6760 Pa, pH2 = 95 kPa). 

Sample Intermediate 
regeneration 
(yes/no) 

m (240 °C) m (270 °C) 

Mordenite no 0.45 ± 0.012 0.33 ± 0.04  
Mordenite yes 0.45 ± 0.02 0.49 ± 0.03 
ZSM-22 no 0.90 ± 0.04 0.86 ± 0.03 
ZSM-22 yes 0.91 ± 0.12 0.93 ± 0.017 

 
At 240 °C deactivation does not seem to have a significant influence on the values 
of m, whereas at 270 °C a lowering effect on m is observed, especially for 
mordenite. The most likely reason for this lowering is that the amount of active 
sites that is eliminated due to deactivation increases with increasing pnC6  
because of the higher surface concentration of molecules that may be converted 
into coke. This is enhanced by the fact that coking involves bimolecular reactions. 
The extent to which m is decreased depends on the rate of deactivation which 
itself is a function of, among other things, temperature and catalyst characteris-
tics. Hence the variation in the deviations from the intrinsic m values caused by 
deactivation. The main trends observed in table 4.2, namely that the effect of 
deactivation on m 1. increases with temperature and 2. is stronger for mordenite 
than for ZSM-22, can be explained on the basis of the rates of deactivation at the 
end of the aging stage, which can be determined from the curves depicted in 
figures 4.2 and 4.3. Since the rate of deactivation is a function of pnC6 the average 
of the deactivation rates at pnC6 = 1690 Pa and pnC6 = 6760 Pa was taken. The 
deactivation rates at pnC6 = 1690 Pa were determined by performing a linear least 
squares fit through 5 points on the decay curve in question centred around the 
point closest to TOS = 23 hr, which is the duration of the initial deactivation 
period. The rates of deactivation at pnC6 = 6760 Pa were also determined from a 
least squares fit, but the series of points were centred around the point on the 
decay curve corresponding to the same level of deactivation as the last point on 
the decay curve for pnC6 = 1690 Pa (consequently the meaning of this quantity is 
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the rate of deactivation if after aging the pnC6 would be increased instantaneously 
from 1690 to 6760 Pa). The results are given in table 4.3.  
 

Table 4.3. Approximate rates of deactivation after aging. 
Sample pnC6 (Pa) 

dt
XXd 0−  

at 240 °C (hr-1) 
dt

XXd 0−  

at 270 °C (hr-1) 
Mordenite 1690 6.6·10-3 1.2·10-2 
Mordenite 6760 7.1·10-2 6.8·10-2 
ZSM-22 1690 3.0·10-3 6.8·10-3 
ZSM-22 6760 0.12 0.12 

 
The results support the observation that the lowering effect of deactivation on m 
is stronger at higher temperature; although at pnC6 = 6760 Pa ( )dtXXd 0−  is 
hardly affected by a change in temperature, at pnC6 = 1690 Pa and 270 °C the 
value of ( )dtXXd 0−  is about two times higher than at the same pressure and 
240 °C. Therefore it can be concluded that the average deactivation rate during 
the n-hexane order measurement increases with temperature, causing the 
deviation from the intrinsic m to be larger at 270 °C than at 240 °C.  
In contrast with the above, the difference between the two catalysts with regard 
to the extent to which deactivation affects the value of m cannot be explained 
straightforwardly from the results shown in table 4.3. Because the lowering of m 
caused by deactivation is smaller for ZSM-22 than for mordenite, one would 
expect the same with respect to the order of the values of ( )dtXXd 0− . However, 
whereas at pnC6 = 1690 Pa the expected order is indeed observed, at pnC6 = 6760 
Pa the value of ( )dtXXd 0−  for ZSM-22 is larger than for mordenite. The latter 
is related to the fact that for ZSM-22 the fraction of sites that is inactivated after 
aging at pnC6 = 1690 Pa is much smaller than for mordenite, so that the 
deactivation rate at pnC6 = 6760 Pa corresponding to this 0XX is higher. Therefore 
it can be concluded that the average rates of deactivation during the n-hexane 
order measurement are closer to the rates at low pnC6 than at high pnC6. The 
reason for this may be that since some steps in the coking scheme are 
bimolecular the overall reaction order of coking with respect to n-hexane is larger 
than 1, in other words the rate of deactivation increases more than proportionally 
with pnC6. As a result, the mean ( )dtXXd 0−  is lower than it would be if 

( )dtXXd 0−  would not vary as a function of pnC6 (for instance, the mean value of 
( )dtXXd 0−  calculated by assuming that deactivation is second order with 

respect to n-hexane is 2/3 of the value obtained by assuming that it is first order).  
To assess the influence of previous aging experiments were carried out in which 
the value of m was determined for mordenite directly after the initial activation 
in hydrogen, i.e. initial aging as well as repeated intermediate regeneration were 
omitted. This resulted in m = 0.0 both at 240 and 270 °C, in other words the 



Chapter 4 
 

 60

increase in intrinsic activity due to the increasing pnC6 is balanced by the decrease 
in the number of active sites. As in the case of the experiments in which the 
catalysts were regenerated between successive activity measurements, m does 
not change significantly with temperature. This is not surprising since both at 
pnC6 = 1690 Pa and pnC6 = 6760 Pa the first part of the deactivation curve at 240 
°C almost coincides with that of the corresponding curve at 270 °C.  
 
4.3.3 Hydrogen order measurements     
Three types of experiments were carried out: experiments in which the catalyst 
was regenerated between successive acitvity measurements, experiments in 
which the catalyst was only activated before the first activity measurement and 
experiments in which the catalyst was previously aged (for 23 hours) at the 
conditions of the first measurement and was not regenerated during the 
experiment. The results show that the effect of deactivation on the hydrogen 
order is stronger than on the n-hexane order (see table 4.4), indicating that the 
rate of deactivation is more sensitive to pH2 than to pnC6. The reason for this is 
probably that a decrease of pH2 not only results in a higher concentration of 
alkenes, but also in a lower rate of decoking reactions. For both catalysts initial 
aging causes an increase of n. In the case of mordenite the decoking effect of the 
increasing pH2 even results in a positive value of n. The overall value of n 
obtained by a linear least squares fit disguises the fact that the plot of ln r versus 
ln pH2 displays a maximum between the last and the second last data point. This 
indicates that at relatively high pH2 the intrinsic activity decrease outbalances                           
 

Table 4.4. Results of hydrogen order measurements 
(pnC6 = 1690 Pa, pH2 = 34-95 kPa, T = 240 °C). 

Sample Intermediate 
regeneration (yes/no) 

Initial aging 
(yes/no) 

n  

Mordenite no yes 0.21 ± 0.02 
Mordenite no no -0.56 ± 0.14 
Mordenite yes no -0.41 ± 0.02 
ZSM-22 no yes -0.16 ± 0.04 
ZSM-22 no no -0.61 ± 0.19 
ZSM-22 yes no -0.58 ± 0.013 

 
the enhancing effect caused by decoking. An explanation for this observation may 
be that at high pH2 the amount of coke left in the pores is so small that a further 
increase of pH2 does not result in an enhancement of the number of active sites 
sufficiently enough to compensate for the decrease in intrinsic activity. In the 
case of ZSM-22 the activating effect of the increasing pH2 on the deactivated 
catalyst is less than in the case of mordenite.  
As table 4.4 demonstrates omission of initial aging causes a substantial lowering 
of n for both catalysts. This is of course due to the fact that since the catalyst is 
freshly reduced the rate of deactivation during the experiment is relatively high 
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which adds to the decrease of the intrinsic activity resulting from the increasing 
pH2. On the other hand, the rate of deactivation decreases during the 
measurement because of the increasing rate of decoking reactions as pH2 
increases. As a result n clearly increases as a function of pH2 (consequently the 
relative errors in the overall n values are quite large, namely 24 %). This can be 
illustrated by determining separate n values in the range pH2,min – 1/2 pH2,max (nl) 
and in the range 1/2pH2,max – pH2,max (nh). This resulted in respectively nl = –0.94 
and nh = –0.26 (mordenite) and nl = –1.26 and nh = 0.03 (ZSM-22).  
As pointed out in the introduction, if the bifunctional mechanism is valid the 
absolute values of the intrinsic n’s and m’s should be approximately equal. In the 
case of mordenite n is equal to –m within experimental error. However, in the 
case of H-ZSM-22 |n| < m, suggesting that equation 4.1 is not adequate to 
describe the kinetics. As was explained in chapter 2 the rate equation underlying 
equation 4.1 (equation 2.32) is obtained by neglecting certain terms in the 
denominator of the right hand side of the elaborate equation 2.30, including 
terms (qi) which are inversely proportional to 2

2Hp . It was also explained that in 
the limiting case where ∑ iq  is much larger than all other terms n = 1. From this 
it follows that if ∑ iq  is non negligible the result is an enhancement of n; this 
could explain the observation that |n| < m. However, it was found that 1/TOF 
increases proportionally with pH2 which requires that ∑ iq  can be neglected (see 
chapter 2). Consequently, this explanation was rejected.    
A second explanation could be that the platinum/acid site ratio is not high 
enough to establish an equilibrium between alkanes and alkenes. In this case, 
the dehydrogenation step becomes rate limiting, so that equation 4.1 is no longer 
valid. To study this possibility the hydrogen order was measured on a second 
Pt/H-ZSM-22 catalyst with a considerably higher normalized hydrogenation 
activity. This resulted in n = –0.65 ± 0.017 which is close to the value obtained on 
the other Pt/H-ZSM-22 catalyst. Therefore this possibility was also discarded. A 
further possibility is that isomerization ocurs via a second isomerization pathway 
beside the bifunctional pathway. If this mechanism predictes the hydrogen order 
to be less negative or even positive then the net result will be an increase of n. As 
was already mentioned in chapter 1, Meusinger et al. have reported positive 
hydrogen orders for n-heptane cracking on H-ZSM-5 [15, 16]. The authors 
explained this by invoking a mechanism in which carbenium ions react directly 
with hydrogen to give alkanes and in which the rate determining step was 
assumed to be the desorption of the products from the acid site [15]. It was also 
mentioned in chapter 1 that Iglesia et al. [17] and Ebitani et al. [18] have found 
an increase of the rate of isomerization of n-alkanes over sulfate promoted 
platinum on zirconia catalysts as a function of pH2. Iglesia et al. explained this by 
proposing that the rate limiting step in the isomerization pathway is the transfer 
of a hydride ion toward carbenium ions, that have undergone skeletal 
rearrangements. Although the proposal of Iglesia et al. provides a tempting 
explanation for the observed difference between m and |n| the existence of a 
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parallel mechanism that predicts a positive hydrogen order is inconsistent with 
the observation that 1/TOF increases proportionally with pH2; a concurrent 
reaction with a positive hydrogen order inevitably causes a deviation from this 
trend. Mathematically, the simultaneous observations that |n|< m and that 

2
1 HpTOF ∝ can only be reconciled by expanding the denominator in equation 
2.32 with a term which is inversely proportional to pH2 but which does not change 
as a function of pnC6. The physical meaning of such a term is however unclear. 
One could speculate that the term originates from a quick deactivation which 
occurs instantaneously upon exposing the catalyst to the reactant feed. On the 
other hand, while this suggestion is in accordance with an inverse proportionality 
with pH2 it fails to explain the absence of a dependence on pnC6.  

 
4.3.4 Apparent activation energy measurements 
The results of the apparent activation energy measurements are given in table 
4.5. With regard to the experiments in which the catalyst was not regenerated 
between succesive activity measurements an initial deactivation period of 29 
hours was applied at the initial temperature.  
 

Table 4.5. Results of apparent activation energy measurements  
(pnC6 = 6760 Pa, pH2 = 95 kPa, T = 240-270 °C). 

Sample Intermediate 
regeneration 
(yes/no) 

Eact,app (kJ/mol) 

Mordenite no 120 ± 3 
Mordenite yes 113 ± 5 
ZSM-22 no 161 ± 5 
ZSM-22 yes 95 ± 3 

 
Again noticeable differences between the two catalysts are observed. Whereas for 
mordenite Eact,app is hardly influenced by deactivation, the opposite is true for 
ZSM-22. The first observation can be easily explained by examining figure 4.2. It 
can be seen that at 240 °C and pnC6 = 6760 Pa the fraction of sites that contribute 
to the hydroisomerization after 29 hours time on stream has declined to about 30 
% of the original amount. Starting at this level of deactivation the decrease in 
activity after 315 minutes, which is the time needed to complete the Eact,app 
measurement, varies between 0 % (at 240 °C) and 25 % (at 270 °C). If it is 
assumed that the rate of deactivation is constant within this period then an 
activity decrease of 25 % corresponds to a change in Eact,app of 22 kJ/mol for the 
experimental temperature range. However, the actual decrease in activity and 
hence of Eact,app will be lower. 
The enhancement of Eact,app as a result of deactivation is in agreement with the 
observation that coking on ZSM-22 is an exothermic process since this means 
that the number of active sites increases with temperature. Indeed, at 240 °C and 
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pnC6 = 6760 Pa the fraction of sites that remains active after a constant level of 
deactivation has been reached is equal to about 54 % of the corresponding level at 
270 °C; assuming that during the Eact,app measurement the fraction of active sites 
increases at a constant rate from the steady state level at 240 °C to the steady 
state level at 270 °C the corresponding contribution to the overall Eact,app is 48 
kJ/mol. Subtracting this value from the value of 161 kJ/mol obtained after aging 
results in Eact,app = 113 kJ/mol, which, if the margin of error in the difference is 
taken into account (8 kJ/mol), is reasonably close to the 95 kJ/mol determined for 
the intrinsic Eact,app. 
If the initial aging and repeated regeneration are left out the plot of the activity 
versus temperature displays a minimum. This can be explained as follows: at the 
beginning of the experiment, that is at low temperature, where the rate of 
deactivation is maximal due to the abundance of sites susceptible to coke 
formation, the increase in intrinsic activity resulting from a temperature increase 
is outweighed by the decrease in the number of active sites, which leads to a 
decrease of the overall activity. However, as the temperature increases the rate of 
deactivation decreases and the increase in the intrinsic activity prevails over the 
decrease in the number of active sites.  
Since for TOS < ~7.5 hour the deactivation curve at pnC6 = 6760 Pa and T = 240 
°C coincides with the deactivation curve at the same pnC6 and T = 270 °C, it can 
be assumed that for the duration of the Eact,app measurement the rate of 
deactivation is independent of temperature. Hence it should be possible to 
reproduce the curve of the activity of the deactivating catalyst as a function of 
temperature by multiplying the curves of the intrinsic activity and the fraction of 
active sites (f) versus temperature; the latter function is simply obtained by 
multiplying f(TOS) by T0 + αTOS where T0 is the initial temperature and α the 
heating rate. Except for the first point the agreement between the measured and 
reconstructed curves is fairly good (see figure 4.4). 
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Figure 4.4. Measured and reconstructed plots of hydroisomerization activity of 
deactivating 3 % Pt/H-Mordenite as a function of temperature (  Measured data, 

 Reconstructed data). 
 
4.3.5 Effect of platinum loading 
The results of the kinetic parameters obtained with the two mordenite samples 
loaded with different amounts of platinum are given in table 4.6.  
 

Table 4.6. Kinetic parameters after initial aging obtained  
on mordenite samples with 2 and 3 weight % Pt. 

Variable Conditions Value obtained on 
2% Pt/H-Mordenite 

Value obtained on 
3% Pt/H-Mordenite 

m 270 °C, pnC6 = 1690-
6760 Pa, pH2 = 95 kPa 

0.24 ± 0.05 0.33 ± 0.04 

n 240 °C, pnC6 = 1690 Pa, 
pH2 = 34-95 kPa 

0.05 ± 0.06 0.21 ± 0.02 

Eact,app   240-270 °C, pnC6 = 
6760 Pa, pH2 = 95 kPa 

113 ± 3 kJ/mol 120 ± 1.3 kJ/mol 

 
Table 4.6 shows that m and n decrease with decreasing platinum loading 
whereas Eact,app increases. The decrease of m is probably related to the fact that 
with decreasing platinum loading the rate of coking increases because of the 
longer mean lifetime of olefins (see paragraph 4.1). This means that at lower 
platinum content an enhancement of pnC6 and hence of the olefin concentration 
leads to a larger increase of the amount of coke. As a result the inhibiting effect 
of the decreasing number of active sites on the overall change in activity is more 
pronounced, which is reflected by a lower value of m.   
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The value of n also decreases with Pt loading. This is probably caused by the 
lower hydrogenolysis activity (per gram of catalyst) due to the smaller number of 
platinum sites. Therefore the increase in decoking activity and hence in the 
number of active sites that is activated as a result of an enhancement of pH2 is 
also smaller, causing the overall activity to increase less with increasing pH2 than 
at higher platinum loading.  
The value of Eact,app is hardly affected by the platinum loading, which can be 
explained in the same way as was previously done for the 3 wt. % platinum 
catalyst, namely that after aging the rate of deactivation is low compared to the 
heating rate that is used during the Eact,app measurement.  
 
 
4.4 Conclusions 
 
Deactivation has a profound influence on the kinetic parameters of the 
hydroisomerization of n-hexane catalyzed by platinum loaded zeolites                 
H-Mordenite and H-ZSM-22 at atmospheric pressure. Even if the catalysts are 
aged before the kinetic measurements and the activity has reached a constant 
level the n-hexane order (m), hydrogen order (n) and apparent activation energy 
(Eact,app) are affected by deactivation. This is caused by the fact that the rate of 
coking, which is the main cause of deactivation, is itself a function of n-hexane 
pressure (pnC6), hydrogen pressure (pH2) and temperature. As a result, the number 
of active sites changes during the kinetic measurements which affects the values 
of m, n and Eact,app. Because coking can be regarded as a polymerization reaction 
of olefins the steady state level of deactivation increases with increasing pnC6 and 
decreasing pH2. Therefore the number of active sites decreases during 
measurements in which pnC6 is gradually increased, leading to a lowering of m. 
During measurements in which pH2 is gradually increased the opposite occurs, 
namely an increase of the number of active sites which is caused by an increasing 
activity of decoking reactions; as a result the decrease in activity is less than it 
would be if the number of sites would remain constant, resulting in a less 
negative or even positive value of n. The effects are stronger on mordenite than 
on ZSM-22 due to several factors, such as a lower equilibrium concentration of 
coke precursors. 
Deactivation has a negligible effect on the value of Eact,app measured on the 
mordenite catalyst after aging, whereas a considerable increase is observed on 
ZSM-22. The marginal effect in the case of mordenite is related to the fact that 
the rate of deactivation after aging is relatively low even at the upper value of the 
temperature interval, so that within the time required to complete the Eact,app 
measurement the number of active sites that is eliminated is relatively small. 
The increase of Eact,app found for ZSM-22 is in accordance with the observation 
that in contrast with the case of mordenite an increase of temperature causes an 
enhancement of the steady state activity after aging. This difference may be 
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related to a difference in the nature of the coke that is formed on the two 
catalysts.  
Omitting an initial deactivation period leads predictably to a lowering of both m 
and n because the number of active sites decreases continuously during the 
measurements. This respectively counteracts the intrinsic activity increase       
(n-hexane order) and adds to the intrinsic activity decrease (hydrogen order). 
Obviously, the value of Eact,app decreases if preliminary deactivation is omitted. 
More remarkable is the occurrence of a minimum in the activity as a function of 
temperature, which may be explained as follows. At the start of the measurement 
the rate of deactivation is so high that it outweighs the increase in intrinsic 
activity resulting from the temperature increase. As the measurement proceeds 
this is no longer the case because the intrinsic activity increases relatively fast 
with temperature while the rate of deactivation decreases because the level of 
deactivation approaches the steady state level.  
Kinetic measurements on two H-Mordenite catalysts loaded with different 
amounts of platinum showed that the values of m and n measured after aging 
decrease with decreasing metal loading, whereas the value of Eact,app is hardly 
affected. The decrease of m is probably due to the fact that with decreasing Pt 
loading the mean lifetime of (unsaturated) coke precursors increases. Therefore 
an increase of pnC6 causes a larger decrease in the number of active sites which is 
reflected by a lower m. The decrease in the value of n is due to the decrease in 
decoking activity. As a result the amount of coke that is removed upon an 
increase of pH2 is smaller, which means that the decrease in intrinsic activity is 
opposed by the release of less active sites. The negligible change in the value of 
Eact,app is related to the fact that on both catalysts the rate of deactivation after 29 
hours aging is low compared to a heating rate as was applied during the 
measurements.  
 
 
References 
 
1. Guisnet, M., Bournonville, J.P., Travers, C., Appl. Catal. 71, 283 (1991).   
2. Grau, J.M., Parera, J.M., Appl. Catal. A: General 106, 27 (1993).  
3. Larsen,G., Lotero, E., Raghavan, S., Parra, R.D., Querini, C.A., Appl. Catal. 

A: General 139, 201 (1996).  
4. Lemberton, J.L., Touzeyidio, M., Guisnet, M., Appl. Catal. A: General 79, 115 

(1991). 
5. Union Carbide Corporation, Hydrocarbon Processing 63, 121 (1984).  
6.  Guisnet, M., Fouche, V., Belloum, M., Bournonville, J.P., Travers, C., Appl. 

Catal. 71, 295 (1991). 
7. Liu, H., Lei, G.D., Sachtler, W.M.H., Appl. Catal. A: General 137, 167 (1996).  
8. Marecot, P., Peyrovi, S., Bahloul, D., Barbier, J., Appl. Catal. 66, 181 (1990).  
9. Parmaliana, A., Frusteri, F., Mezzapica, A., Giordano, N., J. Catal. 111, 235 

(1988).   
10. Guisnet, M., Magnoux, P., Appl. Catal. 54, 1 (1989).   



Influence of deactivation… 
                                                                                       

 67  

11. Forni, L., Viscardi, C.F., J. Catal. 97, 480 (1986).   
12. Stull, D.R., Westrum, E.F., Sinke, G.C., “The Chemical Thermodynamics of 

Organic Compounds”. Robert E. Krieger Publishing Company, Malabar, 1987.  
13. Breck, D.W., “Zeolite Molecular Sieves: Structure, Chemistry and Use”. 

Wiley-Interscience, New York, 1974.    
14. Denayer, J.F., Baron, G.V., Martens, J.A., Jacobs, P.A., J. Phys. Chem. B 102, 

3077 (1998).   
15. Meusinger, J., Corma, A., J. Catal. 152, 189 (1995).     
16. Meusinger, J., Liers, J., Mösch, A., Reschetilowski, W., J. Catal. 148, 30 

(1994).  
17. Iglesia, E., Soled, S.L., Kramer, G.M., J. Catal. 144, 238 (1993). 
18. Ebitani, K., Konishi, J., Hattori, H., J. Catal. 130, 257 (1991). 
 
 
 



 

 



 

 69

 
Chapter 5 
 
Effects of single-file diffusion on the kinetics of n-hexane  
and 2,2-dimethylbutane hydroisomerization catalyzed by         
Pt/H-Mordenite 
 
 
Abstract 
 
The effects of diffusion limitation on the kinetics of n-hexane and 2,2-dimethyl-
butane hydroisomerization catalyzed by large crystals (50 µm) of Pt loaded        
H-Mordenite has been investigated. Because mordenite has one-dimensional 
channels, the motion of individual molecules is correlated, which leads to a 
concentration-dependence of the diffusion coefficient. This dependence was 
observed in the form of a non-linear deviation from the relation between the 
reaction rate and the alkane pressure as provided by the intrinsic reaction rate 
equation. The dependence of the activity on the alkane pressure was measured at 
various temperatures. Remarkably, it was found that under reaction conditions 
the apparent diffusion coefficients of n-hexane and 2,2-dimethylbutane have the 
same order of magnitude, although the diffusion constant of the more bulky     
2,2-dimethylbutane is expected to be much lower. The experimental results 
obtained with n-hexane as reactant were compared with the results of model 
calculations. In the model used for these simulations it was assumed that the 
effective diffusion coefficient was proportional to (1-θ)/θ (θ = fraction of occupied 
sites) as proposed by Hahn et al. and Nelson et al. for single-file diffusion at long 
times. Furthermore, since it is thought that immobile alkoxide intermediates are 
present in the pores under reaction conditions, it was assumed that the effective 
diffusion coefficient was proportional to the fraction of surface species consisting 
of hexanes and hexenes. Except for the effective single-particle diffusion 
coefficient for which no reliable literature value was found independently 
obtained input parameters were used in the model calculations. A satisfactory 
agreement between experiment and model was obtained using a value for the 
effective single-particle diffusion coefficient of ~10-5 m2/s which is well within the 
range of orders observed for single-particle diffusion coefficients of methane and 
tetrafluormethane in molecular sieves.  
 
 
5.1 Introduction 
 
Since the dimensions of cages and pores in microporous materials such as zeolites 
are usually comparable to those of reactant and product molecules, there is often 
too little space for counterdiffusion of adsorbed molecules. In this situation the 
motion of individual molecules is correlated (at least for short observation times) 



Chapter 5 
 

 70

and the mobility will decrease with increasing occupancy and decreasing 
connectivity of the pore system.  
In this chapter the results of a study on the effects of diffusion limitation on the 
kinetics of n-hexane and 2,2-dimethylbutane (2,2-DMB) hydroisomerization 
catalyzed by Pt/H-Mordenite are presented. As the cross section of the pores 
(6.5x7.0 Å) is smaller than twice the kinetic diameter of n-hexane (4.3 Å [1]) and 
the micropores are one-dimensional, adsorbed molecules cannot exchange their 
positions and can only move to a given point in the pore if all intermediate 
molecules are displaced beyond this point. This type of molecular transport is 
called single-file diffusion. Because the kinetic diameter of 2,2-DMB (6.2 Å [1]) is 
close to that of the pore diameter of mordenite, the self-diffusion coefficient is 
expected to be much lower than that of n-hexane, although no literature data was 
found to verify this.  
Since effects of diffusion on reaction kinetics will only emerge if the average 
residence time of molecules in the micropores is at least of the same order of 
magnitude as the typical lifetime of an adsorbed reactant molecule, a catalyst 
consisting of relatively large crystals (diameter ~50 µm) was used. The 
hydroisomerization of alkanes over Pt/H-Mordenite is particularly interesting for 
two main reasons. In the first place Pt/H-Mordenite is one of the most widely 
used hydroisomerization catalysts. In the second place the presence of strongly 
bonded and hence probably immobile alkoxides in the pores may have anomalous 
effects on the hydroisomerization kinetics in addition to the effects caused by 
single-file diffusion.  
According to equation 2.36 plots of 1/TOF versus 1/palkane , which will be referred 
to as reciprocal rate equation plots, should be linear. However, if diffusion 
limitation occurs and the diffusion coefficient decreases with increasing surface 
concentration (θ), as in single-file diffusion (see below), reciprocal rate equation 
plots can be expected to be non-linear, because with varying 1/palkane the resulting 
linear variation of the intrinsic 1/TOF is counteracted by a non-linear variation of 
the rate of mass transfer. It should be mentioned that for a reaction that is first 
order in θ, such as the hydroisomerization reaction, diffusion limitation will not 
lead to non-linear deviations from the reaction rate equation if the diffusion 
coefficient is concentration-independent. This is caused by the fact that in this 
case the effectiveness factor (the ratio between the reaction rate under conditions 
of diffusion limitation and the intrinsic reaction rate) is independent of θ [2], so 
that irrespective of the reactant pressure the reaction rate is reduced by the same 
factor.  
The kinetic experiments comprise the measurement of the TOF of the large 
crystals of Pt/H-Mordenite as a function of alkane pressure at various 
temperatures. The results are compared with results obtained with the same 
alkanes on small crystals (0.5 µm) of Pt/H-Mordenite for which diffusion 
limitations can be excluded. Furthermore, an attempt will be made to explain the 
results using a mathematical model for single-file diffusion and hydroisomeriza-
tion in Pt/H-Mordenite crystals.     
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5.2 Methods and materials 
 
5.2.1 Catalyst preparation and characterization 
Large crystals of Na-Mordenite were prepared according to a method described in 
[3]. The obtained material was characterized with XRD and was identified as 
mordenite; no (crystalline) contaminations were detected in the XRD pattern. 
The size of the mordenite crystals was determined with SEM. The sample was 
found to contain mainly crystals with a diameter of ~50 µm but small amounts of 
small crystals (< 1 µm) were also present.   
The Na+-ions were substituted for NH4+-ions and subsequently calcined to give  
H-Mordenite in the way described in chapter 3. The H-Mordenite samples were 
loaded with 2 wt. % Pt by ion exchange, followed by careful calcination and 
reduction. The Pt loading was calculated by subtracting the amount of Pt in the 
exchange solution (measured with UV-VIS) after exchange from the amount of Pt 
that was originally present. The concentration of Brønsted acid sites was 
determined using temperature programmed decomposition of isopropylamine. 
Experimental details with regard to the catalyst preparation and 
characterization can be found in chapter 3. 
Results obtained for the large crystal sample were compared with results 
obtained for a Pt/H-Mordenite catalyst consisting of small crystals (diameter ~0.5 
µm), namely the catalyst mordenite #3 (see chapter 3). In table 5.1 the 
characteristics of the two mordenite samples are reported. It is remarkable that 
the concentration of Brønsted sites of the 50 µm H-Mordenite sample seems to be 
much lower than that of the small crystal sample, although the Si/Al ratio’s are 
the same. A possible explanation is that the 50 µm sample contains a 
substantially larger amount of weak Brønsted acid sites, which are known to be 
inactive in isopropylamine decomposition [4], compared to the 0.5 µm sample. 
This is confirmed by results of ammonia TPD, which showed a considerably lower 
onset temperature for the 50 µm sample (180 °C versus 300 °C for the 0.5 µm 
sample).  

 
Table 5.1. Catalyst characteristics. 

Property 0.5 µm sample 50 µm sample 
Si/Al ratio      10     10 
Crystal size (µm)      0.5     50 
Pt concentration (wt. %)      3     2 
Concentration of Brønsted 
acid sites (mol/g) 

     5.7·10-4     1.1·10-4 

 

5.2.2 Equipment and conditions 
The measurements were performed using a fixed bed reactor with on-line GC 
analysis. Details about the experimental set-up are reported in chapter 3.  
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The measurements were carried out at atmospheric pressure and at 
temperatures between 493 and 573 K. A total flow of 150 Nml/min was used, 
consisting of 140 Nml/min hydrogen, 2.5-10 Nml/min n-hexane (Merck, > 99 %) or 
2,2-DMB (Alfa Aesar, 99 %) and 0-7.5 Nml/min nitrogen. As the differential 
method of kinetic analysis was used, the amounts of catalyst were tuned so as to 
keep conversions below 10 %. Thus, between 56 and 331 mg of 50 µm             
Pt/H-Mordenite was used and between 17 and 68 mg of 0.5 µm Pt/H-Mordenite. 
Individual activity measurements were performed after a short time on stream (5 
minutes) in order to minimize the influence of deactivation on the measured 
activity. After each activity measurement the catalyst was regenerated at 450 °C 
in flowing hydrogen for 2 hours. 
As in the previous chapters, the TOF ’s that were used for data analysis, were 
calculated from the total conversion toward all hexane isomers and propane. It 
should be noticed that in the case of 2,2-DMB isomerization propane is also a 
secondary product (if side reactions can be neglected), since it is exclusively 
formed from the primary product 2-methylpentane. 
 
 
5.3 Modelling 
 
For single-file diffusion, in contrast to diffusion in pore systems with higher 
connectivities, the correlation between the displacement of individual molecules 
does not vanish at long observation times [5]. This leads to deviations from 
Einstein’s diffusion equation which is given by: 
 

( ) Dttr 22 =                                                    (5.1) 
   
where ( )tr 2  denotes the mean square displacement of a molecule, t the observa-
tion time and D the effective diffusion coefficient. Fedders [6] derived an equation 
for ( )tr 2  under conditions of single-file diffusion in pores of infinite length, 
which is valid if it is assumed that 1. diffusion occurs as a sequence of jumps 
between adjacent sites and 2. jump attempts are only succesful if the sites to 
which they are directed are vacant: 
 

( )
πθ

θ−
=

tDltr 02 12                                           (5.2) 

 
in which l is the distance between two adjacent sites, θ the fraction of occupied 
sites and D0 the diffusion coefficient of a single particle. Two important 
differences with “ordinary” diffusion, as described by equation 5.1, can be 
distinguished. In the first place ( )tr 2  is proportional to t  rather than to t. In 
the second place, the increase of the mobility in the limit of zero coverage is much 
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larger than in the case of “ordinary” concentration-dependent diffusion as occurs 
in microporous materials with a higher pore connectivity.  
Hahn et al. and Nelson et al. [7, 8] have pointed out that there is a second mode 
of molecular transport in one-dimensional pores which is superimposed on the 
single-file mode described by equation 5.2 and which is related to the shift of the 
center of mass of the body of adsorbed molecules. Because such a shift 
necessitates a shift of all the particles in the same direction, the motion of the 
center of mass and the motion of the individual particles are identical. According 
to Nelson et al. [8] the centre-of-mass motion is dominant for observation times 
much longer than a characteristic crossover time tc:  
 

( )
0

2

D
lLtc π

−
=                                                      (5.3) 

 
where L denotes the pore length. In contrast to the type of single-file diffusion 
described by Fedder’s relation, for centre-of-mass diffusion ( )tr 2  is proportional 
to t as for ordinary diffusion. For long files (L/l >> 1), the effective diffusion 
coefficient that arises from the centre-of-mass motion, Dcm , is given by [7-9]: 
 

( )
N

DDcm θ
θ−

=
1

0                                                  (5.4) 

 
where N is the number of sites in the pore (N = L/l). Like the type of diffusion 
described by equation 5.2, this type of diffusion is uniquely related to diffusion in 
a single file, so the term single-file diffusion is somewhat ambiguous. Therefore, 
the type of single-file diffusion described by equation 5.2 will be referred to as 
classical single-file diffusion and to the other type as centre-of-mass single-file 
diffusion.  
Here an equation will be derived that describes n-hexane hydroisomerization on 
Pt/H-Mordenite under conditions of single-file diffusion limitation which is 
employed to predict the TOF as a function of n-hexane pressure and temperature. 
This is done by using, among other things, the values of the intrinsic kinetic 
parameters reported in chapter 3. 
First it is necessary to decide which of the two single-file diffusion regimes is 
appropriate to describe mass transfer in the catalyst. From the work described in 
chapter 3 it can be gathered that within the experimental temperature range kisom 
has a value of the order of 10-2 s-1. On the other hand, a computed value of the 
self-diffusion coefficient for n-hexane in mordenite at low occupancy is ~10-8 m2/s 
[10], which can be used as a lower limit for the value of D0. Inserting this value in 
equation 5.3 gives tc ~10-1 s (L = 5·10-5 m). As this value is much smaller than 
1/kisom , it can be concluded that the dominant mode of molecular transport on the 
time scale of the hydroisomerization reaction is centre-of-mass single-file 
diffusion.  
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The second step is to write down the steady state mass balance for the reacting 
surface species, i.e. the n-hexyl alkoxides: 
 

( ) 02

2

=θ−
θ+θ+θ +

+=

nisom
nnn

cm k
dx

dD                              (5.5) 

 
If nθ  and =θn  are eliminated using equations 2.15 and 2.16 equation 5.5 can be 
rewritten to give the following equation: 
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In deriving this equation it is assumed that the reverse reaction (unbranching 
rearrangements) can be neglected. Under the following boundary conditions (0 
and L5.0  are the coordinates of respectively the centre of the catalyst and the 
gas-solid interface; the superscript i refers to the gas-solid interface): 
 

( ) 00
=

θ+

dx
d n                                                         (5.7) 

 
( ) i

nn L ,5.0 ++ θ=θ                                                       (5.8) 
 

the solution of equation 5.6 is [2]:                        
 

( )
φ

φ
θ=θ ++

cosh
2

cosh
, L

x

x i
nn                                                 (5.9) 

 
The parameter φ is comparable to the Thiele modulus for a surface reaction that 
is first order in θ [2] and is defined by:  
 

( ) cmprdhdhH

prdhisom

DKKKp
KKk

L
++

=φ
2

2
1                                    (5.10) 

 
The mean TOF (TOF ) can be calculated by multiplying kisom by the mean concen-
tration of reacting n-hexyl alkoxides +θn  which in turn is obtained by integrating 
equation 5.9 over the interval 0 to L5.0  and dividing by L5.0 :  
 

φ
φ

θ=θ= ++ tanh
nisomnisom kkTOF                                  (5.11) 
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The factor 
φ

φtanh  is known as the effectiveness factor. If it is assumed that 

adsorption and desorption at the gas-solid phase is infinitely fast and that the 
gas phase concentration of reaction products can be neglected, then i

n
,+θ  is equal 

to the equilibrium occupancy of n-hexyl alkoxides if there is no catalytic activity 
(see equation 2.34): 
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The third step is to derive an expression for Dcm that includes the influence of the 
alkoxide intermediates. Since the protonation energy of hexene was found to be 
equal to –56 kJ/mol (see table 3.4) this means that the activation energy of 
deprotonation is at least 56 kJ/mol. Hence it is reasonable to assume that the 
alkoxides are effectively immobile. For observation times much longer than the 
time constants of (de)protonation (i.e. the reciprocal rate coefficients of 
(de)protonation), it may be expected that the single-particle diffusion coefficient 
is reduced by a factor equal to the probability W that the molecule is mobile:  
 

kkk DWD ,0
'
,0 =                                                 (5.13) 

 
where '

,0 kD  denotes the corrected single-particle diffusion coefficient of an 
isolated molecule with skeletal arrangement k. Wk can be assumed to be equal to 
the fraction of mobile species, i.e. the fraction of adsorbed molecules consisting of 
hexanes and hexenes:  
 

+=

=

θ+θ+θ
θ+θ

=
kkk

kk
kW                                              (5.14) 

 
The centre-of-mass diffusion coefficient during hydroisomerization can then be 
represented by the following equation: 
 

( )    1
0 N

WDD effeff
cm θ

θ−
=                                         (5.15) 

 
The effective parameters effD0  and effW  are functions of ,,.., ,01,0 nDD  

nnWW θθ ,..,,,.., 1,01,0  with the index 1...n denoting the various isomers. If it is 
assumed that the values of Kads , Kdh and Kpr are the same for all hexane isomers 
then θ and effW  are given by (combine equations 2.15, 2.16 and 2.34): 



Chapter 5 
 

 76

 

22

22

66
6

66
6

1
H

nC
prdhads

H

nC
dhadsnCads

H

nC
prdhads

H

nC
dhadsnCads

kkk

p
pKKK

p
pKKpK

p
pKKK

p
pKKpK

+++

++

=

θ+θ+θ=θ +=

               (5.16) 

 

                    
prdhdhH

dhHkkkeff

KKKp
Kp

W
++

+
=

θ
θ+θ+θ

=
+=

2

2                  (5.17) 

 
Finally, combining equations 5.10, 5.11, 5.12, 5.15, 5.16 and 5.17 and 
substituting N by L/l gives the following expression for the mean TOF: 
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This equation expresses the mean TOF in terms of parameters whose values are 
either imposed (pnC6 , pH2) or can be determined from independent experiments 
(N, effD0 , kisom , Kads , Kdh , Kpr). N can be calculated by dividing L by l. l, in turn, 
can be estimated by dividing the maximum amount of n-hexane that can be 
adsorbed per unit cell by the total pore length per unit cell, assuming that one 
site can accommodate precisely one molecule. Eder measured the maximum 
loading cmax of n-hexane in H-Mordenite with a Si/Al ratio of 10 and found it to be 
equal to 0.58 mol/kg [11]. Using the generalized formula for the unit cell of        
H-Mordenite, Hn(AlnSi48-nO96)·24H2O, the maximum n-hexane concentration per 
unit cell cmax,u.c. can be calculated by multiplying cmax by the mass of a mol unit 
cells (3.316 kg). Since the length of the unit cell in the direction of the pores is 7.5 
Å and the density of pores 2 per unit cell [12], the mean length (in Å) of an         
n-hexane molecule and hence l is equal to 15/cmax,u.c.. The values of Kdh were 
calculated from the standard entropy and enthalpy of dehydrogenation given in 
chapter 2. The values of kisom and Kpr were calculated using the parameters 
reported in table 3.4. With regard to effD0  no reliable value was found in 
literature. Although Schuring et al. determined the self-diffusion coefficients of a 
number of alkanes in mordenite [10], these data were obtained at finite 
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occupancies and hence are no good estimates for effD0 . Therefore, effD0 was chosen 
so as to obtain the best fit between the experimental data and equation 5.18. A 
single value for effD0  was used for the whole pnC6 and temperature range. This 
implies that the activation energy of effD0  was assumed to be negligibly small and 
that possible effects of changes in the relative concentrations on effD0  due to 
varying pressure and temperature were neglected. The first assumption is 
supported by results of molecular dynamics simulations according to which the 
activation energy of n-hexane diffusion in mordenite is 2.3 kJ/mol [10]. 
The values of the temperature-independent model parameters (except for effD0 ) 
and the quantities that were used to calculate the temperature-dependent model 
parameters are listed in table 5.2. 
 

Table 5.2. Parameters used for model calculations. 
Parameter Value  Parameter Value 
L (m) 5·10-5  θ∆ dhS  (J/mol/K) 126 
l (m) 7.9·10-10  θ∆ dhH  (kJ/mol) 118 
νisom (s-1) 3.6·1011  0

prK   1.8 
Eact,isom (kJ/mol) 129  ∆Hpr (kJ/mol) -56 

0
adsK (Pa-1) 1.4·10-11  pnC6 (kPa) 1.7-6.7 

∆Hads (kJ/mol) -69    pH2 (kPa) 95 
 
 
5.4 Results and discussion 
 
5.4.1 Experimental results 
Because the mean residence time of adsorbed molecules in the pores is relatively 
long, the selectivity toward propane may be expected to be relatively high 
because of the increased probability of consecutive cracking. Because the 
conversion toward propane is included in the calculation of the isomerization 
activity the occurrence of propane producing side reactions may introduce an 
error in the calculated TOF ’s (see paragraph 3.3.5). A study of the product 
distributions may be helpful in estimating this error. In the case of the 0.5 µm 
sample the selectivity toward isomers was above 87 % for n-hexane conversion 
and above 96 % for 2,2-DMB, so the effect of side reactions was relatively small. 
However, in the case of the 50 µm sample the selectivity toward isomers was 
between 78 and 99 mol % for n-hexane and between 43 and 75 % for 2,2-DMB. No 
significant amounts of products longer than C6 were observed and the selectivity 
toward methane and ethane was below 2.5 % for n-hexane and below 6 % for   
2,2-DMB, indicating that the hydrogenolysis activity was relatively low. On the 
other hand, the selectivity toward C4 and C5 amounted to 2-15 % for n-hexane 
and 3-31 % for 2,2-DMB, which in combination with the low selectivity toward 
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methane and ethane suggests that significant dimerization occurred. The 
selectivity toward propane ranged between 1 and 13 % for n-hexane and between 
12 and 42 % for 2,2-DMB. These values correspond to the maximum errors in the 
calculated TOF ’s caused by side reactions, here predominantly dimerization 
cracking. Although these errors may alter the course of the reciprocal rate 
equation plots, they are unlikely to affect the trend that is predicted in case of 
single-file diffusion limitation. Since dimerization cracking is a bimolecular 
reaction, the corresponding reaction rate will increase faster with increasing 
palkane than the rate of isomerization. Therefore, the fraction of propane that 
results from dimerization cracking increases as palkane increases, so the lowering 
of the TOF with respect to the intrinsic TOF is underestimated more at high 
palkane than at low palkane. Because single-file diffusion limitation leads to an 
increase of the difference between the observed and the intrinsic reaction rate 
with increasing palkane, correction for the influence of dimerization cracking would 
only enhance this trend.  
In figure 5.1 reciprocal rate equation plots are shown for n-hexane 
hydroisomerization on the 0.5 µm and 50 µm samples at 220 °C. At the lowest 
applied pnC6 (highest 1/ pnC6) the ratio between the TOF’ of the 0.5 µm sample and 
that of the 50 µm is 0.96, which increases to 1.4 at the highest applied pnC6. This 
is just what is expected if diffusion limitation occurs and the effective diffusion 
coefficient decreases with increasing surface concentration. Moreover, the plot of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Comparison between reciprocal rate equation plots obtained for       
n-hexane isomerization with the 0.5 µm and 50 µm samples at T = 220 °C (  50 
µm sample,  0.5 µm sample). 
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Figure 5.2. Experimental reciprocal rate equation plots obtained for n-hexane 
isomerization with the 50 µm sample (  220 °C,  230 °C,  240 °C,  250 °C, 

 260 °C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. Experimental reciprocal rate equation plots obtained for n-hexane 
isomerization with the 50 µm sample (  270 °C,  280 °C,  290 °C,  300 °C). 
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Figure 5.4. Effect of centre-of-mass single-file diffusion on the TOF of a surface 
reaction that is first order in θ (······ TOFintr ,------ η, ____ TOFcm). 
 
the 50 µm sample displays the deviation from linearity which was predicted in 
case of concentration-dependent diffusion limitation. Figures 5.2 and 5.3 
represent reciprocal rate equation plots obtained with the 50 µm sample at 
various temperatures. The most striking feature of the plots is the appearance of 
a minimum, in other words there is a maximum in the TOF as a function of pnC6. 
This can be explained as follows: at low surface concentrations, the decrease in 
mobility with increasing concentration is so small, that no inhibiting effect on the 
TOF is observed. However, at a certain concentration the pores become so 
crowded, that the increase of the TOF that would occur in absence of diffusion 
limitation as a result of the higher concentration is overcompensated by the 
decrease in mobility, leading to an overall lowering of the TOF. This is illustrated 
by figure 5.4 in which the intrinsic turn over frequency TOFintr, the effectiveness 
factor η under conditions where equation 5.4 is valid and the resulting overall 
turn over frequency TOFcm (= TOFintrη) for a reaction that is first order in θ is 
plotted as a function of p (assuming that adsorption can be described by a 
Langmuir isotherm).  
Figures 5.2 and 5.3 also show that the minimum shifts toward higher 1/p with 
increasing temperature. To explain this it is necessary to closely examine the 
data represented in table 5.2. On the basis of these data it can be demonstrated 
that within the experimental temperature range alkoxides are the dominant 
surface species (for instance, at 250 °C +θn  = 0.82) and as the enthalpy difference 
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between gas-phase n-hexane and alkoxides (∆Hads + ∆Hdh + ∆Hpr) is only 7 kJ/mol 
(see table 5.2), θ is almost invariant with temperature. This has important 
consequences for the temperature dependence of the effectiveness factor. This 
dependence is quite different for concentration-dependent diffusion compared to 
concentration-independent diffusion; in the latter case, η decreases with 
increasing temperature because the activation energy of the reaction rate 
coefficient is generally higher than the activation energy of diffusion, causing the 
intrinsic activity to increase faster with temperature than the rate of diffusion. 
However, in the case of concentration-dependent diffusion the effective diffusion 
coefficient is expected to increase much faster with temperature, due to the 
decreasing θ (see equation 5.4). The variation of the extent of diffusion limitation 
with temperature is determined by the combined action of opposing effects and so 
the direction of the change depends on the variation of their relative importance. 
In the case of hydroisomerization however, the surface concentration is only a 
weak function of temperature, so the shift of the position of the minimum is 
determined largely by the effect of the changing value of kisom. As a result, the 
minimum shifts continuously toward higher values of 1/palkane as the temperature 
increases. 
A further notable feature of figure 5.2 and 5.3 is the seemingly small variation of 
the TOF with temperature, especially at higher temperatures as is shown by the 
fact that the curves lie very close to each other. Indeed, at pnC6 = 2658 Pa the 
apparent activation energy was found to vary between 91 kJ/mol (in the 
temperature interval 220-260 °C) and 21 kJ/mol (in the temperature interval 
260-300 °C); on the basis of the activity measurements discussed in chapter 3 an 
apparent activation energy for n-hexane hydroisomerization on Pt/H-Mordenite 
of 126 kJ/mol was calculated (also at pnC6 = 2658 Pa). At first sight this seems a 
puzzling result since single-file diffusion limitation has been proposed to cause an 
enhancement of the apparent activation energy [13]. If the effective diffusion 
coefficient were independent of concentration, the apparent activation energy 
should be equal to half the intrinsic activation energy [2]. Therefore, the results 
suggest that the effective diffusion coefficient decreases with increasing 
temperature. This is understood by calling to mind equation 2.15 and recognizing 
that since ∆Hdh + ∆Hpr > 0 the fraction of adsorbed molecules consisting of 
alkoxides increases with temperature. Since it was already observed that the 
total concentration of surface species is almost independent of temperature, the 
result is that the effective diffusion coefficient decreases with increasing 
temperature.  
In figure 5.5 reciprocal rate equation plots plots for 2,2-DMB and n-hexane 
hydroisomerization on the 0.5 µm sample at 270 °C are shown. The plot for      
2,2-DMB lies clearly above that for n-hexane, which means that over the whole 
range of palkane the activity for n-hexane isomerization is higher than that for    
2,2-DMB isomerization. A lower intrinsic activity for 2,2-DMB isomerization is 
an unlikely explanation for the observed difference. It is known that in liquid 
acids skeletal rearrangements in which the degree of branching changes proceed 
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Figure 5.5. reciprocal rate equation plots for n-hexane and 2,2-DMB measured 
at 270 °C on the 0.5 µm sample (  n-hexane,  2,2-DMB).  
 
much slower than rearrangements in which the branching degree remains the 
same (see chapter 1). The isomerization of n-hexane by definition involves a 
change in the branching degree, whereas there is no change involved in the 
conversion of      2,2-DMB into one of the products, 2,3-DMB (indeed, the 
selectivity toward       2,3-DMB is higher than the selectivity corresponding to a 
thermodynamic equilibrium). Therefore, if there is no diffusion limitation, it 
could be expected that the value of kisom for 2,2-DMB isomerization is higher. It is 
more probable that the activity differences are due to differences in diffusion and 
adsorption properties. As pointed out in paragraph 5.1, the self-diffusion constant 
of         2,2-DMB is expected to be lower than that of n-hexane. Furthermore, at 
270 °C Kads of 2,2-DMB is lower than Kads of n-hexane (according to data of 
Denayer et al. [14] the Kads of n-hexane at 573 K is a factor 4 higher than that of 
2,2-DMB). If it is assumed that the value of KdhKpr is similar for n-hexane and 
2,2-DMB hydroisomerization, the surface concentration of n-hexyl alkoxides is 
higher than that of 2,2-dimethylbutyl alkoxides, causing the activity for n-hexane 
isomerization to be higher.In figures 5.6 and 5.7 reciprocal rate equation plots 
are shown for 2,2-DMB on the 50 µm sample at various temperatures. Because 
the ratio of the TOF ’s on the two samples has about the same value for both 
alkanes, the (apparent) diffusion constants can’t be too different. This is a 
surprising result considering the fact that the kinetic diameter of 2,2-DMB is 
almost equal to the diameter of a mordenite pore. Another remarkable result is 
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Figure 5.6. Experimental reciprocal rate equation plots for 2,2-DMB measured 
at temperatures between 220 and 250 °C on the 50 µm sample (  220 °C,  225 
°C,  230 °C,  240 °C,  250 °C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7. Experimental reciprocal rate equation  plots for 2,2-DMB measured 
at temperatures between 260 and 300 °C on the 50 µm sample (  260 °C,  270 
°C,  280 °C,  290 °C,  300 °C).  
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that at high p2,2-DMB the value of 1/TOF measured at 300 °C exceeds the values 
measured at 280 and 290 °C, while at low p2,2-DMB the order is reverse. These plots 
illustrate the essence of the outcome of this study, namely that diffusion during 
acid catalyzed conversion of hydrocarbons in one-dimensional pores is 
characterized by a decrease of the effective diffusion constants both with 
increasing concentration, as reflected by the occurrence of a minimum, and 
temperature, as reflected by the anomalous observation that at high temperature 
and palkane the activity decreases with increasing temperature. 
 
5.4.2 Model calculations 
As was pointed out in paragraph 5.2 the lack of a reliable value for effD0  rendered 
it necessary to make an estimate. Here effD0  has been used as a fitting parameter, 
that is its value has been adjusted in such a way as to obtain the best agreement 
between simulation and experiment. By applying equation 5.18 the experimental 
data could be fitted quite well with a single effD0  for the whole temperature range 
(see figures 5.8 and 5.9). The best fit (correlation coefficient = 0.9933) was 
obtained for effD0 = 8.1·10-6 m2/s. The order of magnitude of effD0 agrees well with 
that of experimentally determined single-particle diffusion coefficients of 
methane, ethane and tetrafluormethane in various molecular sieves [15-18]. It is 
important to emphasize that in order to obtain a satisfactory agreement between 
experiment and model it was essential to include a correction factor for the 
influence of immobile species on the rate of diffusion in the model; without this 
correction the agreement between model and experiment after optimization of 
the fit was much worse, especially at high temperatures (see figure 5.10). The 
satisfactory agreement between modelled and measured data provides evidence 
for two important issues in (acid) catalysis, namely the occurrence of anomalous 
effects on the kinetics of catalyzed reactions due to single-file diffusion and the 
existence of immobile alkoxides. Furthermore, it has been demonstrated that the 
effects of these phenomena can be modelled by using the concept of              
centre-of-mass single-file diffusion as represented by equation 5.4 and assuming 
that the diffusion coefficient is proportional to the fraction of mobile adsorbed 
species.The modelling of the effects of single-file diffusion and/or immobile 
species on mass transfer as presented here may be extended to other catalyzed 
reactions as well and may be useful for optimizing process conditions and 
catalyst dimensions. As an example a criterion for diffusion limitation for the 
catalytic system of the present study will be derived. Generally, diffusion 
limitations can be neglected if φ << 1. In equation 5.18 φ can be identified as: 
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Figure 5.8. Experimental (discrete points) and modelled (dotted lines) reciprocal 
rate equation plots for n-hexane hydroisomerization on the 50 µm sample; model 
including effect of immobile species (  ----- 220 °C,  ······ 240 °C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9. Experimental (discrete points) and modelled (dotted lines) reciprocal 
rate equation plots for n-hexane hydroisomerization on the 50 µm sample; model 
including effect of immobile species (  ----- 260 °C,  ······ 280 °C, -·-·-· 300 °C).  
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Figure 5.10. Experimental (discrete points) and simulated (dotted lines) 
reciprocal rate equation plots for n-hexane hydroisomerization on the 50 µm 
sample; model excluding effect of immobile species (  ----- 260 °C,  ······ 280 °C, 

 -·-·-· 300 °C).  
 
Equation 5.19 can be used to predict under which conditions diffusion limitation 
will occur. Here diffusion limitation is considered to be significant if η < 0.9, 
which corresponds to φ = 0.58. In figure 5.11 the crystal size at which φ = 0.58 is 
plotted as a function of pnC6 at various temperatures. The plots were constructed 
using the data in table 5.2, the effD0  value obtained by fitting the experimental 
results reported in paragraph 5.4.1 to equation 5.18 and assuming pH2 = 20 bar, 
which is within the operating range of industrial hydroisomerization [19]. 
Because the plots in figure 5.11 have the form L = constant· pnC6-1/3 (see equation 
5.19), logarithmic plotting gives parallel lines with a slope equal to –1/3. Figure 
5.11 may be interpreted as follows: if for a given temperature, crystal radius and 
pressure (L, pnC6) lies above the line corresponding to φ = 0.58, diffusion limitation 
is significant. For example, consider the Total Isomerization Process (TIP), which 
is the most common industrial hydroisomerization process in which               
Pt/H-Mordenite is the catalyst. This process is operated at temperatures of 230-
280 °C, a pH2 of 10-30 bar and a pH2/( pnC5 + pnC6) of 1-4 (the alkane feedstock 
consists of a mixture of n-pentane and n-hexane) [19]. According to figure 5.11 at 
250 °C, pH2 = 20 bar and pnC6 = 2 bar (n-pentane is ignored) diffusion limitation 
will become significant for crystal sizes larger than 16 µm. As this size is much 
larger than the typical crystal sizes of commercial catalysts (for instance, the 
diameter of the small crystal mordenite used in this study, which is a commercial 
sample, is ~0.5 µm), it can be concluded that in the TIP micropore diffusion is not 
rate limiting.          
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Figure 5.11. Crystal size as a function of pnC6 at which η = 0.9 for various 
temperatures (  230 °C,  250 °C,  270 °C,  290 °C,  300 °C).  
       
 
5.5 Conclusions 
 
The intrinsic kinetics of alkane hydroisomerization can be described by a rate 
equation according to which the reciprocal reaction rate is a linear function of the 
reciprocal n-hexane pressure. However, if diffusion is rate limiting and the 
diffusion coefficient decreases with increasing surface concentration θ, deviations 
from this linearity may be observed at low values of the reciprocal pressure (high 
θ). The explanation for such a deviation is that the linear decrease of the intrinsic 
reaction rate with decreasing 1/θ is reduced by a factor that becomes larger as 1/θ 
decreases. Concentration-dependent diffusion is most likely to occur in the case of 
diffusion in one-dimensional pores which are too narrow for adsorbed molecules 
to be able to pass each other, causing the motion of individual molecules to 
become strongly correlated (single-file diffusion). Indeed, the expected deviations 
from the intrinsic rate equation were observed for n-hexane and 2,2-dimethyl-
butane (2,2-DMB) hydroisomerization catalyzed by 50 µm crystals of             
Pt/H-Mordenite which has one-dimensional pores that are too narrow to allow 
counterdiffusion of adsorbed molecules.  
For a reaction that occurs in a single-file pore and that is first order in θ a rise of 
temperature has two opposite effects: on the one hand the reaction rate 
coefficient increases which causes diffusion to become rate limiting at lower θ; on 
the other hand, the adsorption constant and therefore θ at a given pressure 
decreases, leading to an increase of the effective diffusion coefficient. However, 
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for the reaction studied here there are important deviations from this predicted 
general pattern. These deviations probably originate from the abundance of 
immobile alkoxides, which according to quantum-chemical studies are produced 
as reaction intermediates, in the zeolite pores. Because the alkoxides are the 
dominant surface species and the enthalpy difference between gas-phase alkane 
and alkoxides is only 7 kJ/mol, the change of θ is negligible within a wide 
temperature range. Since the enhancing effect of a decrease of θ on the effective 
diffusion coefficient is now absent, the single-file effects become stronger with 
increasing temperature due to the increasing isomerization rate coefficient. 
Moreover, at the same time the effective diffusion coefficient is expected to 
decrease, because the alkoxides are presumably immobile and the equilibrium 
between alkoxides and adsorbed alkanes shifts toward the alkoxide side.  
The effect of single-file diffusion on the kinetics of n-hexane hydroisomerization 
can be modelled using a mathematical model based on the relation between the 
diffusion coefficient and the fraction of occupied sites under single-file conditions 
as proposed by Hahn et al. and Nelson et al. To properly model the experimental 
results, it is necessary to assume that effD0  is proportional to 1 minus the fraction 
of surface species consisting of protonated alkene intermediates. This indicates 
that these species are unstable and are converted into strongly bonded alkoxides 
as has been proposed on the basis of results of quantum-chemical calculations. 
The order of magnitude of effD0 , which was necessarily obtained by fitting the 
experimental data to the model equation, agrees well with that of experimentally 
determined single-particle diffusion coefficients of methane and tetrafluorme-
thane in various molecular sieves. 
The same general trends found for n-hexane are observed if 2,2-dimethylbutane 
is used as a reactant, although within the range of process conditions applied in 
this study the rate of 2,2-dimethylbutane isomerization at a given temperature, 
pressure and alkane/hydrogen ratio is always lower. This is probably a result of 
the lower concentration of reacting species in the pores caused by the lower 
adsorption constant for 2,2-dimethylbutane. In spite of the fact that the kinetic 
diameter of 2,2-DMB is almost equal to the pore diameter of mordenite, the 
apparent diffusion coefficient of 2,2-DMB appears to be of the same order of 
magnitude as the apparent diffusion coefficient of n-hexane.  
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Summary 
 
 
The hydroisomerization of alkanes is widely used as a relatively         
environment-friendly way of enhancing the octane number of gasoline. Most 
hydroisomerization plants employ either platinum loaded chlorinated alumina or 
platinum loaded H-Mordenite as a catalyst. These catalysts are bifunctional, i.e. 
they contain a metal function which catalyzes the dehydrogenation of alkanes 
and the hydrogenation of alkenes and an acid function which catalyzes skeletal 
rearrangement and cracking reactions of hydrocarbons. The purpose of 
incorporating a (de)hydrogenation function is twofold: on the one hand 
dehydrogenation produces alkenes which are much more reactive in cracking and 
isomerization reactions than alkanes and on the other hand the average life time 
of alkenes is reduced, decreasing the probability of consecutive oligomerization 
reactions which produce coke and consequently lead to deactivation. According to 
the classical bifunctional mechanism hydroisomerization involves the following 
elementary steps: adsorption of the alkane, dehydrogenation, protonation of the 
resulting alkene, skeletal isomerization of the protonated alkene, followed by the 
reverse of the first three steps (deprotonation, hydrogenation and desorption).     
In general, knowledge of the kinetics of catalytic reactions is indispensable for 
designing catalysts and reactors and optimizing process conditions. However, the 
rate of heterogeneously catalyzed reactions is determined by a large number of 
factors and one of the challenges in kinetic analysis is to separate and quantify 
their effects on the overall kinetics. Ideally, the overall reaction rate would be 
expressed in terms of a number of elementary steps describing the activation of a 
reactant molecule on an active site, adsorption, diffusion etc. In practice, this aim 
is often not feasible, because of the large number of elementary steps which can 
often not be studied separately without interference of other steps or only on 
systems or under conditions that differ so much from the original ones that they 
are hardly representative. The aim of the work described in this thesis was to 
separate and quantify various factors that determine the overall rate of alkane 
hydroisomerization over solid acid bifunctional catalysts. These factors were: 
adsorption, deactivation, single-file diffusion and the structural and electronic 
environment of the acid site.  
A rate equation was derived based on the classical bifunctional mechanism. By 
estimating the rates of the various elementary steps it was possible to identify a 
number of steps which could be assumed to be equilibrated and by using general 
experimental observations it was possible to eliminate a number of terms in the 
original elaborate rate equation. Thus a simplified equation was obtained 
according to which the reciprocal activity increases proportionally to the 
reciprocal alkane pressure. This relation was indeed observed for n-hexane 
hydroisomerization over various catalysts as long as deactivation and diffusion 
effects were negligible. It was possible to determine simultaneously the rate 
coefficient of skeletal isomerization and the equilibrium constant of protonation 
from the slope and intercept of these plots (called reciprocal rate equation plots) 
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using literature values for the equilibrium constants of adsorption and 
dehydrogenation. By repeating this procedure at various temperatures the 
activation energy of skeletal isomerization (Eact,isom) and the protonation enthalpy 
(∆Hpr) could be determined. Moreover, this method made it possible to 
quantitatively separate the effects of adsorption and proton activation on the 
reaction rate. 
To study the effect of the environment of the acid sites Eact,isom and ∆Hpr were 
determined on a number of different solid acids, namely the zeolites H-Beta,     
H-Mordenite, H-ZSM-5 and H-ZSM-22 and the synthetic clay Mg-Saponite. The 
values of Eact,isom and ∆Hpr were all within the range of values obtained from 
quantum-chemical calculations. The variation in the values of ∆Hpr was 
relatively small (between –53 and –69 kJ/mol) compared to the variation in the 
Eact,isom values (between 100 and 182 kJ/mol). Since the apparent strength of the 
acid sites was similar for all catalysts, the relatively wide range of Eact,isom values 
was attributed to differences in the extent of lattice distortion required to 
accommodate the transition states; since these distortions are energetically 
unfavourable they affect the activation energy. It was found that a plot of Eact,isom 
versus the logarithm of the preexponential factor of skeletal isomerization was 
linear, indicating the existence of a compensation effect. On the basis of this 
observation it was concluded that at low alkane pressures and temperatures 
typically used for hydroisomerization (~250 °C) differences in catalytic activity 
are determined predominantly by differences in the concentration of acid sites 
and in the adsorption constants of the reacting alkane.  
Effects of deactivation on the kinetics of n-hexane hydroisomerization over 
platinum loaded H-Mordenite and H-ZSM-22 were studied by comparing results 
obtained with deactivating and aged catalysts with those obtained under 
conditions where deactivation effects where minimal. In the latter experiments 
the influence of deactivation was minimized by regenerating the catalysts 
between consecutive activity measurements and determining the activity after a 
short time-on-stream. Therefore, the thus obtained values for the kinetic 
parameters were assumed to be approximately equal to the intrinsic values. 
According to the rate equation based on the classical bifunctional mechanism the 
intrinsic reaction order with respect to hydrogen (n) is predicted to have the same 
absolute value as the intrinsic order with respect to the alkane (m), but with a 
negative sign (within the same range of palkane/pH2). This was indeed found for 
Pt/H-Mordenite. However, on Pt/H-ZSM-22 |n| was observed to be smaller than 
m for which no satisfactory explanation was found. Preliminary aging lead to a 
lowering of m and an enhancement of n compared to the intrinsic values. The 
first observation was attributed to an increase in the equilibrium level of coking 
with increasing pn-hexane; this leads to a decrease in the number of active sites 
causing the activity to increase less than it would if deactivation were negligible. 
An increase of n is caused by the opposite effect: an increase of pH2 leads to an 
increase in the decoking activity and hence to an increase in the number of active 
sites. This counteracts the decrease in intrinsic activity resulting from a 
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decreasing equilibrium concentration of alkene intermediates; as a result, the 
activity decrease with increasing pH2 is smaller than in absence of deactivation 
effects. In the case of Pt/H-Mordenite the enhancing effect of the increasing 
number of active sites on the overall activity is outbalanced the lowering effect of 
the decreasing alkene concentration, resulting in a positive value of n.  
The effect of preliminary aging on the apparent activation energy (Eact,app) was 
quite distinct for the two catalysts: on Pt/H-Mordenite the value of Eact,app 
measured after aging was almost equal to the intrinsic value, whereas on      
Pt/H-ZSM-22 the Eact,app value obtained after aging was much higher. The first 
result was ascribed to the fact that the temperature dependence of the 
equilibrium level of deactivation was relatively small. The second result seems 
odd, because the equilibrium level of coke is expected to increase with 
temperature which has an inhibiting effect on the activity increase and 
consequently leads to a lowering of Eact,app with respect to the intrinsic value. The 
reason for this expected temperature effect is that coke consists of polyaromatic 
molecules the formation of which from saturated hydrocarbons is highly 
endothermic. The finding of the anomalous increase of Eact,app on Pt/H-ZSM-22 
was related to inhibition of the formation of polyaromatic molecules caused by 
the pores in ZSM-22 being too narrow to accommodate these molecules. It was 
speculated that in ZSM-22 deactivation is caused by the formation of long 
aliphatic hydrocarbon molecules. Since it can be shown that the enthalpy 
difference between gas phase n-hexane and adsorbed long aliphatic hydrocarbons 
is negative, this means that the equilibrium surface concentration of these 
molecules decreases with increasing temperature; as a consequence, the number 
of inactivated sites decreases which leads to an enhancement of Eact,app.  
Omitting the preliminary deactivation period predictably lead to a lowering of 
the values of m , n and Eact,app because in this case the concentration of active sites 
decreases continuously during the experiments. Noticeably, a minimum was 
observed in the plot of the activity as a function of temperature. This could be 
explained in terms of the changing relative rate of deactivation during the 
measurement: in the beginning of the experiment, i.e. at low temperature, the 
rate of deactivation is relatively high due to the abundance of sites susceptible to 
coke deposition. As a result, the decreasing effect of deactivation on the reaction 
rate outweighs the effect of the intrinsic activity increase, leading to an overall 
lowering of the reaction rate. As the measurement proceeds the rate of 
deactivation decreases until it is outbalanced by the intrinsic activity increase.  
Kinetic measurements after initial aging were also performed using a            
Pt/H-Mordenite catalyst with a lower Pt loading. The measured values of m and 
n were found to be lower than the corresponding values obtained on the catalyst 
with the higher metal loading. The lowering of m was explained as follows: 
because the average life time of unsaturated coke precursors increases with 
decreasing metal loading, the coking rate will not only be higher, but will also 
increase faster with increasing palkane; therefore, the intrinsic activity increase will 
be counteracted to a greater extent which results in a lower value of m. The 
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decrease of n with decreasing Pt loading was ascribed to a decrease in the 
effective rate coefficient of decoking reactions due to the smaller amount of metal 
sites. The effect of this lower decoking activity is that an enhancement of pH2 
results in a smaller increase of the number of active sites, in other words, the 
increasing effect of decoking on n is less pronounced. 
One of the issues in heterogeneous catalysis that has received considerable 
attention over the last decade is single-file diffusion. Single-file diffusion occurs 
in one-dimensional pores which are too narrow to allow for counterdiffusion of 
adsorbed molecules. This results in a strong correlation of the motion of 
individual molecules which is reflected by a considerable lowering of the effective 
diffusion coefficient and a sharp increase of the mobility at low adsorbate 
concentrations. The effects of single-file diffusion limitation on the kinetics of     
n-hexane and 2,2-dimethylbutane (2,2-DMB) hydroisomerization was studied 
using large crystals (diameter ~50 µm) of Pt/H-Mordenite, which has one-dimen-
sional pores. This system is of practical interest as Pt/H-Mordenite is one of the 
most widely used hydroisomerization catalysts. Moreover, the existence of 
alkoxide intermediates, which have been predicted to be formed upon protonation 
of alkenes, is expected to cause anomalous effects in addition to the single-file 
effects. Because of the strong covalent carbon-oxygen bond, alkoxides are likely to 
be immobile and therefore their presence should have a profound influence on the 
effective diffusion coefficient (Deff). As mentioned above, reciprocal rate equation 
plots are predicted to be linear and were found to be so under conditions where 
diffusion was not rate limiting. However, if single-file diffusion limitation occurs 
the characteristic concentration dependence is expected to cause a deviation from 
the linearity of these plots. This results from the fact that Deff decreases with 
increasing surface concentration, causing the lowering effect of diffusion 
limitation on the reaction rate to be stronger at high concentration. The predicted 
deviation was indeed observed and in many cases even a minimum in the 
reciprocal rate equation plots (corresponding to a maximum in a plot of the 
reaction rate as a function of palkane) was found. In these instances the increase in 
the intrinsic reaction rate resulting from an enhancement of palkane is outbalanced 
at high palkane by the lowering effect of the decreasing Deff. Normally, the effect of 
the concentration dependence of Deff should become weaker at high temperature 
because of the decreasing average equilibrium concentration of adsorbed 
molecules. The results suggested however that the contrary was true. This could 
be explained from the results of the intrinsic kinetic measurements, according to 
which the total concentration of adsorbed molecules is almost unaffected by 
temperature change. Moreover, since a temperature increase is predicted to shift 
the equilibrium between alkanes and alkoxides to the side of the latter and since 
alkoxides are probably immobile Deff is expected to decrease with increasing 
temperature. Indeed, the value of Eact,app was found to decrease with increasing 
temperature, which is what is expected if Deff decreases.  
Remarkably, the ratio between the isomerization activities for n-hexane and   
2,2-DMB observed on the large crystal size Pt/H-Mordenite was almost equal to 
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the ratio found on a small crystal size (diameter ~0.5 µm) sample. This can only 
be explained if the Deff values for both alkanes have the same order of magnitude, 
which is surprising considering the fact that 2,2-DMB is much more bulky than 
n-hexane. 
An equation was derived which describes the rate of alkane hydroisomerization 
under conditions of single-file diffusion limitation. Both the effects of the 
concentration dependence of Deff and the effect of the presence of immobile 
alkoxide intermediates were incorporated in the equation. Subsequently the 
experimental results obtained on the large crystal size catalyst were fitted to the 
equation using the intrinsic kinetic parameters for n-hexane hydroisomerization 
over Pt/H-Mordenite determined earlier as input parameters and the diffusion 
coefficient of a single particle (D0), for which no literature value was found, as a 
fitting parameter. A satisfactory agreement between model and experimental 
results was obtained with a single value for D0 over a wide range of temperature. 
In combination with the fact that the order of magnitude of D0 agreed well with 
that of experimentally observed D0 values for comparable molecules in single-file 
systems, this suggested that the proposed model was essentially correct.    
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Samenvatting 

 
 
De hydroisomerisatie van alkanen wordt algemeen toegepast als een relatief 
milieuvriendelijke manier voor het verhogen van het octaangetal van 
brandstoffen. In de meeste hydroisomerisatie-installaties wordt gebruik gemaakt 
van platina beladen gechloreerd alumina of platina beladen H-Mordeniet als 
katalysator. Deze katalysatoren zijn bifunctioneel, dat wil zeggen dat ze een 
metaal functie hebben die de dehydrogenering van alkanen en de hydrogenering 
van alkenen katalyseren en een zure functie die isomerisatie- en kraakreacties 
van koolwaterstoffen katalyseert. Het voorzien van de katalysator van een 
(de)hydrogeneringsfunctie heeft een tweeledig doel: aan de ene kant worden door 
dehydrogenering alkenen gevormd die veel reactiever zijn in kraak- en 
isomerisatiereacties dan alkanen en aan de andere kant wordt de gemiddelde 
verblijftijd van alkenen teruggebracht, waardoor de kans op consecutieve oligo-
merisatiereacties, die tot koolvorming en dientengevolge deactivering leiden, 
afneemt. Volgens het klassieke bifunctionele mechanisme bestaat hydroisomeri-
satie uit de volgende elementaire stappen: adsorptie van het alkaan, 
dehydrogenering, protonering van het resulterende alkeen, isomerisatie van het 
geprotoneerde alkeen, gevolgd door de eerste drie stappen in omgekeerde 
volgorde (deprotonering, hydrogenering en desorptie).  
In zijn algemeenheid is kennis van de kinetiek van gekatalyseerde reacties 
onontbeerlijk voor het ontwerpen van katalysatoren en reactoren en het 
optimaliseren van procesomstandigheden. De snelheid van heterogeen gekataly-
seerde reacties wordt echter bepaald door een groot aantal factoren en één van de 
uitdagingen in de kinetiekanalyse is het onderscheiden en kwantificeren van hun 
effecten op de totale kinetiek. In het ideale geval zou de netto reactiesnelheid 
worden uitgedrukt in termen van een aantal elementaire stappen die de 
activering van reactantmoleculen op een actieve plaats, adsorptie, diffusie, etc. 
beschrijven. In de praktijk is dit doel veelal niet haalbaar vanwege het grote 
aantal elementaire stappen die vaak niet afzonderlijk kunen worden bestudeerd 
zonder interferentie van andere stappen of alleen voor systemen of onder 
omstandigheden die zozeer verschillen van de uitgangssystemen dat ze 
nauwelijks representatief zijn. Het doel van het werk dat in dit proefschrift is 
beschreven was om de verschillende factoren die de netto reactiesnelheid van 
alkaan hydroisomerisatie over vaste zure katalysatoren bepalen te scheiden en 
kwantificeren. Deze factoren waren: adsorptie, deactivering, single-file diffusie en 
de structurele en elektronische omgeving van de zure plaats.  
Op basis van het klassieke bifunctioneel mechansime werd een 
snelheidsvergelijking afgeleid. Door de snelheden van de verschillende 
elementaire stappen the schatten was het mogelijk om een aantal stappen te 
identificeren waarvan kon worden aangenomen dat ze in evenwicht waren en op 
grond van algemene experimentele waarnemingen was het mogelijk om een 
aantal termen in de oorspronkelijke uitgebreide snelheidsvergelijking te 
elimineren. Zodoende werd een vereenvoudigde uitdrukking verkregen volgens 
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welke de reciproque activiteit evenredig toeneemt met de reciproque alkaandruk. 
Dit verband werd inderdaad geconstateerd voor n-hexaan hydroisomerisatie over 
verschillende katalysatoren zolang deactiverings- en diffusie-effecten konden 
worden verwaarloosd. Het was mogelijk om tegelijkertijd de isomerisatiesnel-
heidscoëfficiënt en de protoneringsevenwichtsconstante te bepalen uit de helling 
en asafsnede van deze grafieken (reciproque snelheidsvergelijkingsgrafieken 
genoemd) met behulp van de adsorptie- en dehydrogeneringsevenwichts-
constante. Door deze procedure te herhalen voor een aantal verschillende 
temperaturen konden de activeringsenergie van isomerisatie (Eact,isom) en de proto-
neringsenthalpie (∆Hpr) worden bepaald. Bovendien maakte deze methode het 
mogelijk om de effecten van adsorptie en protonactivering op de reactiesnelheid 
te scheiden.  
Om het effect van de omgeving van de zure plaatsen te bestuderen, werden 
Eact,isom en ∆Hpr bepaald voor een aantal verschillende vaste zuren, namelijk de 
zeolieten H-Beta, H-Mordeniet, H-ZSM-5 en H-ZSM-22 en de synthetische klei 
Mg-Saponiet. De Eact,isom en ∆Hpr waarden lagen allemaal binnen het interval van 
kwantumchemisch bepaalde Eact,isom en ∆Hpr waarden. De spreiding in de ∆Hpr 
waarden was relatief klein (tussen –53 en –69 kJ/mol) vergeleken met de 
spreiding in de Eact,isom waarden (tussen 100 en 182 kJ/mol). Aangezien de 
schijnbare sterkte van de zure plaatsen van alle katalysatoren vergelijkbaar was, 
werd de relatief grote variatie in Eact,isom waarden toegeschreven aan verschillen 
in de mate van vervorming van het kristalrooster die benodigd is voor het 
inpassen van de overgangscomplexen; aangezien deze vervormingen energetisch 
ongunstig zijn, beïnvloeden ze de activeringsenergie. Een grafiek waarin Eact,isom 
was uitgezet als functie van de logaritme van de preëxponentiële factor van 
isomerisatie was lineair, hetgeen wijst op een compensatie-effect. Op basis van 
deze waarneming werd geconcludeerd dat bij lage alkaandruk en typische 
hydroisomerisatietemperaturen (~250 °C) verschillen in katalytische activiteit 
voornamelijk worden bepaald door verschillen in de concentratie van zure 
plaatsen en in de adsorptieevenwichtsconstanten van het reagerende alkaan.     
De effecten van deactivering op de kinetiek van n-hexaan hydroisomerisatie over 
platina beladen H-Mordeniet en H-ZSM-22 werden bestudeerd door de resultaten 
verkregen met deactiverende en gedeactiveerde katalysatoren te vergelijken met 
resultaten verkregen onder omstandigheden waarbij deactiveringseffecten 
minimaal waren. In de laatstgenoemde experimenten werd de invloed van 
deactivering geminimaliseerd door de katalysatoren tussen opeenvolgende 
activiteitsmetingen te regenereren en de activiteit te meten na een korte 
contacttijd. Daarom werd aangenomen dat de aldus verkregen waarden van de 
kinetische parameters bij benadering gelijk waren aan de intrinsieke waarden. 
Uit de snelheidsvergelijking gebaseerd op het klassieke bifunctionele 
mechanisme volgt dat de intrinsieke reactieorde met betrekking tot waterstof (n) 
dezelfde absolute waarde zou moeten hebben als de intrinsieke reactieorde met 
betrekking tot het alkaan (m), maar met een negatief teken (binnen hetzelfde 
palkaan/pH2 interval). Dit was inderdaad wat werd gevonden voor Pt/H-Mordeniet. 
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Voor Pt/H-ZSM-22 bleek echter dat |n| kleiner was dan m, waarvoor geen 
bevredigende verklaring werd gevonden. Initiële deactivering veroorzaakte een 
verlaging van m en een verhoging van n ten opzichte van de intrinsieke waarden. 
Het eerstgenoemde resultaat werd toegeschreven aan een toename van het 
evenwichtshoeveelheid kool met toenemende pn-hexaan; dit leidt tot een afname in 
het aantal actieve plaatsen, wat een activiteitstoename tot gevolg heeft die 
kleiner is in het geval dat deactivering verwaarloosbaar zou zijn. Een toename 
van n wordt veroorzaakt door het tegengestelde effect: een toename van pH2 leidt 
tot een toename van de ontkolingsactiviteit en daardoor tot een toename van het 
aantal actieve plaatsen. Dit gaat de afname van de intrinsieke activiteit als 
gevolg van een afnemende evenwichtsconcentratie van alkenen tegen; daarom is 
de activiteitsafname met toenemende pH2 kleiner in afwezigheid van deactive-
ringseffecten. In het geval van Pt/H-Mordeniet wordt het verhogende effect van 
het toenemende aantal actieve plaatsen op de netto activiteit overtroffen door het 
verlagende effect van de afnemende alkeenconcentratie, hetgeen resulteert in een 
positieve n waarde. 
Het effect van initiële deactivering op de schijnbare activeringsenergie (Eact,app) 
was nogal verschillend voor de twee katalysatoren: op Pt/H-Mordeniet was de 
Eact,app waarde na deactivering vrijwel gelijk aan de intrinsieke waarde, terwijl op 
Pt/H-ZSM-22 de Eact,app waarde gemeten na deactivering veel hoger was. Het 
eerstgenoemde resultaat werd toegeschreven aan het feit dat de 
temperatuurafhankelijkheid van het evenwichtsniveau van deactivering relatief 
klein was. Het tweede resultaat lijkt merkwaardig, omdat verwacht wordt dat de 
evenwichtshoeveelheid kool toeneemt met de temperatuur, wat een remmende 
werking heeft op de activiteitstoename en dus tot een verlaging van Eact,app leidt 
ten opzichte van de intrinsieke waarde. De reden van dit verwachte 
temperatuureffect is dat kool uit polyaromatische moleculen bestaat de vorming 
waarvan uit verzadigde koolwaterstoffen sterk endotherm is. De constatering van 
de abnormale toename van Eact,app op Pt/H-ZSM-22 hield verband met de 
onderdrukking van de vorming van polyaromatische moleculen, die wordt 
veroorzaakt doordat de poriën van ZSM-22 te nauw zijn voor deze moleculen. Er 
werd verondersteld dat deactivering op ZSM-22 wordt veroorzaakt door de 
vorming van lange alifatische koolwaterstofmoleculen. Aangezien kan worden 
aangetoond dat het enthalpieverschil tussen gasvormig n-hexaan en 
geadsorbeerde lange alifatische koolwaterstoffen negatief is, betekent dit dat de 
evenwichtsconcentratie van deze geadsorbeerde moleculen afneemt met 
toenemende temperatuur; derhalve neemt het aantal geïnactiveerde plaatsen af 
wat leidt tot een verhoging van Eact,app.  
Als verwacht leidde het achterwege laten van een initiële deactiveringsperiode 
tot een verlaging van de waarden van m, n en Eact,app, omdat in dat geval de 
concentratie van actieve plaatsen continu afneemt tijdens de experimenten. Een 
opmerkelijk resultaat was dat in een grafiek van de activiteit als functie van de 
temperatuur een minimum werd waargenomen. Dit kon worden verklaard in 
termen van de veranderende relatieve deactiveringssnelheid tijdens de meting: 
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aan het begin van het experiment, dat wil zeggen bij lage temperatuur, is de 
deactiveringssnelheid relatief hoog vanwege de overvloed aan plaatsen waarop 
kool kan worden afgezet. Als gevolg daarvan weegt het verlagende effect van 
deactivering op de reactiesnelheid zwaarder dan het effect van de intrinsieke 
activiteitstoename, wat leidt tot een netto verlaging van de reactiesnelheid. 
Naarmate de meting voortduurt neemt de deactiveringssnelheid af totdat deze 
wordt overtroffen door de intrinsieke activiteitstoename.  
Kinetiekmetingen na initiële deactivering werden ook uitgevoerd met een     
Pt/H-Mordeniet katalysator met een lagere platinabelading. De gemeten 
waarden voor m en n bleken kleiner te zijn dan de overeenkomstige waarden op 
een katalysator met een hogere metaalbelading. De verlaging van m werd als 
volgt verklaard: omdat de gemiddelde verblijftijd van onverzadigde 
koolprecursors toeneemt met afnemende metaalbelading, zal de snelheid van 
koolvorming niet alleen hoger zijn, maar tevens sneller toenemen met 
toenemende palkaan; dientengevolge zal de toename van de intrinsieke activiteit in 
hogere mate worden tegengewerkt, hetgeen resulteert in een kleinere waarde 
van m. De afname van n met afnemende platinabelading werd toegeschreven aan 
een afname van de effectieve snelheidscoëfficiënt van ontkolingsreacties als 
gevolg van een kleiner aantal metaalplaatsen. Het effect van deze lagere 
ontkolingsactiviteit is dat een verhoging van pH2 resulteert in een kleinere 
toename van het aantal actieve plaatsen, met andere woorden, het verhogende 
effect van ontkoling op n is minder sterk.  
Een van de kwesties in de heterogene katalyse waaraan gedurende de laatste 
tien jaar aanzienlijk veel aandacht is besteed, is single-file diffusie. Single-file 
diffusie heeft plaats in eendimensionale poriën die te nauw zijn voor 
tegendiffusie van geadsorbeerde moleculen. Dit resulteert in een sterke correlatie 
tussen de bewegingen van individuele moleculen, wat tot uitdrukking komt in 
een aanzienlijke verlaging van de effectieve diffusiecoëfficiënt en een sterke 
toename van de mobiliteit bij lage adsorbaatconcentraties. De effecten van  
single-file diffusielimitering op de kinetiek van n-hexaan en 2,2-dimethylbutaan 
(2,2-DMB) hydroisomerisatie werd onderzocht door gebruik te maken van grote 
kristallen (diameter ~50 µm) van Pt/H-Mordeniet, dat eendimensionale poriën 
heeft. Dit systeem is van praktisch belang aangezien het één van de meest 
gebruite hydroisomerisatiekatalysatoren is. Bovendien mag worden verwacht dat 
de aanwezigheid van alkoxide-intermediairen, die worden verondersteld te 
worden gevormd na protonering van alkeenmoleculen, abnormale effecten 
veroorzaakt naast de single-file effecten. Vanwege de sterke covalente      
koolstof-zuurstofbinding, zijn alkoxides waarschijnlijk immobiel en dientenge-
volge zou hun aanwezigheid een sterke invloed moeten hebben op de effectieve 
diffusiecoëfficiënt (Deff). Zoals eerder vermeld zouden reciproque snelheidsverge-
lijkingsgrafieken lineair moeten zijn wat inderdaad werd gevonden onder 
omstandigheden waarbij diffusie niet snelheidsbepalend was. Echter, als    
single-file diffusielimitering optreedt wordt verwacht dat de karakteristieke 
concentratieafhankelijkheid een afwijking van de lineariteit van deze grafieken 
veroorzaakt. Dit is een gevolg van het feit dat Deff afneemt met toenemende 
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oppervlakteconcentratie, wat ervoor zorgt dat de verlagende invloed van 
diffusielimitering op de reactiesnelheid bij hoge concentratie sterker is. De 
voorspelde afwijking werd inderdaad waargenomen en in veel gevallen werd zelfs 
een minimum in de reciproque snelheidsvergelijkingsgrafieken (corresponderend 
met een maximum in een grafiek van de reactiesnelheid als functie van palkaan) 
gevonden. In deze gevallen wordt bij hoge palkaan de toename van de intrinsieke 
reactiesnelheid overtroffen door het verlagende effect van de afnemende Deff. 
Normaal gesproken zou de invloed van de concentratieafhankelijkheid van Deff 
zwakker moeten worden bij hoge temperatuur als gevolg van de kleiner 
wordende gemiddelde evenwichtsconcentratie van geadsorbeerde moleculen. De 
resultaten suggeerden echter dat het tegendeel waar was. Dit kon worden 
verklaard uit de resultaten van de intrinsieke kinetiekmetingen, volgends welke 
de totale concentratie van geadsorbeerde moleculen vrijwel niet beïnvloed worden 
door temperatuursveranderingen. Bovendien, aangezien een temperatuurs-
toename het evenwicht tussen alkanen en alkoxides in de richting van de 
alkoxides verschuift en aangezien alkoxides waarschijnlijk immobiel zijn, mag 
worden verwacht dat Deff afneemt met toenemende temperatuur. Inderdaad bleek 
Eact,app af te nemen met toenemende temperatuur, hetgeen verwacht wordt als Deff 
kleiner wordt. 
Merkwaardig genoeg was de verhouding tussen de isomerisatieactiviteiten voor 
n-hexaan en 2,2-DMB die werd gevonden voor de grote kristallen Pt/H-Mordeniet 
vrijwel gelijk aan de verhouding die werd gevonden voor kleine kristallen     
Pt/H-Mordeniet (diameter ~0.5 µm). Dit kan alleen worden verklaard als de Deff 
waarden van beide alkanen dezelfde orde van grootte hebben, wat opmerkelijk is 
gezien het feit dat 2,2-DMB veel omvangrijker is dan n-hexaan.         
Een vergelijking werd afgeleid die de snelheid van alkaanhydroisomerisatie 
beschrijft onder omstandigheden waarbij single-file diffusielimitering optreedt. 
Zowel de invloed van de concentratieafhankelijkheid als die van de aanwezigheid 
van immobiele alkoxide-intermediairen werd verwerkt in de vergelijking. 
Vervolgens werden de resultaten verkregen voor de grote kristallen               
Pt/H-Mordeniet gefit aan de vergelijking waarbij de eerder bepaalde intrinsieke 
kinetische parameters voor n-hexaan hydroisomerisatie over Pt/H-Mordeniet 
werden gebruikt als invoerparameters en de diffusiecoëfficiënt van een enkel 
molecule (D0), waarvoor geen literatuurwaarde werd gevonden, als een 
fitparameter. Een bevredigende overeenstemming tussen model en experimentele 
resultaten werd verkegen met een enkele waarde voor D0 voor een groot 
temperatuurgebied. In combinatie met het feit dat de orde van grootte van D0 
overeenkwam met die van experimenteel bepaalde D0 waarden voor vergelijkbare 
moleculen in single-file systemen, wees dit erop dat het voorgestelde model in 
essentie correct was.   
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