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1 Summary 

The solid superacid catalysts investigated in this project catalyze 

hydrocarbon conversions by routes involving carbocation intermediates. "his 

report is a summary of mechanisms of hydrocarbon conversion catalyzed by these 

and related solid acids. This mechanistic information summarized here is 

important to the present project because it provides guidance for the modeling of 

the kinetics of the catalytic butane conversion and propane conversion. 

Because of the difficulty of determining surface reaction intermediates, 

understanding of surface reaction mechanisms lags far  behind that of solution 

reaction mechanisms, and what is known about the former is fragmentary and 

often largely based on presumed analogies with the latter, combined with results 

such as those from tracer experiments, kinetics experiments, and theoretical 

chemistry. 
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2 Acid-Base Cata lvsis 

Catalysis by acids and bases generally proceeds via cycles involving hydrogen transfer 

reactions. In solution, solvent molecules like water often play a role, e.g., by interacting 

strongly with reaction intermediates andor by being donors or acceptors of protons. Reactions 

catalyzed by soluble acids or bases are also catalyzed by solid acids or bases, but the solid- 

catalyzed reactions usually take place in the absence of solvents and at much higher temperatures 

than are practical with solutions. When solid catalysts incorporate functional groups similar to 

those of soluble catalysts, there are close analogies between the two. For example, sulfonic acid 

groups in ion-exchange resins (used to catalyze synthesis of methyl-tert-butyl ether from 

isobutylene and methanol) act catalytically much like soluble toluenesulfonic acid. 

When proton-donor groups are dissociated and hydrated so that (hydrated) H,O+ ions are 

present, then these are the catalytically active species, and the term specific acid catalysis is 

applied. Such catalysis is virtually the same in solution and near the surface of a hydrated solid 

acid such as an ion-exchange resin. Catalysis by OH- is called specific base catalysis. On the 

other hand, when undissociated acid (or base) groups are the catalytic sites, the catalysis is called 

general acid (or base) catalysis. General acid catalysis, whether in solution or on a surface, 

usually is complex because a variety of unidentified species may be simultaneously present and 

catalytically active. 

General acid catalysis predominates in solid acid catalysis. Because typical solid acids 

such as metal oxides incorporate both a spectrum of proton-donor groups such as OH groups 

(Bransted acid sites) and a spectrum of electron-pair acceptor groups (Lewis acid sites) with 

various strengths, the catalytic sites often remain unidentified. Thus although there may be 
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simple relationships between catalytic activity and easily measured properties characterizing 

acidity, they often do not provide much insight into the nature of the catalytic sites or the 

reaction mechanism. Thus the 

analogies between solution and surface acid (or base) catalysis are for the most part rather weak, 

The same holds true for basicity and catalysis by bases. 

and the mechanistic interpretations summarized here are simplified. 

3 Carbocab 'ons and their Reactiow [1-71 

The key reaction intermediates in acid-catalyzed hydrocarbon reactions are carbocations, 

the reactions of which are summarized below. Reactions proceeding by free radical 

intermediates are ignored in this chapter, although they are important in hydrocarbon reactions 

catalyzed by acids at temperatures higher than those of the processes mentioned here. 

3.1 Natu re and Formation of Carbocatio ns 

3.1.A Carbenium ions 

Hydrocarbons are weak bases, and the acid catalysts required for their conversion are 

relatively strong acids. The most important reactant classes include alkenes, aromatic 

hydrocarbons, and alkanes. Aromatics and alkanes are present in crude petroleum, and alkenes 

are formed as products of petroleum cracking. Solid acids are important catalysts for many 

large-scale conversions of these compounds. Alkenes and aromatics in the presence of a strong 

acid are converted in part into carbenium ions, which are intermediates in a variety of acid- 

catalyzed reactions, summarized below. In solution, carbenium ions are usually solvated or 

present in ion pairs, but, for simplicity, the carbenium ion structure alone is often written. 

Carbenium ions form from alkenes and from aromatics by proton additions [eq. (la)] and 

from alkanes via carbonium ion intermediates [eq. (1 b)]: 
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M +H+ - + 

H2 + A A  
CH + 

Much has been learned about the reactions of carbenium ions by investigation of them in 

superacid solutions [SI. Superacids are Combinations of Lewis and BrPlnsted acids, such as HF + 
SbF, or FS0,H + SbF,. In aprotic solvents, they are so strongly acidic that they are capable of 

protonating alkenes almost entirely to give carbenium ions; the following reaction generating a 

carbenium ion is driven almost completely to the right: 

+ 
R-CH?=CH~-R' + H --+ RCH~EH~-R'  

Superacids havc thus allowed investigations of the reactivities of carbenium ions in the 

near absence of alkenes. Complete conversion of alkenes to carbenium ions greatly simplifies 

matters because alkenes react with carbenium ions. Investigations with proton and l3C NMR 

spectroscopy have provided a wealth of quantitative information about carbenium ion reactivity 

and, consequently, about mechanisms of catalytic conversion of hydrocarbons [ 1-71. This 

chemistry is a foundation for what follows. 

The great proton-donor strengths of superacids are associated with reactions that stabilize 

protonated forms of the Brsnsted acids [SI. For example, when FS03H is in the presence of 



5 

SbF5, [FSO,HJ' is formed; when HF is used with SbF5, a superacidic proton donor is H2F+. 

These species can form because of the great stability of the anions SbFS(S0,F)- and SbF,-, with 

which they may be ion-paired. 

Tertiary carbenium ions are much more stable than secondary carbenium ions, which are 

much more stable than primary carbenium ions. Calorimetric measurements have shown that the 

difference in stability between tertiary and secondary carbenium ions having the same carbon 

skeleton is about 54 kJ/mol [SI. The difference in stability between secondary and primary 

carbenium ions having the same carbon skeleton is greater than about 71 kJ/mol. Because 

entropy effects are expected to be negligible, the free energy differences correspond to the 

enthalpy differences. There are no significant differences in stabilizing effects attributed to 

different alkyl groups. 

' 

Quantum mechanical calculations have been done to help visualize how an alkene 

molecule interacts with acidic OH groups such as those present on the surfaces of metal oxides 

or zeolites [9,10]. Basically, the 7c-electron cloud of the hydrocarbon interacts with the proton- 

donor group, and then the proton bound to the catalyst surface forms a bond to one carbon atom 

in a C=C moiety. The surface 0-H bond is broken, and another oxygen atom of the surface 

forms a bond with the other carbon atom of the C=C moiety. Regardless of how this actually 

occurs, the result is a covalently bonded surface alkoxy species, which is regarded as an 

intermediate in numerous catalytic reactions: 



H\ /H 
H /c=c\H I 

H 

I 
/"\ /"\ 
\ 0 / A \ /  0 

H\ /H 

I 
/"\ /"\ 
\ 0 / A \ /  0 

, ' ' c y H  
I H 

H' 
L 
I 

6 

CH3 

CH2 
1 
I 

/"\ /"\ 
\ 0 / M \ /  0 

It is presumed that excited states of such alkoxy species are carbenium ion-like in 

behavior and are the transition states for catalytic reactions for which the alkoxy species are 

intermediates [11,12] (Fig. 1). The reactions of the carbenium ions are discussed below. 

An alkane forms a carbenium ion through carbonium ion-like reactions which are 

discussed below. This can result from interaction of an alkane with a proton to give a carbenium 

ion plus H2 or a smaller carbenium ion plus an alkane. Alternatively, a carbenium ion can form 

as a result of an interaction of an alkane with a carbenium ion, as follows: (a) Hydrogen transfer 

from an alkane to a carbenium ion, giving another alkane and another carbenium ion or (b) 

disproportionation of a carbenium ion to give a carbenium ion of a different carbon number. 

These are discussed below in sections 5.4.3.1.B and 5.4.3.2.A.B. 

3.1.B Carbonium ions 

The interaction of an alkane with a superacidic proton donor can be written as follows, 

whereby addition can occur across a C-C or a C-H bond: 
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t 
H+ c-c\ 

FR-CH;! R 

R I 

I+ 
I+ 

R-CH-R + H2 + 

RCH3 + R'+ 

The product, a carbonium ion, has a three-center, two-electron bond [5]. Such a species must be 

strongly coordinated to the catalyst surface, and calculations have shown the permissibility of 

surface transition states such as those shown below [13-151: 

/O\ /o\ 
\ 0 / A \  0 / 

' 
H 

I r n  : b  
I 

I 

/O\  /O\ 

\ 0 / A \  0 / 

+ H2 
(a) /O\ /O\  - 

C-H \ 0 /*I\ 0 / 

(m=bond being made 
b= bond being broken) 

1 
(b) /o\ /O\  

c-c + \  0 / A \  0 / 
+ CH3-CH3 
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Fig. 1. Energy diagram for conversion of alkoxy species into carbenium ion-like species. 

E J 
S 

\ 

Reaction Coordinate 

It is believed that concerted bond-breaking and bond-forming steps make the energetics 

favorable relative to the energetics of stepwise reactions. 

3.2 Reactions of Carbocab 'ons 

3.2.A Carbenium Ions 

The following sections describe the elementary steps undergone by carbenium ions, 

whatever their exact nature. 

3.2.A.a Intramolecular reactions 

Hvdride and alkyl shifQ. The important reactions of carbenium ions include 

isomerizations proceeding by 12-hydride and 1,2-alkyl shifts, symbolized by H- and CH3-, 

respectively : 

C C  
I I  H- 

C C  
I I  

c-c-c-c c-c-c-c 
+ I  + I  

H H 
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C C  
CH3- I I  

C C  
I I  

c - c - c - c  + c - c - c - c  
+ I  I +  

C C 

(7) 

The hydride shift is probably the most facile reaction of carbenium ions. Formally, it 

occurs as shown in eq. (6). Mechanistically, it may involve a three-member (or larger) ring 

intermediate and a more or less symmetrical transition state involving concerted bond making 

and breaking: 

CH3- CH2, 

I"" 
c? /CH3 

CH 
I 

/O \  / O \  

\o/ \ o /  
A1 

Carbenium ions equilibrate rapidly to give a distribution of isomers favoring the more stable 

highly substituted species. 

Alkyl shifts involve the migration of alkyl groups, as shown formally in eqs. (7) and (9). 
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The distribution of products is affected by the stabilities of the transition states by which they are 

formed, with tertiary being favored over secondary being favored over primary carbenium ions; 

vinyl and benzyl carbenium ions are also relatively stable. However, the formation of stable 

highly substituted species can be sterically inhibited, for example, by the confining pores of 

zeolites, as discussed below. The rates of alkyl shifts are less than the rates of hydride shifts, 

and they may be competitive with hydride transfer and j3-scission, depending on the nature of the 

carbenium ions and other interacting species. 

The alkyl shift mechanisms probably involve protonated cyclopropyl (or larger ringed) 

intermediates, as shown below [16-183: 
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Combinations of these elementary steps account for reactions such as skeletal 

isomerization of tertiary octyl cation: 

C C  c c c  
I I  I l l  

c - c-c-c-c 4 c-c-c-c-c 
I +  + 
C 

which proceeds via a hydride shift followed by a methyl shift: 

C C  
I I  

c - c-c-c-c 
I +  
C 

C C  
H- I I  

c- c- c- c 
I +  
C 

Me- 
c c c  
I l l  

c-c-c-c-c + 

The intermediate is a secondary carbenium ion, which, in solution, is about 54 kJ/mol less stable 

than the tertiary reactant ion. Because the activation energy barrier for a hydride or methyl shift 

is roughly 5 kJ/mol, the activation energy for the overall reaction in solution is about 60 kJ/mol. 

Carbenium ion rearrangements leading to a change in the degree of branching are not 

accounted for by simple hydride and alkyl shifts. For example, the following isomerization, 

which leads from a carbenium ion with a single branch to one with two branches, does not 

C c c  
I I I  

c-c-c-c-c + c-c-c-c + + 
proceed via a sequence of hydride and methyl shifts, because it would involve a highly unstable 

primary carbenium ion. The accepted mechanism for a branching rearrangement involves an 

intermediate incorporating a protonated cyclopropane ring, which is much lower in energy than 
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a primary carbenium ion. Carbenium ion rearrangements leading to changes in the degree of 

branching are believed generally to proceed via such intermediates [3,16-181. 

Beta-elimination. When an adsorbed carbenium ion reacts to give back the proton to the 

surface with desorption of an alkene, the reaction is the reverse of protonation of an alkene by the 

surface. This reverse reaction is a p-elimination, which may proceed as follows: 

&- + A A / +  H+ 

This reaction is favored at high temperatures (2 800 K) and competes with p-scission (described 

in the next section). At lower temperatures, intermolecular reactions (described below) can 

intervene. 

Beta-scission. An important reaction of carbenium ions is p-scission, breaking of a 

carbon-carbon bond located p to the charged carbon atom, which occurs in catalytic cracking. 

The reaction occurs formally as follows (it may occur in concert with a hydride shift to form 

more stable carbenium ions): 

- A 4 Beta-scission + + 
+ L - A + 4 (Concurrent withH-shift?) + 
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Again, a concerted reaction can be written for a possible mechanism: 

- H+ + 9 
The reaction generates an alkene and another carbenium ion. The rate depends on the relative 

stabilities of the reactant and product carbenium ions. When both are tertiary, the reaction is fast, 

faster than a branching rearrangement but slower than a nonbranching rearrangement [3]. The p- 

scission step may be as fast as some intermolecular reactions such as hydride transfer (described 

below), but with branched alkanes in the reactant mixture and with carbenium ions with < 7 

carbon atoms, hydride transfer can be much faster (section 5.4.3.2.A.b). 

Cyclization. Formally, the reaction is written as follows: 

rn=bond making 
b=bond breaking 

+ 

Products formed by cyclization reactions include carbonaceous deposits (coke). 
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3.2.A.b Intermolecular reactions 

The reactions here involve carbenium ions as Lewis acids reacting with alkanes, alkenes, 

and aromatics. 

Reactions with alkanes. Hvdride transfer. Carbenium ions are Lewis acids and capable 

of abstracting hydride ions, e.g., formally as follows: 

- w +  A + 

AH\ 
The alkane is converted into a carbenium ion and vice versa. The bimolecular reaction is 

extremely rapid when both reactant and product cations are tertiary and much less rapid when a 

tertiary cation reacts to give a secondary cation. The mechanism is not known, but it might 

proceed as shown below: 

Y 
/"\ /"\ 
\ 0 / A \ /  0 

+ A 

Alternatively, it has been proposed [19] that this reaction may also proceed through 

carbonium ion-like intermediates (or transition states), perhaps similar to those proposed for the 

alkane-proton reaction, as shown below: 
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M/ 
CH 

"Carbonium Ion" 

+ 1 -  
However, free carbonium ions are unlikely to form, and if this reaction proceeds through 

carbonium ion-like species, what is shown in eq. (19) is more plausible. 

In principle, hydride transfer involving alkenes can also take place much as hydride 

transfer involving alkanes takes place. 

Dismonortionation. Formally, this occurs as shown below; fragments of the carbon 

skeletons of the interacting alkane and carbenium ion are exchanged: 

A /y - A/+ + 

Mechanistically, what might take place is shown below: 

P 

+ 
'y 
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Reactions with alkenes. Dimerization. The alkene adds to the carbenium ion to form a 

larger carbenium ion, as shown below: 

R'+ + 
/CH-CH-CH3 

R-CHZCH-CH~ - 
R 

This is the reverse of p-scission and takes place in alkylation reactions. It is thermodynamically 

favored at low temperatures (alkylation is carried out at subambient temperatures), whereas p- 

scission is favored at high temperatures (cracking is carried out at temperatures of roughly 800 

Reactions with aromatics. Addition of aromatics to carbenium ions is illustrated in the 

reactions that follow: 
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4 Catalvtic Reactions involvinc Carbocation Intermediates 

4.1 Alkene Olipomerization and Polymerization 

After formation of a carbenium ion, repeated addition reactions can occur, forming longer 

carbenium ions [eq. (23)]. These carbenium ions can undergo p-elimination to give desorbed 

alkenes as products [eq. (14)], or they can undergo hydride transfer with hydrocarbons to form 

alkanes [eq. (1 8)]. 

4.2 Isomerization 

Double bond migration in alkenes results from protonation to form a carbenium ion, one 

or more hydride shifts, and then p-elimination to give the desorbed alkene. As in solution, cis- 

trans isomerization can also occur, as a result of bond rotation in the carbenium ion or alkoxy 

species formed from the alkene, followed by p-elimination. 

Skeletal isomerization (e.g., n-pentane + isopentane; para-xylene + ortho-xylene) 

involves formation of the carbenium ion [eq. (5a) or (18) for alkanes; eq. (la) for unsaturates] 

followed by alkyl shifts [eq. (7)] perhaps concomitant with hydride shifts [eq. (6)] to avoid 

formation of primary carbenium ions, and finally hydride transfer [eq. (18)], leading to the 

desorbed alkane. (Primary carbenium ion formation can also be avoided if the reactions proceeds 

via protonated cyclopropyl intermediates.) The process is represented as follows: 

M 
EQ 

5aor 18 -* 
EQ 

EQ 7 - 
7+6 \ + 

EQ 
18 - 'y 



18 

Disproportionation reactions can also lead to isomerization [20,21]: 

Alkene isomerization can take place by protonation to give a carbenium ion, followed by 

alkyl shifts and p-elimination to give the rearranged alkene. Aromatic isomerization can take 

place by carbenium ion formation [eq. (l)] followed by hydride [eq. (6)] and alkyl [eq. (7)] shifts 

leading to ring expansion or contraction, as shown in eq. (28): 

d - E Q l a  H+ b - 

&2(--& / -H+ 

I E Q 6 t  /+ 

7-member ring 
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The reactions lead to changes in the type of alkyl group or the location of the alkyl group on the 

ring. Product formation results from p-elimination [eq. (14)]. Alternatively, aromatics can 

isomerize intermolecularly via transalkylation, as described in section 5.4.4.5, below. 

Ring expansion or contraction of cycloalkanes takes place as a carbenium ion is formed 

[eq. (5a) or eq. (18)], followed by alkyl shifts, as shown in eq. (9b). However, the mechanism 

may be more complex than what is shown here [22]. For example, concerted hydride shifts may 

occur to avoid formation of primary carbenium ions [eq. (26)]. Furthermore, protonated pseudo 

cyclopropyl rings can form, as discussed above [eq. (1 O)]. 

Cyclization of alkenes takes place by carbenium ion formation followed by carbon- 

carbon bond formation [eq. (17)]. Once an alkane is converted into a carbenium ion [eq. (5a), eq. 

(1 8)], the same steps can follow. 

4.3 Cracking 

Mechanisms of many hydrocarbon reactions catalyzed by acidic surfaces are interpreted 

within the framework of the chemistry stated in the preceding sections. One of the most 

important of these is catalytic cracking (section 3.10), whereby hydrocarbons are converted into 

smaller hydrocarbons in the presence of zeolite-containing acid catalysts at temperatures of 

roughly 800 K. Besides gas oil cracking and residuum cracking, processes in this class include 

shape-selective dewaxing. Reactants include alkanes, alkylaromatics, and products of cracking, 

including alkenes. 

Alkanes and cycloalkanes crack via a variety of combinations of steps. Alkanes are 

activated as stated above. They undergo both “bimolecular’y (or “carbenium ion” or “classical”) 

cracking [23] and “unimolecular” (or “carbonium ion” or “Haag-Dessau”) cracking [24,25], with 
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the former dominating at temperatures less than about 700 K. “Unimolecularyy cracking of an 

alkane is initiated as the alkane is protonated by the catalyst. Some solid acids (superacids) may 

even be able to protonate alkanes at temperature much less than those of cracking processes. 

If addition of the proton is across a C-C bond, the resultant carbonium ion can crack to 

give an alkene and a carbenium ion, and the latter can undergo a p-elimination to give an alkene. 

This mechanism predicts equimolar yields of the alkane and alkene products, which have been 

observed, for example, for cracking of n-butane catalyzed by HZSM-5 at low conversions [25]. 

If addition of the proton is across a C-H bond, the resultant carbonium ion splits out H2 and a 

carbenium ion, which can undergo p-elimination to give an alkene. In cracking of n-butane 

catalyzed by HZSM-5, H2 and butenes were observed in equimolar yields at low conversions, 

consistent with this mechanism [26]. 

Instead of p-elimination, the carbenium ion formed by cracking of the carbonium ion may 

undergo p-scission in either of these mechanisms, as shown in eq. (1 5). 

The alkenes produced by “unimolecular” cracking, especially in zeolites, are readily 

protonated by the catalyst to give carbenium ions. This may be a negligible side reaction at very 

low conversions, but otherwise it can becomes a dominant pathway of cracking, whereby 

carbenium ions undergo bimolecular reactions with alkanes. This leads to hydride transfer and 

disproportionation reactions, as shown in eqs. (1 8) and (21). Disproportionation can lead directly 

to cracked products [eq. (21)]. 

In this “bimolecular” cracking mechanism, a C6 molecule interacting with a C3 

carbenium ion can crack to give C4 and C5 fragments without giving C1 and C2 fragments: 
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- A / + + -  
A 

(6 + 3 
(29) 

4 + 5) 

In contrast, in cracking by the “unimolecular” mechanism, in which a proton is added across a C- 

C bond, all these products are formed [eq. (4b)l. 

In “bimolecular” cracking, the final carbenium ion fiagment shown leaving as an alkene 

in eq. (14) can instead undergo hydride transfer with an alkane, as shown in eq. (1 S) and leave as 

an alkane. This step activates another feed alkane molecule; the carbenium ion is thus a chain 

carrier, and the process is cyclic (catalytic), as shown in Fig. 2. Thus “bimolecular” cracking 

becomes an important route at conversions greater than a few percent; it is especially favored at 

lower temperatures with zeolite catalysts at conversions that are not very low. 

We emphasize that alkane cracking is a very complex process. The alkane interacts with 

protons and a wide variety of carbenium ions (which form from the alkane). Any of the 

hydrocarbon bonds can interact with the acidic site. This makes it difficult to unravel any 

mechanism. Furthermore, many other reactions accompany cracking, including isomerization, 

disproportionation, and C-C bond forming. A number of recent investigations have led to a 
. I  

fairly complete statement of the complex product distributions and relative rates of the 

elementary reactions [23-3 13. The most successll such experiments have been done with zeolite 

catalysts having low concentrations of proton-donor groups, such as HZSM-5; catalyst 

deactivation is minimal with this zeolite. 



H EQ 15,6 
Beta-scission 

4 

+ 

Fig. 2. Schematic cycle for “bimolecular” cracking falkan 
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. 4.4 Alkylation [32] 

Aromatic alkylation (section 4.1) takes place by addition of a carbenium ion to the 

aromatic ring, as shown in eq. (25), followed by p-elimination [eq. (14)]. Alternatively, one 

could envision addition of an alkene to a carbenium ion formed from the aromatic hydrocarbon, 

but in practice this is unimportant because carbenium ions are formed much more readily from 

alkenes than from aromatics because aromatics lose the stabilization of resonance energy upon 

addition of a proton whereas alkenes do not. 

Alkane alkylation, e.g., the industrially important formation of octanes (among other 

products) from the reactions of but-1-ene with isobutane occurs via formation of the carbenium 

ion by protonation of the alkene, activation of the alkane by hydride transfer [eq. (18)], addition 
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of the alkene to the carbenium ion [eq. (23)], hydride transfer fiom the isobutane to release the 

dimer and form another carbenium ion, and so forth [32]. The steps are shown in the schematic 

catalytic cycle of Fig. 3. 

Practical alkylation is catalyzed by liquid HF or H2SO4, and research with solid 

alkylation catalysts has been motivated by environmental concerns associated with the liquid 

acids. So far, there is no good solid acid alternative to the liquid acids; the solids undergo rapid 

deactivation. 

4.5 Transalkylation of Aromatics 

This industrially applied reaction (section 4.2) leads to the transfer of alkyl groups 

between aromatic rings; one application is of toluene to give xylenes. 

(among other isomers) 
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The transalkylation of xylene to give toluene and trimethylbenzene is shown below: 

I 

The aromatic is activated to give a carbenium ion (I in the equation), and then, after hydride 

shifts, this adds to another aromatic. Hydride shifts [eq. (6)] and p-scission [eq. (15)] combine to 

produce the transfer. However, as described in section 5.4.4.8., steric constraints can force this 

reaction to proceed by an otherwise higher-energy route. This involves formation of the 

+ 
carbenium ion (I), p-scission to release the aromatic [eq. (1 5)], addition of the carbenium ion R 

that is thereby formed to another aromatic molecule, and so on: 
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f 

react ant  

++q product 

These mechanisms can also lead to aromatic isomers, e.g., if the toluene product undergoes 

transalkylation with xylene in eq. (30). 

4.6 Aromatization of Alkanes and Alkenes 

A carbenium ion can cyclize [eq. (17)] followed by p-elimination [eq. (14)] andor 

hydride transfer reactions [eq. (1 S)] to form an aromatic compound as shown in eq. (32): 
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EQ17 

-H+ 
- c “1 EQ18 

RH 

4- The R species come from’ alkenes adding to proton acidic sites. Thus the net reaction converts 

alkenes into alkanes and converts naphthenes (cyclic alkanes) into aromatics. This is an 

important class of reaction that is catalyzed efficiently by zeolites in catalytic cracking processes. 

4.7 Coke Formation 
c. 

The term “coke” refers to high-molecular-weight hydrocarbon residues that form on 

surfaces of catalysts and contribute to catalyst activity loss [2,33]. The mechanism of coke 

formation is complex and only partially understood, and continuing research has the goal of 

understanding of the nature of coke and the mechanisms of its formation. Different reactants can 

form different types of coke on the surface of a given catalyst, and on different catalysts, the 

same reactants give different cokes. 
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Coke generation may proceed via carbenium ion formation followed by repeated addition 

reactions with unsaturates to form large species [eqs. (23) and (2511, which can block acidic sites 

and fill pores. Cyclization reactions along with p-elimination and hydride transfer can lead to 

polymers, polycyclics, and graphitic species. 

4.8 Steric Influence of the Catalyst 

Catalysts such as zeolites with pore diameters about equal to molecular dimensions can 

exert strong steric influences in catalysis; the phenomena are referred to as shape-selective 

catalysis [34]. Narrow pores can exert strong repulsive forces on reactant molecules that just fit 

in them, and in the limiting case molecules that are too large to fit are excluded from any 

catalytic sites in the interior catalyst volume. Reactant shape selectivity occurs when some 

reactants are sieved out and others fit in the pores [35]. Product shape selectivity occurs when 

some products formed in the pores are too large to migrate readily through the apertures and out 

of the pores; thus their rate of entry into the product stream is hindered relative to that of other 

products. These are transport effects, and they are not discussed further 

Restricted transition state shape selectivity [34,36-391 is not a transport effect; it directly 

affects the reaction mechanism. It occurs when a transition state is large enough that it is subject 

to steric repulsion because of contact with the catalyst pore walls, which can retard the 

conversion of one reactant relative to that of another that forms a smaller transition state. 

Restricted transition state shape selectivity can even cause a reactant to be converted via another 

mechanism with a smaller transition state. For example, in transalkylation catalyzed by the 

acidic zeolite HZSM-5 [36,37], the bimolecular step shown in eq. (30) to form I1 (which 
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dominates in larger-pored solid acid catalysts) does not occur because I1 is sterically hindered in 

the narrow channels. Rather, the stepwise mechanism shown in eq. (3 1) prevails, even though in 

larger-pored zeolites eq. (3 1) would be a higher-energy reaction. Consequently, the product 

distribution observed with HZSM-5 is much different from that observed with larger-pored 

catalysts. 

As another example, alkane cracking catalyzed by HZSM-5 is af5ected by restricted 

transition state shape selectivity [38,39]. In this case, a branched alkane (which is more reactive 

than a linear alkane in an unhindered environment) is subject to more steric repulsion during the 

bimolecular cracking step than the linear alkane. This repulsion slows the conversion of the 

branched alkane enough that the linear alkane reacts faster. Thus, when the “bimolecular” 

cracking mechanism dominates, the catalyst is selective for cracking of the straight-chain 

alkanes, which is an important processing objective because the straight-chain alkanes have 

relatively low octane numbers and are not desired in motor fuels. This effect is also exploited in 

catalytic dewaxing. 

Another kind of shape selectivity [40] has been inferred from the observation that some 

reactants and transition states can be stabilized relative to smaller species because of a good fit in 

the catalyst pores, which maximize attractive van der Waals forces. This effect is absent in 

larger pores. It is attributed to a propitious steric fit suggestive of the lock and key fit that in part 

explains the efficiency of enzyme catalysts. 

For example, in 0.7-0.8 nm pores, the larger methyl- and dimethyl-branched alkanes are 

stabilized relative to straight-chain alkanes because of favorable packing in the pores. Once the 

pores are > 1 nm in diameter, however, this selectivity disappears and the larger species are no 
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longer favored. This effect has been observed during hydrocarbon adsorption, whereby 

dimethylbutanes are stabilized in the pores relative to n-hexane and preferentially adsorbed in 

0.75 nm pores. The effect is not observed for larger pores (e.g., the 1.3 nm cages of zeolite Y) or 

for pores < 0.7 nm in diameter, in which the straight-chain alkanes are preferentially adsorbed 

because of repulsive forces experienced by the branched species. This phenomenon is also 

observed in transition states resulting in more highly branched intermediates and products during 

cracking and hydrocracking of alkanes in pores with diameters of 0.7-0.75 nm. The products 

from the 0.7-0.75 nm pore zeolites are more highly branched than those from larger (or from 

smaller) pored zeolites. A kind of van der Waals diagram leads to some understanding of the 

effects (Fig. 4). 

in 7.5 Angstrom pores 
Figure 4. This is a simplified diagram of the van der Waals forces experienced by branched and linear alkane 
isomers in the pores of zeolites. In >10 Angstrom pores, the walls are too far apart to affect the two isomers 
differently; thus they are stabilized similarly and there is no shape selectivity. As the pores shrink, the larger 
dimethyl-branched isomer which is closer to the walls (moving left along the curve) experiences more 
attractive van der Waals forces; thus in 7.5 Angstrom pores, the larger 2,2-dimethylbutane is preferred in the 
pores over n-hexane (inverse shape selectivity). In smaller pores, the larger branched isomer is forced too 
close to the walls and experiences repulsive van der Waals forces (continuing leftward along the curve). 
Thus, the smaller linear n-hexane is more stablized and is preferred in 5 Angstrom pores (shape selectivity). 
~401. 
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