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Abstract

A microkinetic model based on the single-event theory was developed to describe the hydroconversion ofn-octane on Pt-H-ZSM-22
zeolite. In the model, alkene protonation and subsequent acid-catalyzed reactions, i.e., skeletal isomerization and cracking, occur
mouths of ZSM-22. In contrast to USY, in these pore mouths, the molecules are physisorbed according to different modes, each with
enthalpy and entropy loss. Moreover after protonation of the physisorbed alkenes, the stability of the resulting carbenium ions incr
the number of carbon atoms entering the pore mouth. The reaction network is based on transformations of alkylcarbenium ions t
obtained by protonation of physisorbed alkenes in pore mouths. Reactions that are sterically hindered or that lead to alkylcarbenium
charged carbon atoms outside the pore were discarded. In particular, methyl shifts as well as branching andβ-scission reactions involving
tertiary alkylcarbenium ions were excluded. The composite activation energy,�E

comp
act , i.e., the sum of the protonation enthalpy and the r

activation energy for the allowed reactions, was taken from data on a reference ultrastable Y zeolite (CBV760). This pore mouth
model adequately describes the conversion ofn-octane on Pt-H-ZSM-22. The difference in composite activation energy�E

comp
act of −8.9

(±0.3) kJ mol−1 between the reference USY zeolite and the ZSM-22 corresponds to the higher average acid strength in ZSM-22
the yield pattern of individual isomers of octane is described well using three parameters: (i)hcd with a value of−1.1 (±0.2) kJ mol−1

accounting for differences in carbenium ion stability proportional to the number of carbon atoms entering the pore mouth; (ii)�Epcp; and
(iii) �Eβ with values of−4.0 (±0.2) and−16.7 (±2.1) kJ mol−1.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Catalysts based on medium pore size zeolites suc
ZSM-22 (TON-type), ZSM-5 (MFI-type), ZSM-11 (MEL
type), ZSM-23 (MTT-type), and AIPO-11 (AEL-type) allo
petroleum refiners to meet the stringent quality requirem
of fuels and lubricants. These zeolites display selecti
in hydrocarbon conversions [1,2] and, hence, play a
role in gasoline octane boosting, production of diesel w
high cetane number and low pour point, and lubricating
base stocks with high viscosity index (VI) and low po
point [3–8]. In the majority of these processes, the c
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E-mail address: Guy.Marin@ugent.be (G.B. Marin).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00281-1
lyst is bifunctional. Improving our understanding of reacti
mechanisms in the confined environments of these med
pore size zeolites is essential to enable further catalyst
process optimization.

The conversion of hydrocarbonmolecules on bifunctio
zeolite catalysts follows a series of steps starting with tra
port of reactants from the bulk phase to the external cata
pellet surface. The reactants diffuse inside the pellet ma
pores toward the individual zeolite crystals. This macrop
diffusion is governed by molecular or Knudsen diffusi
and does not contribute to selectivity for the kinetically co
trolled hydroconversion reactions described in the pre
paper. Further, the reactant alkanes physisorb into the m
pores of the crystal lattice. Subsequently the reactant alk
migrate to the metal sites where (de)-hydrogenation r
tions take place. The alkenes formed on the metal sites

http://www.elsevier.com/locate/jcat
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grate back to the micropores of the crystal lattice where
tonation occurs on the acid sites. Subsequently, the ca
skeleton is changed by isomerization or cracking. The se
tivity of the catalytic conversion is strongly influenced by t
shape and dimensions of the zeolite micropores [1,2].
shape selectivity exhibited by zeolites can be classified a
reactant shape selectivity, (ii) product shape selectivity,
(iii) transition state shape selectivity [7,9] depending up
whether reactant diffusion, product diffusion, or the tran
tion state is a limiting step. Besides these classic shape s
tivity mechanisms inside the zeolite micropores, pore mo
catalysis is a special type of transition state shape selec
involving adsorption and catalysis in the pore openings o

The 10-membered rings of ZSM-22 have free diame
of 0.55 × 0.44 nm [10–12]. The channels are unidime
sional and have undulations [12] with a repeat distance o
0.5 nm. Unlike zeolites with wider pores such as ultrasta
Y (US-Y), hydroconversion of long alkanes on ZSM-2
based catalysts results in high isomerization yields eve
high conversion (> 70%). For short alkanes up to deca
monobranched isomers with the methyl branch away f
the central carbon atom are favored [11–16,19–26]. For
decane and longer alkanes there is a bimodal distributio
single methyl positions along the main chain [13,14]. T
first maximum is at the C2 position. The second maximu
is broad and spans the methyl positions towards the ce
of the main chain starting from the C5 position [14].

In order to explain the peculiar selectivity of ZSM-2
catalysts, pore mouth and key-lock mechanisms have
proposed based on circumstantial evidence [11–16,21
In the pore mouth mechanism, a molecule is physisorbe
one pore mouth in such a way that one straight alkyl ch
is inside the pore. The rest of the molecule remains
side [27]. The straight chain is either part of the main a
chain or else ann-alkyl substituent of the latter. A tertiar
carbon atom carrying ann-alkyl branching is always outsid
the pore. Long molecules can span the distance betwee
or more pore openings on the external surface of the ZSM
zeolite crystal. These interactions are referred to as key-
configurations.

Evidence for pore mouth mechanisms on ZSM-22 o
inates from experimental determinations of adsorption
thalpy and entropy of model molecules [25,28–31]. Th
experiments showed that iso-alkanes do not enter the
cropores, whilen-alkanes do. In comparison ton-alkanes,
Henry coefficients for iso-alkanes are one order of m
nitude lower and the saturation capacity is three order
magnitude lower resulting in very high separation fact
betweenn-alkanes and iso-alkanes. The separation fac
between normal and iso-alkanes are 4–5 times highe
ZSM-22 than on ZSM-5 or beta zeolites which have co
parable and low separation factors despite the differe
in pore dimensions. The distinctive high separation fac
observed on ZSM-22 indicate that the pore dimensions
in between the size of normal and iso-alkanes. Physis
tion experiments were performed by Ocakoglu et al. [31
-

r

.

o

ZSM-22 samples with the organic template from the s
thesis left inside, denoted as “closed” sample, and calc
ZSM-22 samples denoted as “open” sample. Iso-alkane
ysisorption enthalpies and entropies were observed to b
same on open and closed ZSM-22 [31]. This observatio
strong evidence for the occurrence of pore mouth physis
tion on ZSM-22. The dependency of the physisorption
thalpy on the methyl position in methylalkanes revealed
these branched molecules enter the pore until the branc
hits the first 10 ring. The branching, along with the carb
atom carrying it, and the remainder of the main chain
left outside the pore. The above observations for alkane
extendable to alkenes.

According to pore mouth catalysis, acid-catalyzed re
tions occur at the pore mouths only. In the ideal situat
there is no molecular transport limitation from metal sites
acid sites [32]. Platinum, responsible for (de)-hydrogena
reactions, exists mostly on the external surface of the c
tals as particles with diameters of ca. 3 nm, i.e., much la
than the channel diameters of ZSM-22 [19]. Park and
[16] have even reported platinum particles with diame
as large as 23 nm in their catalytically active Pt-ZSM
preparation. Parton et al. [23] carried out experiments w
mixtures of Pt-ZSM-22 and Pt-DB-Y (deep bed steamed
zeolite) and mixtures of Pt-ZSM-22 and DB-Y. It was fou
that the product distributions are similar in these zeo
mixtures with and without platinum on the Y zeolite, i
dicating fast intraparticle transport between metal and
sites compared to chemical reaction steps. This shows
the tolerated distances for the intraparticle transport ca
of the order of the diameters of the zeolite crystals, wh
is in the micrometer scale. On ZSM-22, the transport
tances for the alkenes are short since the reactions occ
the pore mouths, and the platinum is on the external sur
While this is obvious for iso-alkenes, it also holds forn-
alkenes. Whenn-alkenes penetrate entirely inside the po
and undergo branching, the resulting molecules are stu
the channel. Therefore, effectiven-alkene conversions occu
in pore mouths only.

Maesen et al. [17,18] and Schenk et al. [34] publis
another interpretation of the selectivity patterns of ZSM-
It was based on configurational bias Monte-Carlo (CBM
calculations of physisorption equilibria in TON-type the
retical channels. In this approach, iso-alkane molecules
docked inside a pore model derived from crystallograp
data and their mobility is estimated. Product diffusion
lectivity was proposed to explain monomethyl branchi
and transition state shape selectivity to explain dibran
ing. The authors assume not only the pore mouth acid s
but also all acid sites inside the micropores to particip
in the acid catalysis. This seems in contradiction with
recent experimental physisorption observations indica
steric hindrance for entry of iso-alkanes into the micropo
A very short time scale for diffusion from acid sites to me
sites is proposed allowing the assumption that the clas
bifunctional mechanism [32] and the corresponding pr
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uct distribution are established inside the micropores.
observed product selectivities are attributed to differen
in product diffusivities based on estimated apparent ac
tion energies [17]. Nevertheless, these authors conclude
no diffusion limitations occur inside the ZSM-22 micro
ores. The absence of diffusion limitations is in contradict
with their explanation of product selectivities. Differenc
in product selectivities for the kinetically controlled proce
on ZSM-22 can only be explained by differences in kine
steps at the pore mouth acid sites.

On Pt/ZSM-22 catalysts the reaction products have
features typical of ideal bifunctional catalysis [32,33]. T
isomerization yields are high, monobranched and mu
branched isomers are formed in consecutive reactions,
is limited cracking, and there is little methane and eth
formed. Such a situation is possible only if diffusion i
side the micropores is not involved. Invoking transition st
shape selectivity [35–37] to explain the hydroconversion
ZSM-22 also leads to the same inconsistency, as it nec
tates diffusion of the molecules such that they are enti
inside the pores to enable the discrimination. For these
sons, the pore mouth catalysis model considering steric
drance for full entry of branched molecules inside the p
mouths was adopted in the present kinetic modeling wor
n-octane hydroconversion on Pt-ZSM-22.

Several modeling approaches including, e.g., disc
lumping [38,39], structure oriented lumping [40,41], co
tinuum lumping [42,43], and single-event kinetics [44–4
have been developed to describe the complex reaction
works of hydrocracking and hydroisomerization. Of all t
above approaches the single-event kinetics approach wa
lected in the present work because of its fundamental na
and capability to describe reaction networks involving alk
carbenium ion chemistry in detail.

Hydroconversion of alkanes on USY has been m
eled earlier using single-event kinetics [47,48] wherein
sum of protonation enthalpy and the real activation ene
denoted as “composite activation energy” has been
mated for all the reaction families. These parameter va
are linked to catalyst properties such as average acid
strength and have been found to be valid for a wide rang
hydrocarbons on similar types of catalysts and is discu
in detail by Thybaut et al. [47]. The same set of parame
has been retained in the present work as reference in o
to estimate the differences on ZSM-22.

2. Procedures

2.1. Catalyst

Preparation and characteristics of Pt-H-ZSM-22 catal
were described by Ernst et al. [20]. The Si/Al ratio is 30. The
elongated crystals measure from 1 to 2 µm. The platin
loading was 0.5 wt% and the average platinum particle
was 3 nm [13,19].
t

-

-

-

r

Table 1
Process conditions for experimental data on vapor-phase hydroconve
of n-octane on Pt-H-ZSM-22 [12,19,24]

Parameter Range

W/F0 (kg s mol−1) 14–460
Reaction temperature (K) 506
Pressure (bar) 4.5
H2/HC ratio (molar) 13.13

2.2. Hydroconversion data

Experimental data on vapor-phase hydroconversion on-
octane were obtained in a tubular packed-bed reactor u
the conditions reported in Table 1 [14,19]. Under these c
ditions “ideal” hydrocracking occurs; i.e., hydrogenatio
dehydrogenation reactions are in quasi-equilibrium. Me
ane and ethane formation is negligible, indicative of the
sence of hydrogenolysis activity. The selectivity for mon
branched octane isomers decreased in the order: 2-met>

3-methyl> 4-methylheptane [19]. Dimethyl branching o
curred to a negligible extent. The predominant dimeth
branched molecule is 2,5-dimethylhexane [19] with a yi
of only 3 mol% at a totaln-octane conversion of 80 mol%
The contribution of key-lock catalysis is evident from t
formation of 2,5-dimethylhexane, but is too small to obt
significant parameters related to key-lock catalysis. He
key-lock catalysis is not included in this paper.

2.3. Reactor model and parameter estimation

The tubular packed-bed reactor was modeled based
pseudo-homogeneous one-dimensional reactor model.
reactor was assumed to be fully isothermal and without
pressure drop. This leads to the following expressions
axial flow profiles through the reactor [49] for all alkanes
the reaction mixture except one (being the feed):

(2.1)
dFPj
dW

=RPj .

The axial profile of the remainingn-octane was obtaine
from the atomic carbon balance. Hydrogen flow rates al
the bed axis were calculated from the hydrogen atomic
ance. The set of ordinary differential equations (ODEs)
axial flow profiles were integrated using the LSODA subr
tine available on Net-Lib [50,51].

As the prominent reaction products are the individ
monobranched isomers and the cracked products, they
been considered as responses for parameter estimatio
rameter estimations were performed using the nonlin
least-squares technique applying the Levenberg–Marqu
method for minimization of the objective function [52], i.e
the weighed sum of squared residuals from observed and
culated flow rates:

(2.2)SSQ=
nresp∑ nob∑

wpj

(
Fpj ,k − F̂pi ,k

)2
.

j=1 k=1
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ODRPACK-package version 2.01 [50,53] was used for
gression. The calculation of weighing factorswpj was per-
formed as described below [47]:

(2.3)wpj = (
∑nob

k=1Fpj ,k)
−1∑nresp

j=1 (
∑nob

k=1Fpj,k)
−1

.

The outlet flow rates were calculated according to mo
equations described by Eq. (2.1) in conjunction with the
pressions for the rate equations derived in the subseq
sections.

2.4. Single-event kinetic model of alkane conversion over
Pt-H-USY zeolites

Hydroconversion reaction mechanisms occurring on
H-zeolites were discussed in detail by Baltanas et al.
and Martens et al. [46]. Among the reactions occurr
the rate-determining steps are those involving C–C bon
arrangements, i.e., alkyl shifts, PCP branching reactions
β-scissions [46]. As the oligomerization and hydride tran
reactions are found to be slow compared to the above r
tions, they were excluded [47]. Protonation–deprotona
of alkylcarbenium ions and hydride shifts in alkylcarbeni
ions were considered to be in quasi-equilibrium [44,46,4

2.4.1. Rate-determining step
The reaction rate of the rate-determining steps was

pressed as first order in the alkylcarbenium ion concen
tion [44]:

(2.4)ras/pcp/β(m1,m2)= kas/pcp/β(m1,m2)CR+
i,k
.

Using the single-event concept [44] symmetry effects
separated from the rate coefficient as follows,

(2.5)kas/pcp/β(m1,m2)=
σR+

i,k

σ�=
k̃as/pcp/β(m1,m2),

whereσR+
i,k

and σ�= are global symmetry numbers of th

reactants and the transition state. The ratio of the la
equals the number of single events corresponding to a g
reaction step. The obtained single-event rate coeffici
k̃as/pcp/β(m1,m2) depend only on the reaction family an
the type of alkylcarbenium ions involved [46–48,54].

2.4.2. Rate equations
The alkylcarbenium ion concentration can be obtai

from the physisorbed alkene concentration via a Langm
relationship assuming that all acid sites are accessible
protonation of physisorbed alkenes. Considering that th
tal carbenium ion concentration on the acid sites is quite
[47] and accounting for the symmetry contribution for t
(de)-protonation equilibrium coefficient, the alkylcarbeni
ion concentration can be expressed as

(2.6)CR+
i,k

= Ct

σOi,j

σR+
K̃isom(Oi,j ;Or)K̃

usy
prot(Or;ml)COi,j ,
i,k
t

-

where K̃isom(Oi,j ,Or) is the single-event isomerizatio
equilibrium coefficient between the alkeneOi,j and the
reference alkeneOr [45] calculated from thermodynam
data [55].K̃prot(Or,ml) is the single-event equilibrium co
efficient for protonation of reference alkene to carben
ion of typeml , i.e., secondary or tertiary. As alkenes a
assumed to have physisorption properties similar to tha
alkanes [44,48,54], the alkene concentration in the abov
pression is related to physisorbed alkane concentration
the (de)-hydrogenation equilibrium relationship [44].

Multicomponent physisorption is described by an
tended Langmuir isotherm. The concentration of physis
ed alkanes is related to gas-phase alkane partial pressu
the following Langmuir expression for physisorption:

(2.7)Cpj = KL,iC
sat
j pi

1+ ∑N
j=1KL,ipi

.

In this expression, the terms for physisorbed alkenes w
omitted, considering that at quasi-equilibrium, the conc
tration of the latter is very low compared to that of the al
nes. The following rate expression for the elementary s
in terms of gas-phase alkane concentrations was obta
[47,54]:

ras/pcp/β(m1,m2)

= σOi,j

σ�=
k̃as/pcp/β(m1,m2)K̃

usy
prot(Or,m1)K̃isom(Oi,j ;Or)

(2.8)

×KdehC
sat
i CtKL,ipi

/((
1+

∑
i

KL,ipi

)
pH2

)
.

In the above expression,Kdeh is the equilibrium coefficien
for (de)-hydrogenation, calculated using Benson’s gr
contribution method [55]. The Langmuir physisorption c
efficient,KL,i , for an alkane on a zeolite can be determin
from its Henry coefficient and saturation concentrations

(2.9)KL,i =Hi/C
sat
i .

The net rate of formation of alkylcarbenium ionk origi-
nating from alkanei is obtained from the balance betwe
its rate of formation and rate of disappearance:

RR+
i,k

=
∑
l

∑
o

ras/pcp(ml,o;mi,k)

+
∑
l

∑
o

rβ(ml,o;mi,k,Ou,v)

−
∑
l

∑
o

rβ(mi,k;ml,o,Ou,v)

(2.10)−
∑
l

∑
o

ras/pcp(mi,k;ml,o).

The net rate of formation of alkenesj corresponding to
alkanei directly produced byβ-scission is written as

(2.11)ROi,j =
∑∑

rβ(ml,o;mq,r,Oi,j ).
l o
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The net rate of formation of alkanei is the sum of all ne
rates of formation of the corresponding alkylcarbenium i
and of the net rate of formation of alkenes with the sa
skeletal structure formed viaβ-scissions:

(2.12)RPi =
ncari∑
k=1

RR+
i,k

+
nolei,β∑
j=1

ROi,j .

The only parameters to be estimated in Eq. (2.8) by
gression are the single-event rate coefficient and the sin
event protonation–deprotonation coefficient. Due to low c
benium ion concentrations only the product of the two can
estimated. Hence, the composite rate coefficient is expre
as

(2.13)k̃comp(m1,m2)= K̃
usy
prot(Or,m1)k̃(m1,m2).

The corresponding composite activation energy re
sents the sum of standard protonation enthalpy and the
activation energy of the rate-determining step:

(2.14)E
comp
act =�H ◦

prot +Eact.

The values of the corresponding composite preexpo
tial factors were calculated based on transition state
ory [46]. Hence, only the composite activation energies
the rate determining reactions, i.e., alkyl shifts, PCP bran
ings, andβ-scissions had to be estimated. This was p
viously done by regression of data obtained on Pt-H-U
zeolite (CBV760) [46,48,54,56].

Thybaut et al. [47] used a single adjustable paramete
account for activity differences among USY zeolites aris
from differences in the average acid site strength. The m
for one US-Y zeolite was applied to another one by adap
the standard protonation enthalpy of the involved alken
the latter being a measure of the average acid strength.

3. Physisorption of alkanes and alkenes on ZSM-22

In order to describe the hydroconversionkinetics on P
ZSM-22, it is essential to model accurately the physisorp
of alkanes and alkenes in ZSM-22 pore mouths. Alka
arriving from the bulk gas phase physisorb first on a p
mouth.n-Alkanes are subsequently transferred into the
cropore connected with the pore mouth, while iso-alka
remain at the pore mouth [27]. The transfer ofn-alkanes
from pore mouths into the micropores leads to signific
additional entropy and enthalpy loss. The energy differen
between pore mouth and crystal interior were previou
experimentally determined using closed and open sam
of ZSM-22, referred to in the Introduction [27,31]. A p
ysisorption model distinguishing between physisorption
the pore mouth from physisorption into the micropores w
developed in earlier work [27] and implemented here. At
pore mouths,n-alkanes physisorb fully into the pore mout
In the case of iso-alkanes only one of its “straight en
enter the pore mouth. The rest of the molecule is out
d

l

Fig. 1. Schematic representation of the three possible physisorption m
of 4-methyl octane at a ZSM-22 pore mouth indicated by parallel recta
lar blocks.

the pore mouth. This leads to different modes of physis
tion for an alkane on a ZSM-22 pore mouth, depending
which straight end of the molecule is located inside the p
mouth and which moiety remains outside [27]. For exam
4-methyloctane has three physisorption modes pertainin
three straight ends viz. Fig. 1.

Physisorption at pore mouths can be modeled by con
ering additivity of interactions of carbon atoms inside a
outside the pore mouth with the crystal lattice in each
the physisorption modes. Due to stronger force fields in
the pore mouth the carbon atoms inside have higher e
getic interactions compared to carbon atoms outside. T
interactions contribute to standard enthalpy and entrop
physisorption, which are calculated by additivity [27]. Ea
physisorption mode has an equilibrium coefficient for p
ysisorption on the pore mouths and denoted asKim,pm. The
Langmuir isotherm expression can be used to describe
physisorption at pore mouths of ZSM-22 [27].Kim,pm is es-
timated from standard physisorption enthalpy and entr
of individual physisorption modes. As in the case of H-US
it is also expected that alkenes have identical physisorp
properties as that of alkanes of similar skeletal structure
H-ZSM-22 [44,46,48,54]. Hence, in the development of
present model, physisorption of alkenes has been assu
identical to physisorption of alkanes.

4. Single-event kinetic model for hydrocracking and
hydroisomerization on Pt-H-ZSM-22

4.1. Alkylcarbenium ion formation

Alkenes formed during dehydrogenation reactions on
metal sites migrate to the acid sites of the pore mouths w
they are protonated. The steps involved in formation of
alkylcarbenium ion are illustrated in Fig. 2. (De)-protonat
reactions occur much faster than the rate-determining a
catalyzed isomerization and cracking and are assume
be quasi-equilibrated [44,46,47,56]. Protonation for b
branched and linear alkenes occurs at the pore mouths.
ear akylcarbenium ions can also exist inside the ZSM
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pores, a
Fig. 2. Schematic representation of the elementary steps involved in carbenium ion formation on Pt-H-ZSM-22. Location of pore mouths, micrond
metal sites on a ZSM-22 crystal are shown in the insert.

Fig. 3. Protonation possibilities of 3 methyl-hept-3-ene on a ZSM-22 pore mouth.
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micropores. However, due to steric hindrance the branc
alkylcarbenium ions are located only at the pore mouths
the skeletal isomerization and cracking reactions alway
volve a branched alkylcarbenium ion either as a reacta
as a product, the productive alkyl carbenium ions are alw
located at the pore mouth. The carbenium ion formation
pends on the mode of physisorption of the alkene in
physisorption step vide Fig. 3. It can be seen from Fig. 3,
protonation of an alkene can occur only in specific situati
corresponding to (c) while for mode (a) and (b), protona
is impeded as the double bond is far away from the acid
at the pore mouth. Hence, every protonation correspond
specific physisorption mode, the energy of which can be
culated as explained in the preceding section [27]. This is
principal difference with USY zeolite, where physisorb
molecules can access any Brønsted acid site and be p
nated. On ZSM-22, the acid site located in the pore mo
where the molecule is physisorbing is available only for t
molecule for catalysis. Hence, the protonating chemis
tion depends only on the number of Brønsted acid sites
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are located at the pore mouth and the probability of find
them empty. The Si/Al ratio of ZSM-22 is 30. The com
position is homogeneous, as derived from XPS and b
chemical analysis. Consequently, every three 10 rings
Al atom and a corresponding acid site can be expected
cause the undulations along the ZSM-22 micropore are
from three 10 rings there is an acid site in each undula
[13,14]. Consequently, for a physisorbed alkene at the p
mouth, there is exactly one acid site within reach [13,1
This acid site is unoccupied, as there is no space for a
ond molecule. Accordingly the carbenium ion concentra
on ZSM-22 is described by

(4.1)

CR+
im,k

= σOi,j

σR+
im,k

K̃isom(Oi,j ;Or)K̃
zsm-22
prot (Or;ml)COim,jk

,

whereCOim,jk
is the concentration of alkenej belonging to

alkanei of modem resulting in carbenium ionk belonging
to the same modem. Note that the units of the protonatio
equilibrium coefficient on ZSM-22,̃Kzsm-22

prot (Or;ml) corre-

spond to that ofCtK̃
usy
prot(Or ;ml). The quantity correspond

ing to Ct on ZSM-22 equals the product of the number
acid sites located at the pore mouth and the probabilit
finding them empty which equals one and, therefore, is
explicitly noted. On ZSM-22, only the physisorption at t
pore mouths is competitive and the protonating chemis
tion for the physisorbed alkene at the pore mouth is nonc
petitive. This is in contrast to USY where both physisorpt
and chemisorption are competitive. The ratio of acid site
physisorption concentration upon saturation on USY viz.
ble 3 is approximately a factor of 3 lower than that of ZS
22 where the ratio equals unity. The preexponential facto
the protonation equilibrium coefficient is calculated by e
tension of the methodology followed while modeling the
netics on USY [46]. This is described further in Section 4
As described in Section 2.4.2, the protonation enthalp
contained in the composite activation energy which is e
mated through regression. The protonation enthalpy dep
on the acid site strength. While it is independent of car
number for higher alkanes on USY, it has a carbon num
dependency for molecules with carbon numbers up to
due to charge delocalization effects [47], such as the in
tive effect and hyperconjugation. The concept is assu
to be extendable to ZSM-22. On ZSM-22, the delocali
charge on the carbon atoms inside the pore mouth inte
strongly with the deprotonated acid site and contribute
the carbenium ion stability. A linear relationship is propos
between the charge delocalization effect and the numb
carbon atoms entering the pore mouth.

4.2. Alkylcarbenium ion reactions

In a USY zeolite, the micropores are freely access
to alkane and alkene molecules. There is no discrim
tion between physisorption modes. As a result, proto
ing chemisorption and the full network of subsequent a
-

s

catalyzed reactions based on free carbenium ion chemis
possible. In contrast to USY, on ZSM-22 only acid-catalyz
reactions pertaining to a given physisorption mode can
cur in a pore mouth mechanism. Reactions that necess
a change of physisorption mode of the alkylcarbenium
whereby the ionic center of the molecule has to leave
confined space of the poremouth, are considered unli
and are discarded from the model. Other reactions involv
e.g., the formation of tertiary carbon atoms inside the p
are sterically suppressed on ZSM-22. As a starting poin
reaction network generation algorithm [45] generating
possible reactions, reactants, products, and intermed
based on alkylcarbenium ion chemistry was used [46]. S
sequently, this reaction network was limited to reactions
are allowed in a pore mouth mechanism on ZSM-22. T
adaptation requires consideration of physisorption mo
protonating chemisorption, and steric effects. All togeth
it resulted in the formulation of a set of rules for pore mo
catalysis.

4.2.1. Formation of tertiary alkylcarbenium ions is
sterically suppressed

Tertiary carbenium ions are formed due to protonation
an alkene which has a tertiary carbon atom involved in
carbon–carbon double bond. On ZSM-22, the carbon a
carrying the branch is outside the pore mouth and hence
far from the acid site to lead to a stable carbenium ion:

\/ .

This rule follows from the suggestions of Souverijns et
[12] to describe the high isomerization along with low cra
ing yield and peculiar isomer yield pattern on ZSM-22
contrast to USY. For example, the occurrence of tert
carbenium ion is expected to result in a preferential
mation of 2,2-dimethyl-branched isomers and high crack
rates. As low cracking rates and no significant amount
geminally dibranched isomers are observed experimen
[12–14], the formation of tertiary carbenium ions is exclud
on ZSM-22. Consequently, hydride shift reactions involv
conversion of a secondary into a tertiary alkylcarbenium
or vice versa, a tertiary into a secondary alkylcarbenium
are discarded. Such reactions require the ionic center o
molecule to leave the pore mouth:

\/ .

Tertiary alkylcarbenium ions occur in severalβ-scission
reactions such as cracking of geminal dibranched molec
Such reactions are also discarded:

\/ + .

In summary, all alkylcarbenium ion transformation r
actions in which either the original or the product ion,
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Fig. 4. Possible protonated states for 2-octyl carbenium ion.
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both, is of a tertiary nature are considered to be enti
suppressed. The allowed reactions involve only secon
alkylcarbenium ions as described below.

4.2.2. Skeletal rearrangement of linear, secondary
alkylcarbenium ions is allowed at all carbon positions

As described in the preceding section, protonation of
ear alkenes occurs in the pore mouth. The positively cha
carbon atom is always located inside the pore mouth.
gives rise to different possible configurations. For exa
ple, the 2-octyl carbenium ion has two protonated states
Fig. 4. In state (a) the number of carbon atoms inside
pore mouth is 2 while in state (b) it is 7. A PCP on a ZS
22 pore mouth decomposes with the charge-bearing ca
atom inside the pore mouth. PCP branching of the alkyl
benium ion in state (a) leads to 3-methylheptyl carben
ion, while for state (b) the product is 2-methylheptyl car
nium ion. It is to be noted here that the alkylcarbenium
in state (b) is formed from the alkene with the largest nu
ber of carbon atoms inside the pore mouth and, hence, i
most favored. State (a) is less favored because the phys
tion is relatively less stable compared to state (b). As a re
2-methylheptane is the most favored isomer on ZSM-22

4.2.3. Rearrangement of branched secondary carbenium
ions is allowed

Branched alkylcarbenium ions are formed through p
tonation of branched alkenes at pore mouths, depen
on the physisorption mode. For example, protonation o
methylhept-3-ene, 3-methylhept-4-ene, and 3-methylhe
ene occurs in the same physisorption mode “A” on ZSM
with possible positions of the charge-bearing carbon ato
4, 5, and 6, respectively:

.

Protonation of 3-methylhept-2-ene occurs through a dif
ent physisorption mode “B.” As the carbenium ion can
leave the pore mouth, only rearrangements of secon
alkylcarbenium ions which do not alter the physisorpt
mode can occur. All other reactions requiring a chang
-

physisorption mode with concomitant long separation of
negative framework charge from the positively charged
bon atom are unlikely in a pore mouth mechanism. The
lowing examples illustrate such situations:

4.2.3.1. Alkyl shifts leading to shifts of branching positions
are not allowed In the alkyl shift reactions, the alkyl grou
and the carbenium ion switch positions which leads to a s
in the branching positions on the main chain of the alka
On ZSM-22 this requires the ionic center of the molecul
leave the pore mouth, which is considered to be unlikely

\/ .

The exclusion of alkyl shifts at the pore mouth acid s
follows the same logic put forth for exclusion of tertiary c
benium ions [12]. The positional shift of the ionic cen
required for the formation of the product carbenium ion d
ing the isomerization is even farther than that of the tert
carbenium ion and hence cannot stabilize. This situatio
ZSM-22 is remarkable. Alkyl shifts are known to be fast
actions on large pore zeolites.

4.2.3.2. PCP structures with quaternary carbon atom are
not allowed Geminally dimethyl-branched isomers are o
served experimentally only in negligible amounts [12–15
Although the reactant carbenium ion is stable, it can
concluded that the charge in the corresponding activ
complex which involves bonding with a tertiary carb
atom cannot be stabilized at the pore mouth due to s
hindrance. Hence, isomerization through PCP formation
volving a secondary carbenium ion and a tertiary car
atom at theβ position of the positively charged carbon
sterically hindered and excluded.

\/ .

As a consequence of the above steric hindrance,
merization leading to geminal dibranching reactions do
occur in a pore mouth mechanism on ZSM-22. Vicinal
branching resulting from the above carbenium ion is a
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suppressed. However, isomerization leading to vicinal
branching can occur in a pore mouth mechanism on ZSM
via alternative PCP branching reactions.

4.2.3.3. Reactions involving an alkylcarbenium ion with a
branch on either side of the charged carbon atom along
the main chain are not allowed As the tertiary and quater
nary carbon atoms cannot enter the pore mouth, alkenes
the double bond located in between two such carbon at
cannot be protonated in pore mouths. Secondary–secon
PCP branching leading to a product carbenium ion wit
branch on either side of the charged carbon atom is als
hibited as there exists no permitted protonation state for s
carbenium ions in the pore mouths:

\/ .

The exclusion of alkylcarbenium ions with a branch
either side of the charged carbon atom at the pore m
acid sites also follows the same suggestion put forward
exclusion of tertiary carbenium ions [12], i.e., position
ionic center far from the acid site to stabilize. Although t
rule is generally valid in pore mouth mode, for longer mo
cules such types of carbenium ions are possible in key-
mode. This mode requires a minimum of three methyl
groups between the two branches [13–15,24]. The co
bution of key-lock catalysis to the observed product dis
bution is small when dealing with the relatively shortn-
octane molecule. A further consequence of the assump
is that secondary–secondaryβ-scission reactions of alkyl
carbenium ions with the charged carbon atom locate
between the two branchings are excluded:

\/ + .

A comparison of reactions occurring in pore mouth ca
ysis on ZSM-22 vis-à-vis reactions occurring on USY
summarized in Table 2.

4.2.3.4. Changes of physisorption during the course of reac-
tion In addition to the above rules, changes in physiso
tion occur during the course of reactions and have to
accounted for. During PCP branching, the location of
charge shifts from reactant state to transition state and
ther to product state. In all these cases, changes in physi
tion enthalpy and entropy occur due to variations in numb
of carbon atoms inside and outside the pore. These v
tions in physisorption enthalpy and entropy can be calcul
via the methodology discussed in Section 3 [27]. For P
reactions leading to branching, the transition state mo
outward from the pore mouth. This corresponds to late t
sition state:

.

y

-

Table 2
A comparison of composite activation energies for acid-catalyzed reac
occurring on USY and ZSM-22 for hydroconversion reaction network ba
on free carbenium ion chemistry

Acid-catalyzed reactions �E
comp-usy
act �E

comp-zsm-22
act

(type) (kJ mol−1)a (kJ mol−1)

Alkyl shift (s,s) 16.7 ×
Alkyl shift (s,t) 13.7 ×
Alkyl shift (t,s) 13.7 ×
Alkyl shift (t,t) 7.7 ×
PCP branching (s,s) 45.6 32.8–39.4b

PCP branching (s,t) 38.8 ×
PCP branching (t,s) 38.8 ×
PCP branching (t,t) 31.5 ×
β-Scission (s,s) 79.2 53.7–60.3b

β-Scission (s,t) 63.7 ×
β-Scission (t,s) 55.1 ×
β-Scission (t,t) 33.9 ×
All reactions of secondary and tertiary carbenium ions occur on USY w
only some secondary–secondary reactions can occur via pore mouth
anism on ZSM-22.×, excluded; s, secondary; t, tertiary.

a Thybaut et al. [47].
b Estimated through regression. The range is due to variations in

tonation enthalpy due to the number of carbon atoms entering the
mouths.

Hence, the physisorption state of the transition state is
sidered to be the same as that of the product carbenium
In the above illustration it corresponds to an outward s
of two carbon atoms from the reactant state, i.e., the rea
carbenium ion has 7 carbon atoms inside the pore mouth
one carbon atom outside while the product carbenium
has 5 carbon atoms inside and three carbon atoms ou
Upon physisorption the enthalpy loss per carbon atom in
the pore mouth is 12.8 kJ mol−1 and that of carbon atom
outside is 6.8 kJ mol−1 [27]. This results in a net enthalp
gain of 11.8 kJ mol−1 while going through the forward reac
tion. A similar calculation for entropy results in an entro
gain of 16 J mol−1 K−1. The reverse reaction, i.e., debranc
ing has an early transition state and no shift in physisorp
state occurs during the transition state.β-scission reaction
can be assumed to have an early transition state:

.

The transition state for forward reaction leading to crack
of the carbenium ion corresponds to the reactant carben
ion state and no shift in the physisorption state is assum

4.3. Rate equations

As a result of the above rules, some secondary–secon
PCP andβ-scission reactions need to be considered. The
expression derived for alkane conversion on Pt/USY,
Eq. (2.8), is transformed into the following equation perta
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ing to Pt/ZSM-22 catalyst:

rpcp/β(m1,m2)

= σOi,j

σ�=
k̃pcp/β(m1,m2)K̃

zsm-22
prot (Or,m1)K̃isom(Oi,j ;Or)

× K̃dehCt,pmKimm2
,pmpi

(4.2)
/((

1+
∑
i

∑
m

Kim,pmpi

)
pH2

)
.

The Langmuir physisorption coefficient in Eq. (2.8) refers
the physisorption state during reaction at pore mouths,
Kimm2

,pm. TheCsat
i in Eq. (2.8) corresponds to the number

pore mouthsCt,pm in Eq. (4.2) as the physisorption leadi
to reaction is limited to the pore mouths on ZSM-22. As d
cussed in Section 4.1,Ct in the case of ZSM-22 correspon
to unity.

4.4. Composite activation energies

The composite activation energy expressed in Eq. (2
for the PCP branchings andβ-scission reactions on ZSM-2
is related to the corresponding composite activation en
on the reference USY zeolite CBV-760 [46] and is expres
as follows:

(4.3)E
comp-ZSM-22
act-pcp/β =E

comp-USY
act-pcp/β +�E

comp
act-pcp/β,

where�Ecomp
act-pcp/β accounts for the differences in avera

acid site strength [47] between reference USY and ZSM
as well as for the possible differences in the actual ac
tion energy of the rate-determining steps. Hence�E

comp
act-pcp/β

consists of two terms:

(4.4)�E
comp
act-pcp/β =�Eact-pcp/β +�(�H)prot,

where�Ecomp
act-pcp/β depends on the type of reactions involv

in the rate-determining step and�(�H)prot. The latter term
which is independent of the type of reaction is the differe
in standard protonation enthalpy between reference U
and ZSM-22.

4.5. Preexponential factor

Preexponential factors were calculated based on tra
tion state theory [46,48,54]. The preexponential facto
the composite rate coefficient is determined by the stan
protonation entropy and the standard activation entrop
the model for hydroconversion on Pt-H-USY zeolite it h
been assumed that physisorption and protonation will
mately result in the molecule losing its translational entr
[46,48,54]. On ZSM-22, the molecule is assumed to l
some amount of rotational freedom in addition to the tra
lational entropy:

(4.5)�S◦
prot +�S◦

phys= −Strans− Si,rot,

whereStrans is the translational entropy of the free molec
andSi,rot is the sum of internal rotational entropy contrib
tions. Among the isomers of octane the maximum degre
freedom lost is for the 2-methyl hept-3-yl carbenium ion a
has the longest straight end inside the pore mouth. The
tional loss in rotational freedom for this molecule is assum
to be equivalent to the internal rotational entropy contri
tion of the three methylene groups and the methyl grou
the straight end present inside the pore mouth. Hence,
terms on the right-hand side of Eq. (4.5) can be obta
from statistical thermodynamics. As the standard physis
tion entropy,�S◦

phys has been determined independently
Laxmi Narasimhan et al. [27] Eq. (4.5) allows calculation
the standard protonation entropy�S◦

prot. The total entropy
loss upon physisorption and protonation for other carben
ions is lower than that of the reference 2-methyl-hept-
carbenium ion because of the lower number of carbon at
inside the pore mouth and, hence, the lower number of
grees of free rotation which are hindered. The dependen
the right-hand side of Eq. (4.5) on the carbon atoms in
the pore mouth is entirely attributed to differences in�S◦

phys
on the left-hand side of the equation. As a result the s
dard protonation entropy,�S◦

prot, can be considered as co
stant, independent of the molecule considered. The a
approximation is reasonable as appreciable difference
protonation entropy are not expected among the secon
carbenium ions. The transition state entropy accounts fo
entropy difference between the reactant state and the
sition state. Martens et al. [46,48,54,56] have estimated
transition state entropy for PCP andβ-scission reactions o
the USY where steric hindrance has a negligible effect.
ZSM-22, due to narrow pore structures steric hindrance
possibly have its influence on the transition state entr
However, as a first approximation, the same transition s
entropy as that assumed for the reference USY by Mar
et al. [46,48,54,56] has been considered.

5. Composite activation energy differences between
Pt-H-USY and Pt-H-ZSM-22

5.1. Reaction family independent

In the first instance, the validity of the assumptions
which the model is based was tested by regression of th
perimental data with one adjustable parameter,�E

comp
act , ac-

counting for the differences in composite activation ene
between ZSM-22 and USY. These differences were assu
to be reaction family independent. The estimated valu
�E

comp
act amounted to−8.9 (±0.3) kJ mol−1. This results

in higher turnover frequencies on ZSM-22 compared to
reference USY, viz. Fig. 5, and is attributed to a higher a
age acid site strength of ZSM-22. AnF value of 2000 was
obtained, corresponding to a global significance of reg
sion. Physisorption and protonation properties of refere
USY and ZSM-22 are compared in Table 3. The stand
physisorption enthalpy on ZSM-22 is significantly high
than on USY. Strong physisorption contributes to higher
action rates. As explained in Section 4.1 the acid site
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Fig. 5. Conversion ofn-octane as a function of space time: experimen
(symbols) and calculated (lines): (Q) on Pt-H-ZSM-22, obtained by regres
sion of kinetic model with a single adjustable parameter: Eqs. (2.1)–
along with Eqs. (4.2)–(4.5) with experimental data described in Tabl
(F) on Pt-H-USY(CBV 760) reported by Thybaut et al. [47].

Table 3
A comparison of physisorption and acidic characteristics of USY and Z
22

Reference USYa ZSM-22b

Csat
i

(mmol kg−1
cat) 620 0.34c

Ct (mmol kg−1
cat) 210 540d

Ct,pm (mmol kg−1
cat) – 0.34

�H ◦
phy for n-octane (kJ mol−1) −55.9 −101.0

a Thybaut et al. [47].
b Ocakoglu et al. [31].
c For pore mouth physisorption saturation capacity equals the numb

pore mouths.
d Total acid sites: out of this the acid sites on which reactions oc

equals the number of pore mouths.

alkene protonation on ZSM-22 can only be accessed by
alkene physisorbed in the pore mouth where the acid si
located, unlike on USY, where all alkenes can access
acid site. This also contributes to higher specific reac
rates on ZSM-22.

An adequate description of conversion versus space
was obtained during regression as shown in Fig. 5. Isom
ization is adequately described as can be seen from Fi
Physisorption and subsequent fast hydride shift reaction
termine the most abundant reactive intermediates (MARI) to
be those with a maximum number of carbon atoms inside
pore mouth [27]. Accordingly among the carbenium ions
monobranched isomers of octane, theMARIs can be ranked
as 2-methyl-hept-3-yl carbenium ion> 3-methyl-hept-4-yl
carbenium ion> 4-methyl-hept-5-yl carbenium ion. Th
same ranking is observed in the product pattern of the
responding isomers of octane. The selective formation
2-methylheptane was described accurately, along with
preference of 3-methylheptane over 4-methylheptane for
.
-

Fig. 6. Isomerization and cracking conversions ofn-octane as a function
of total conversion obtained by regression of kinetic model with a
gle adjustable parameter: Eqs. (2.1)–(2.3) along with Eqs. (4.2)–(4.5)
experimental data on C8 hydroconversion on Pt-H-ZSM-22 describe
Table 1. Symbols: experimental, (Q) isomers; (∗) cracked products. Solid
lines: calculations.

Fig. 7. Distribution of monobranched octane isomers: obtained by reg
sion of kinetic model with a single adjustable parameter: Eqs. (2.1)–
along with Eqs. (4.2)–(4.5) with experimental data on C8 hydrocon
sion on Pt-H-ZSM-22 described in Table 1. Symbols: experimental,F)
2MeC7; (Q) 3MeC7; (∗) 4MeC7. Solid lines: calculations.

tion viz. Fig. 7. This shows that the features of pore mo
catalysis are in first approximation taken into account in
model.

5.2. Reaction family dependent

Although the yield of total isomers is predicted reas
ably, the cracking is underpredicted by the model vide Fig
Also there are deviations from experimental data in the
diction of individual isomer yields vide Fig. 7. The devi
tions are due to assumed identical differences in compo
activation energy for both isomerization and cracking re
tions. The stability of secondary alkylcarbenium ions
pends on inductive effects, and especially on the numbe
carbon–carbon bonds inβ position to the positively charge
carbon [47]. The estimated composite activation energy
resents an average value for all these secondary alkylc
nium ions. On ZSM-22, the reactions that are retained in
model involve secondary carbenium ions with least stabil
tion by inductive effect, because of the linear nature of
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alkyl chain. This results in a difference in composite a
vation energy compared to USY. For the same reason
alkylcarbenium ion stabilities, there is also a difference
the activation energy of secondary–secondary PCP anβ-
scission reactions on secondary alkylcarbenium ions w
needs to be accounted for.

In addition, the protonation enthalpy is dependent on
number of carbon atoms present inside the pore. Thy
et al. [47] determined the dependency of protonation
thalpy on carbon number for alkanes in the range C5
on the USY zeolite, i.e., a situation where all carbon ato
of the molecules enter the crystal pores. A strong dep
dency of protonation enthalpy on carbon number is a
expected to occur on ZSM-22, especially since the num
of carbon atoms inside the pore is limited. Considering
above, in the second term in the right-hand side of Eq. (4
�E

comp
act-pcp/β can be expressed as

�E
comp
act-pcp/β =�Eact-pcp/β +�(�H ◦

prot-acidity)

(5.1)+�(�H ◦
prot-CN),

where�Eact-pcp/β accounts for the changes in the activat
energy for PCP andβ-scission reactions,�(�H ◦

prot-acidity)

for acid site strength differences, and�(�H ◦
prot-CN) for car-

bon number dependency of the protonation enthalpy. B
on the carbon number dependency observed on USY
a linear relationship for the dependency on the numbe
carbon atoms inside the pore mouth is assumed:

(5.2)�(�H ◦
prot-CN)= hcdCNP.

Since�Eact-pcp/β and�(�H ◦
prot-acidity) cannot be separate

estimated, the combination of the two is estimated and
resented as�Epcp/β :

(5.3)�Epcp/β =�Eact-pcp/β +�(�H ◦
prot-acidity).

The above considerations lead to�Epcp, �Eβ , andhcd
as model parameters to be estimated from regression
F value of 1600 was obtained. The regression results
Table 4 confirm that�Epcp and�Eβ are different indeed
The�Epcp was estimated less negative, i.e.,−4.0 (±1.1)
kJ mol−1 than�Eβ , i.e., −16.7 (±2) kJ mol−1. The para-
meterhcd has been estimated to be−1.1 (±0.2) kJ mol−1

per carbon atom inside the pore, which indicates inte
tion of the delocalized charge with the deprotonated a
site on ZSM-22 comparable to that reported for lower car
number carbenium ions on USY [47]. The maximum bin

Table 4
Parameters estimated by regression of the kinetic model with thre
justable parameters: Eqs. (2.1)–(2.3) along with Eqs. (4.2)–(4.5) and (
(5.3) with experimental data on C8 hydroconversion on Pt-H-ZSM-22
scribed in Table 1

Parameter (kJ mol−1) Value (±95% confidence limit)

�Epcp −4.0 (±1.1)
�Eβ −16.7 (±2.1)
hcd −1.1 (±0.2)
f

t

Fig. 8. Isomerization and cracking conversions ofn-octane as a function
of total conversion: obtained during regression of kinetic model with th
adjustable parameters: Eqs. (2.1)–(2.3) along with Eqs. (4.2)–(4.5)
(5.1)–(5.3) with experimental data on C8 hydroconversion on Pt-H-ZSM
described in Table 1. Symbols: experimental, (Q) isomers; (∗) cracked
products. Solid lines: calculations.

correlation observed betweenhcd and�Epcp is 0.7. As a
result of the above parameters the composite activation
ergies for PCP andβ-scission reactions vary with carbeniu
ions due to differences in the number of carbon atoms in
the pore mouth. For PCP reactions the composite activa
energy varies between 32.8 and 39.4 kJ mol−1 as compared
to 45.6 kJ mol−1 for the reference USY, viz. Table 2, wit
the lowest corresponding to 2-methyl-hept-3-yl carben
ion. This also contributes to formation of 2-methyl hepta
as the most dominant product on ZSM-22. The numbe
carbon atoms inside the pore mouth contributes to the r
ing of MARIs described in Section 5.1.

For β-scission reactions the composite activation en
gies vary between 53.7 and 60.3 kJ mol−1 compared to
79.2 kJ mol−1 for the reference USY viz. Table 2. The
values imply that on a relative basis, there is more cra
ing on ZSM-22 compared to the USY case. At first sig
this seems contradictory to the experimental observa
of higher isomer yields obtained on ZSM-22 compared
USY. The explanation is that the fastest cracking mec
nism involving tertiary alkylcarbenium ions is entirely su
pressed on ZSM-22, and this suppression of a fast cr
ing mechanism overcompensates the enhanced crackin
secondary–secondaryβ-scission. This is evident from th
activation energy of tertiary–tertiaryβ-scission reactions o
USY which is 40–45 kJ mol−1 lower than the activation en
ergy of secondary–secondaryβ-scission reactions [47,56].

The model based on final regressed values of the p
meters is better than the single parameter model discu
above. The description of conversion versus space tim
similar to that shown in Fig. 5. Fig. 8 shows that the trend
isomerization and cracking are in excellent agreement
experimental data. Finally, Fig. 9 shows that the distributi
of monobranched isomers are described better compar
the single parameter model.
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Fig. 9. Distribution of monobranched octane isomers: obtained during
gression of kinetic model with three adjustable parameters: Eqs. (2.1)–
along with Eqs. (4.2)–(4.5) and (5.1)–(5.3) with experimental data on
hydroconversion on Pt-H-ZSM-22 described in Table 1. Symbols: exp
mental, (F) 2MeC7; (Q) 3MeC7; (∗) 4MeC7. Solid lines: calculations.

6. Conclusions

The hydroconversion on Pt/H-ZSM-22 of a model alka
such asn-octane can be accurately described by a micr
netic model using the single-event methodology. Via a
of rules, pore mouth catalysis can be accounted for at
level of physisorption and protonation as well as the tra
tion states.

Individual alkanes and alkenes can be physisorbed
pore mouth according to different modes. These modes
to formation of specific alkylcarbenium ions, the transform
tions of which are also subjected to severe limitations.
most significant limitation is that the tertiary alkylcarbeniu
ions do not occur on ZSM-22.

The higher reaction rates on ZSM-22 are mainly due
a higher average acid strength compared to USY. Physis
tion at ZSM-22 pore mouths is competitive while the sub
quent protonation of the physisorbed alkene is noncom
itive. This also contributes to higher specific reaction ra
on ZSM-22 compared to USY where both physisorption
protonation are competitive.

One parameter representing a unique difference in c
posite activation energy suffices to account for the dif
ence in conversion obtained on Pt/H-ZSM-22 with respec
Pt/H-USY. A more detailed model allowing reaction famil
dependent differences in composite activation energies
a carbon number-dependent protonation enthalpy is requ
to adequately describe the selectivities observed on P
ZSM-22. The reaction family-dependent differences in co
posite activation energies arise from the exclusion from
model of specific PCP andβ-scission reactions, occurrin
in USY but not in ZSM-22 pore mouths. The second
alkylcarbenium ions involved in ZSM-22 catalysis rep
sent the ions which are least stabilized by inductive effe
β-Scission involves secondary alkylcarbenium ions with
average a higher stability than those involved in PCP isom
ization.
-

7. Nomenclature

7.1. Roman symbols

C Concentration (mol kg−1
cat)

Ct Total concentration of Brønsted acid sites (m
kg−1

cat)
CN Carbon number
CNP Carbon atoms inside the pore
E Energy (kJ mol−1)
F Molar flow rate (mol s−1)
H Henry’s coefficient (mol kg−1

cat Pa−1)
H Enthalpy (kJ mol−1)
h Planck’s constant
Kdeh Equilibrium coefficient for dehydrogenation (Pa)
Kisom(Oij ,Or) Equilibrium coefficient for isomerization

between alkenej and reference alkene (–)
KL Langmuir physisorption coefficient (Pa−1)
Kpm Equilibrium constant for pore mouth physisorpti

(Pa−1)
Kpm-mp Equilibrium constant for pore mouth to micropo

physisorption (moles in micropores/moles in po
mouth)

K
usy
prot(Oij ,m) Equilibrium coefficient for protonation o

alkenej with formation of a carbenium ion of typ
m (kgcatmol−1) on USY

Kzsm-22
prot (Oij ,m) Equilibrium coefficient for protonation o

alkenej with formation of a carbenium ion of typ
m on ZSM-22 (molpmmol−1)

k(m,n) Rate coefficient of a reaction converting a car
nium ion of typem into another carbenium ion o
typen (s−1)

kB Boltzmann constant
m1 Reactant carbenium ion (secondary or tertiary)
m2 Product carbenium ion (secondary or tertiary)
n Carbenium ion type (secondary or tertiary)
nob Number of observations
nresp Number of responses
N Number of components
Oij Alkenej produced from alkanej
pi Partial pressure of componenti (Pa)
R Net production rate (mol kg−1

cat s
−1)

r(m,n) Rate of reaction converting reactant carbenium
of type m into product carbenium ion of typen
(mol kg−1

cat s
−1)

S Entropy (J mol−1 K−1)
T Temperature (K)
nole Number of alkenes
ncar Number of carbenium ions

7.2. Greek symbols

β Beta scission
σ Global symmetry number
� Differential
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7.3. Superscript

o Standard state
∼ Single event
comp Composite
comp-ZSM-22 Composite for ZSM-22
comp-USY Composite for USY
m Modes of physisorption index
phys Physisorption
sat Saturation
trans Translational
�= Transition state
deh Dehydrogenation
prot Protonation
rot Rotational
i Component index

7.4. Subscript

act Activation
act-pcp/β Activation for pcp, orβ-scission reactions
as/pcp/β Alkyl shifts, pcp, orβ-scission reactions
Br Branches
CNP Carbon atoms inside the pore
cd Charge delocalization
deh Dehydrogenation
i , rot Internal rotation
i Component index
isom Isomerization
j Component index
k Component index
m Modes of physisorption index
me Methyl group and carbon atom carrying met

group
Oi,j Alkenej stemming from alkanei
p Index for alkanes
phys Physisorption
pm Pore mouth
pm-mp Pore mouth to micropore
prot Protonation
prot-acidity Effect on protonation due to acidity
prot-CN Effect on protonation due to carbon number

pendency
r Component index
R+
ik Carbenium ionk stemming from alkanei

t Total
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