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Abstract

ZSM-22 (TON-type) zeolite has a pore size close to that of alkanes and exhibits pronounced molecular sieve effects with
n-Alkanes physisorb through the pore mouths into the micropores while the iso-alkanes physisorb at the pore mouths only. P
tion inside the micropores results in additional entropy and enthalpy loss compared to physisorption at the pore mouths. Multiple
physisorption exist at the pore mouths: each of the “straight ends” of the iso-alkane can protrude into the micropore. A two-step p
tion model distinguishing between physisorption at the pore mouths and subsequent transfer from pore mouths into the micropore
developed. The standard physisorption enthalpy and entropy for each of the physisorption modes of iso-alkanes andn-alkanes are compute
following an additivity principle. The Henry coefficient for each alkane is the sum of contributions calculated for the individual physis
modes. The standard physisorption enthalpy and entropy for each alkane are calculated from the distribution of physisorption m
ideal mixing rules.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Molecular sieve-type zeolites are widely employed
many petroleum and petrochemical processes as the
hibit shape selectivity. ZSM-22 (TON-type), belonging
the group of 10-membered ring zeolites, is commercially
plied for skeletal isomerisation of alkanes [1,2]. Due to
narrow channel structure (0.44× 0.55 nm) [3] and resultan
strong overlapping force fields exerted by the zeolite wa
ZSM-22 shows strong and peculiar physisorption charac
istics. Changes in physisorption behaviour of reaction pr
ucts compared to feed molecules have been used to ex
shape-selective effects observed in processes such as h
cracking and hydroisomerisation. Two different theories
found in the literature concerning this matter.

The first theory considers steric hindrance for physiso
tion of iso-alkanes inside the micropores due to their bu
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size [4–19]. Henry coefficients are high for normal alkan
while for iso-alkanes the Henry coefficients are significan
lower [4–6]. The saturation capacity forn-alkanes is 3 or-
ders of magnitude higher than that for iso-alkanes. F
the systematic observation of lower adsorption enthalpy
entropy of iso-alkanes compared ton-alkanes, it was con
cluded that, under reaction conditions, iso-alkanes do
access the micropores in contrast ton-alkanes [4–6].

Ocakoglu et al. [18] compared the physisorption pr
erties of iso-alkanes on ZSM-22 samples with open po
and with blocked pores, respectively. They observed c
parable standard physisorption enthalpies and entropie
iso-alkanes on both forms, suggesting that iso-alkane
not penetrate and adsorb into “open” pores of ZSM-
Significant differences between the physisorption prope
of normal- and iso-alkanes were observed in open ZS
22. Pronounced changes in physisorption properties fon-
alkanes as compared to iso-alkanes were also foun
Pieterse et al. [2] and lead to the conclusion that branc
molecules can physisorb at the pore mouths of ZSM-22 o
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These authors also postulated the existence of strong B
sted acid sites at the pore mouth and the occurrence of s
quent acid-catalysed reactions at the pore mouth rather
on the external surface or inside the micropores of the ze
crystallite. In the pore mouth mechanism, branched m
cules physisorb in such a way that one of its “straight en
protrudes into the pore mouth. Straight ends of an alkan
the unbranched terminal ends of the main alkyl chain an
the alkyl substituents of the latter. The carbon atom on wh
the straight end is attached is outside the pore. For lo
molecules, which can span more than one pore mouth,
lock configurations also exist, involving two or more po
mouths [12,15,16].

The second theory proposed by Maesen et al. [20,21]
Schenk et al. [22] favours product shape selectivity, ba
on differences in product diffusivities, along with transiti
state shape selectivity. Branched molecules are assum
enter the micropore, and due to differences in diffusivi
among the different product molecules, shape selectivity
curs. This theory was based on configurational bias Mo
Carlo (CBMC) calculations for estimating intermolecu
interactions and physisorption properties ofn-alkanes and
iso-alkanes inside the micropores of ZSM-22. It follo
from the calculations that branched alkanes can ente
pores if properly oriented. The above theory seems to
in contradiction with classical bifunctional mechanism [2
which requires a very short time scale for diffusion of
actants from acid sites to metal sites, while inside ZSM
micropores large diffusion resistances exist due to a sin
file diffusion mechanism [24]. Also, there are significa
deviations between calculated physisorption properties
ing the CBMC technique and experimentally measured
ues [20].

In the pore mouth mechanism, different orientations
the iso-alkane molecules can exist, depending upon
straight end that has entered the pore mouth cavity.
to varying force fields inside and outside the pore mo
cavity, each of these orientations, termed as “modes,”
hibits different physisorption properties. Each mode is c
acterised by the carbon atoms inside and outside of the
mouth cavity. Chemisorption and subsequent acid-catal
reactions occur at the pore mouth. As physisorption
cedes protonating chemisorption, each individual physis
tion mode determines the subsequent reactions and rea
intermediates. To model the corresponding reaction kine
the distribution of physisorbed alkanes among their poss
physisorption modes as well as the changes in physisor
properties during the course of reaction have to be accou
for quantitatively. A typical reaction mixture for hydroca
bon conversion such as alkane hydroconversion is a m
component system involving alkanes and iso-alkanes in
reaction mixture. The pure component physisorption p
erties and Langmuir isotherms are used to describe the
sisorption of the multicomponent reaction mixture either
classical Langmuir-based approaches or through ideal
real adsorption solution theories (IAST, RAST) [25–28].
-
-

-

o

n

-

The present paper aims at a model to describe the si
component physisorption phenomenon on ZSM-22 al
with a methodology to calculate physisorption properties
n-alkanes and iso-alkanes for each of their individual p
mouth physisorption modes. The methodology is analog
to additivity methodologies for thermodynamic propert
determination. Based on the estimates obtained for the
ditivity parameters, the physisorption properties are ca
lated and compared with experimental data [4–6,18].
physisorption properties and the model to describe the m
ple physisorption modes of pure components can be dire
used in any of the above-mentioned methods to desc
physisorption of the multicomponent reaction mixture.

2. Procedures and data

2.1. Sorbent

Data obtained before on two types of ZSM-22, an “op
and a “closed” form, have been used in the present w
The synthesis of the open form has been described in d
by Ernst et al. [29], while the closed form was obtained w
the same procedure, however, without removal of the
diaminohexane template from the micropores. The silic
aluminum ratio of ZSM-22 is 30 and the crystals hav
needle-like shape with a length varying from 1 to 2 µm. T
form of ZSM-22 synthesised following the normal recip
i.e., with removal of the template and, hence, with free ac
sible pores, is referred to as open ZSM-22. The conce
tions of pore mouths and Brönsted acid sites for the sor
are listed in Table 1. An as-synthesised ZSM-22 zeolite s
ple with the template left inside the micropores is referre
as closed ZSM-22. Details about the latter can be foun
Ocakoglu et al. [18].

2.2. Physisorption properties

The physisorption isotherm for alkane “i” based on Hen
ry’s law is expressed as:

(2.1)Ci = Hipi,

where Ci is the physisorbed alkane concentration. T
Henry coefficientHi is obtained from the expression

(2.2)Hi =
(

Ct,i

2p◦

)
e�S◦

phys,i /Re−�H ◦
phys,i /(RT )

,

Table 1
Range of experimental conditions on ZSM-22 along with their critical c
acteristics [4–6,18]

ZSM-22

Sorptive C5–C9 (normal, mono-, di- and tri-branche
Temperature (K) 473–623
Ct,pm (10−3 molkg−1) 0.33
Total Brönsted acid sites 0.54

(≈ Ct,mp) (molkg−1)
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whereCt,i is the total concentration of physisorption sit
for alkanei andp◦ is the standard state pressure. The ab
expression is based on a standard state at which half o
active sites are occupied because of configurational ent
reasons [4–6,31]. The standard physisorption enthalpies
entropies are experimentally obtained from van’t Hof
plots.

2.3. Physisorption data

Denayer et al. [4–6,19], using a chromatographic me
od [30], have determined the low-coverage adsorption p
erties for normal and branched C5–C9 alkanes on o
ZSM-22. The fact that adsorption of the studied alkanes
completely reversible and that no secondary peaks occu
during the measurements indicated that only physisorp
occurred, and no chemical bounding or reaction took p
[4,5,18]. Henry coefficients and standard physisorption
thalpies and entropies were reported. Ocakoglu et al.
have confirmed the findings of Denayer et al. [4–6,19].

For n-alkanes, the strong increase of the standard p
sisorption enthalpy loss with carbon number is accom
nied by a high loss of rotational and translational freed
as the molecules are fully physisorbed inside the po
For iso-alkanes, the physisorption enthalpies vary with
branching position and degree of branching. The stan
physisorption enthalpy and entropy and, hence, Henry c
ficients depend on the number of carbon atoms physiso
inside the pores. Fig. 1 shows the values for the stan
physisorption enthalpy on open and closed ZSM-22 a
function of carbon number for various classes of alkan
A distinct linear relationship of the standard physisorpt
enthalpy and entropy with the carbon number is obser

Fig. 1. Experimental standard physisorption enthalpy of C5–C9 alk
and iso-alkanes on open [4–6] and closed [18] ZSM-22: (F) n-alkanes
in closed ZSM-22; (1) n-alkanes in open ZSM-22; (X) 2Me-branche
alkanes in closed ZSM-22; (P) 2Me-branched alkanes in open ZSM-2
(") 3Me-branched alkanes in closed ZSM-22; (!) 3Me-branched alkane
in open ZSM-22.
Table 2
Estimates with their 95% confidence intervals for the parameter
Eqs. (2.3) and (2.4) describing standard physisorption enthalpy and en
for n-alkanes on open ZSM-22 [4–6] obtained through regression of H
coefficient relationship with standard physisorption enthalpy and entr
viz. Eq. (2.2) along with Eqs. (2.3) and (2.4) with the experimental He
coefficient on open ZSM-22

Parameter Open ZSM-2

α (kJmol−1) 12.84(±0.15)
β (kJmol−1) −2.3 (±0.8)

γ (Jmol−1 K−1) 17.01(±0.29)
δ (Jmol−1 K−1) 28.84(±0.19)

for each alkane class [4–6,19]

(2.3)−�H ◦
phys,i = αCNi + β,

(2.4)−�S◦
phys,i = γ CNi + δ,

where CNi represents the carbon number of the physisor
alkane andα, β , γ , andδ are alkane class-dependent p
rameters. The carbon number dependence of the c
sponding Henry coefficients follows from the substituti
of Eqs. (2.3) and (2.4) into Eq. (2.2). Values for the op
ZSM-22 parametersα, β , γ , and δ have been estimate
by Denayer et al. [4] and Ocakoglu et al. [18] through
gression of standard physisorption enthalpy and entropy
tained through van’t Hoff’s plots generated from experim
tal determination of Henry coefficients at different temp
atures for each alkane class [4–6,18]. In the present w
Henry coefficients have been considered as responses fo
rameter estimation. Consistent with this, the parameterα,
β , γ , andδ have been re-estimated considering Henry
efficients as responses. Estimation of parametersα, β , γ ,
andδ corresponding to then-alkanes on open ZSM-22 viz
Table 2, are obtained from regression with Eq. (2.2) toge
with Eqs. (2.3) and (2.4) of the experimentally determin
Henry coefficients of C5–C9n-alkanes over the temperatu
range of 473–623 K [4–6,18] and extrapolated Henry
efficients for 623–673 K using van’t Hoff’s relationship
responses. The range of experimental conditions are g
in Table 1. Ocakoglu et al. [18] have also determined
physisorption properties forn-alkanes and iso-alkanes o
closed ZSM-22, viz., Fig. 1. Unlike open ZSM-22, clos
ZSM-22, which has the template left inside the micropo
presents effectively only pore mouths and no micropo
For iso-alkanes it has been observed that physisorption
thalpies and entropies on closed ZSM-22 are compar
within 3–5 kJ mol−1 and 4–8 J mol−1 K−1, respectively, to
those obtained on open ZSM-22. Forn-alkanes, the phy
sisorption enthalpies and entropies are significantly less
ative [18]. The corresponding values are close to those
tained for iso-alkanes on closed ZSM-22 as can be s
from Fig. 1. Physisorption ofn-alkanes inside the micro
pores on open ZSM-22 is thermodynamically different fr
physisorption on closed ZSM-22, as it is accompanied
additional loss of entropy and enthalpy [18], which are pr
tically carbon number-independent.
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The standard physisorption enthalpy of monobranc
alkanes on open ZSM-22 was observed to become less
tive as the monobranching position moves toward the ce
of the main alkyl chain of the alkane [5,18]. For exa
ple, standard physisorption enthalpy of 2-methylheptan
−87.3 kJ mol−1 while that of 4-methylheptane is−77.4 kJ
mol−1. Moreover, the enthalpy loss upon physisorption o
branched alkane for which the longest straight end hasi car-
bon atoms is higher than that of ann-alkane withi carbon
atoms upon physisorption at the pore mouth:

(2.5)−�H ◦
phys(2MeC7) > −�H ◦

phys(nC6) > −�H ◦
phys(nC5).

In its most stable physisorption mode, 2-methylheptane
five carbon atoms protruding inside the pore mouth.
suming that carbon atoms outside the pore mouth ex
no enthalpy loss, a standard pore mouth physisorption
thalpy for 2-methylheptane close to the standard mi
pore physisorption enthalpy forn-pentane is expected. How
ever, the standard pore mouth physisorption enthalpy
2-methylheptane is more negative than the standard m
pore physisorption enthalpy forn-pentane and even tha
for n-hexane. Similar observations are made for other
alkanes.

The above observations indicate that standard physis
tion enthalpy loss for iso-alkanes at pore mouths exists
only for carbon atoms protruding inside the pore mou
but also for the carbon atoms outside the pore mouth.
nayer [6] and Martens et al. [9] have already postulated
in the case of branched alkanes, apart from the interac
of carbon atoms inside the pore mouths, the carbon a
outside also interact to a relatively lower extent with
external surface. Analogous observations can be mad
standard entropy. The following trend of the Henry coe
cients results:

(2.6)H(2MeC7) > H(nC6) > H(nC5).

All the iso-alkane molecules in the database, viz. Tabl
exhibit only a pore mouth configuration except 2-me
ylheptane, 2-methyloctane, and 3-methyloctane, which h
additionally key-lock physisorption modes. These are
only molecules having a “straight end,” which is lo
enough to traverse the bridge between two neighboring
mouths and enter the second pore mouth with the tail of t
long straight end while another, short straight end is in
first pore mouth. The requirement for the key-lock mec
nism is that the length of the straight end has to be gre
than the width of the bridge separating the pore mouths.
bridge width corresponds to at least three methylene gr
of the straight end [12,15,16]. Because the descriptio
pore mouth physisorption is the aim in the present paper
alkanes exhibiting additional key-lock physisorption beh
iour are not considered in the regression.
-

-

-

r

2.4. Parameter estimation

Estimation of the parameters is performed by minim
tion of the weighted sum of squares of the residuals betw
the experimental and calculated Henry coefficients.

(2.7)SSQ=
nob∑
j=1

wj

(
Hj − H

exp
j

)2
,

H
exp
j is the experimental Henry coefficient corresponding

the j th observation, which pertains to an alkane at a gi
experimental temperature. Extrapolation based on v
Hoff’s relation is carried out for obtainingH exp

j for temper-
atures not covered by the experiments. As mentioned ab
alkanes having only a pore mouth configuration are con
ered for parameter estimation. The total number of ob
vations “nob” for parameter estimation for C5–C9 alka
amounts to 50 forn-alkanes, 70 for monobranched alkan
and 60 for multibranched alkanes. The weighting factorwj

is expressed as follows:

(2.8)wj = (H
exp
j )−1

∑nob
j (H

exp
j )−1

.

Reparameterisation [32–34] has been performed. The o
tive function is minimised by applying the standard non
ear least-square estimation technique, c.q., Gauss–Ne
algorithm [35,36]. The parameter estimation has also b
carried out through a Bayesian technique for paramete
timation [37] and leads to quasi-identical results. The s
ware package used for the purpose is Greg Pak solve
Athena visual work bench [38]. During regression, the
tistical significance of the regression is expressed by m
of the F -test, comparing the sum of squares of the ca
lated response values and the residual sum of squares
individual significance of the parameters on the 95% pro
bility level is tested using Studentst-value.

3. Langmuir description of physisorption of alkanes
on ZSM-22

The Langmuir isotherm for physisorption of a pure co
ponenti is based on the following site balance

(3.1)Csat
i = Ce + Ci

and is expressed as

(3.2)Ci = KL,iC
sat
i pi

1+ KL,ipi

,

whereCsat
i is the saturation concentration of componenti on

the sorbent. For low partial pressures of componenti, i.e.,
KL,ipi 	 1, Eq. (3.2) is reduced to Eq. (2.1), valid in t
Henry regime. Hence, the following relationship is obtain

(3.3)Hi = KL,iC
sat
i .



C.S. Laxmi Narasimhan et al. / Journal of Catalysis 218 (2003) 135–147 139

an
ond
ply-
no-
n-

cur
a-

the
ker
pre-
re-
the

hy-
ted
the
her

e ex
the
phy
ion
the
rtial
can
nts

han
ur-

the
their
mi-
ths
ntly
lpy

m
hy-

g
de-
ths

her

e

outh

-

pore
ns-
n.
es
of

e at
y
-
l to

eing
cro-

ion,
d as

,

The Langmuir physisorption equilibrium coefficient for
alkane on a zeolite can be determined from the corresp
ing Henry coefficient and saturation concentration by ap
ing Eq. (3.3). A Langmuir isotherm corresponds to mo
layer formation. On ZSM-22, due to the molecular dime
sions of micropores, multilayer formation does not oc
inside the micropores. At the pore mouths multilayer form
tion is theoretically possible. However, it is expected that
forces involved in the multilayer formation are much wea
than the interactions of the sorbate with the pore mouth,
venting multilayer formation also at the pore mouth. The
fore, a Langmuir expression can be applied to describe
physisorption on ZSM-22 at low coverage [4–6] when p
sisorption is found to occur preferentially on the Bröns
acid sites [6,18,39], which are at pore mouths and inside
micropores for ZSM-22. It has been observed that at hig
alkane partial pressures physisorption also occurs at th
ternal crystal surfaces [6,9,19]. Under such conditions,
physisorption phenomenon can be described by a dual
sisorption site model [6,9,19] with one type of physisorpt
site corresponding to the pore and pore mouth and ano
corresponding to the external surface. At lower alkane pa
pressures, the effects of external surface physisorption
be neglected, as the physisorption equilibrium coefficie
for micropores and pore mouths are significantly higher t
the physisorption equilibrium coefficient for the external s
face [6,9,19].

On ZSM-22 a distinction has to be made between
pore mouths and the micropores. Iso-alkanes, due to
bulkiness, are sterically hindered to physisorb inside the
cropores and, hence, physisorb only at the pore mou
n-Alkanes physisorb at the pore mouth and subseque
can enter the corresponding micropore. Additional entha
and entropy loss occurs whenn-alkanes are transferred fro
pore mouths to micropores. As a result, a two-step p
sisorption model is developed forn-alkanes physisorbin
inside the micropores, while a single-step physisorption
scribes the physisorption of iso-alkanes at the pore mou
viz. Fig. 2.

3.1. n-Alkanes

n-Alkanes first physisorb at the pore mouths and furt
enter the micropore:

Pj + Se,pm

Kj,pm

� Pj,pm,

Pi,pm + Se,mpl

Kpm−mp

� Pj,mp.

For a puren-alkane “j ” the equilibrium concentration at th
pore mouth is given by

(3.4)Cj,pm = Kj,pmCe,pmpj .

A separate indexj is used because exclusivelyn-alkanes
are considered, whereas the indexi in the previous section
covers both normal and iso-alkanes. From the pore m
-

-

-

r

.

,

Fig. 2. Schematic representation of physisorption ofn-alkanes and iso
alkanes on open ZSM-22.

ann-alkane can enter the micropore connected to that
mouth. Due to the narrow micropore channels, the tra
port inside the micropore occurs via single-file diffusio
In single-file diffusion, the transfer into the micropore tak
place via a series of activated site jumps [24]. The rate
this transfer is proportional to the concentration of alkan
pore mouthCj,pm and the probability of finding an empt
neighbouring micropore sitêpe,mp while the rate of trans
fer from the micropore to the pore mouth is proportiona
the alkane concentration in the micropores,Cj,mp, and the
probability of the pore mouth being emptŷpe,pm. Consider-
ing the transfer between pore mouth and micropore as b
quasi-equilibrated, the alkane concentrations in the mi
pores can be expressed as follows:

Cj,mp = Kpm−mpCj,pm
p̂e,mp

p̂e,pm

(3.5)= Kj,pmKpm−mppjCe,pm
p̂e,mp

p̂e,pm
.

Assuming uniform site strength, viz. unbiased physisorpt
probabilities for finding the empty sites can be expresse

(3.6)p̂e,pm = Ce,pm

Ct,pm
,

(3.7)p̂e,mp = Ce,mp

Ct,mp
.

Substituting the above Eqs. (3.6) and (3.7) into Eq. (3.5)

(3.8)Cj,mp = Kj,pm

(
Kpm−mp

Ct,pm

C

)
pjCe,mp.
t,mp
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A site balance for the micropore physisorption sites lead

(3.9)Ct,mp = Cj,mp + Ce,mp,

whereCt,mp is the total number of physisorption sites in t
micropores and corresponds toCsat

i because the number
pore mouths is negligibly small. After solving Eq. (3.9) f
Ce,mp and substituting in Eq. (3.8), the Langmuir expr
sion for physisorption ofn-alkanej inside the micropore
of ZSM-22 is written as

(3.10)Cj,mp = Kj,pmK
app
pm−mpC

sat
j pj

1+ Kj,pmK
app
pm−mppj

,

where

(3.11)K
app
pm−mp = Kpm−mp

Ct,pm

Ct,mp
.

Comparing the above expression with Eq. (3.2), it can
seen that the Langmuir equilibrium coefficient for phy
sorption ofn-alkanes can be expressed as

(3.12)KL,j = Kj,pmK
app
pm−mp.

KL,j can be obtained from the experimentally measu
Henry coefficient and the saturation concentration on o
ZSM-22 using Eq. (3.3). Physisorption experiments
closed ZSM-22 allows calculation of the pore mouth p
sisorption, coefficientKj,pm, because the subsequent tra
fer into the micropores after physisorption at the pore mo
is absent. The equilibrium coefficient for transfer betw
the pore mouth and the micropore,Kpm−mp, can then be
obtained via Eqs. (3.11) and (3.12). From the tempera
dependence ofKL,j andKj,pm the standard physisorptio
enthalpy and entropy on open ZSM-22,�H ◦

j,mp and�S◦
j,mp

and on closed ZSM-22,�H ◦
j,pm and�S◦

j,pm can be deter
mined.�H ◦

j,mp and�S◦
j,mp follow the carbon number de

pendency relationships forn-alkanes described by Eqs. (2.
and (2.4), respectively. Based on Eqs. (3.11) and (3.12)
following relationship between the standard physisorp
enthalpies on open and closed ZSM-22 can be written

(3.13)�H ◦
j,mp = �H ◦

j,pm + �H ◦
pm−mp,

(3.14)�H
app
pm−mp = �H ◦

pm−mp.

A similar relationship holds for the physisorption entropi

(3.15)�S◦
j,mp = �S◦

j,pm + �S◦
pm−mp,

(3.16)�S
app
pm−mp = �S◦

pm−mp + R ln

(
Ct,pm

Ct,mp

)
.

As a result, the standard enthalpy and entropy loss u
transfer from the pore mouth to the micropore can be
culated from the difference between the standard physis
tion enthalpies and entropies on open and closed Z
22 using Eqs. (3.13) to (3.16). The standard physisorp
enthalpy�H ◦

pm−mp corresponds to the observed value

−19.6 kJ mol−1 [18]. The observed standard physisorpt
entropy�S

app
pm−mp of −89.33 J mol−1 K−1 [18] is actually
-

not the true standard physisorption entropy for pore mou
micropore transfer as it also contains the factorCt,pm/Ct,mp,
viz. Eq. (3.16). Accounting for this factor, viz., Table 1, t
true standard physisorption entropy�S◦

pm−mp is calculated

as−27.8 J mol−1 K−1.

3.2. Iso-alkanes

The physisorption of pure iso-alkane “k” on ZSM-22
only occurs at the pore mouths:

Pk + Se,pm

Kk,pm

� Pk,pm.

This leads to the following Langmuir expression for is
alkane physisorption at the pore mouth:

(3.17)Ck,pm = Kk,pmCt,pmpk

1+ Kk,pmpk

.

Comparing the above expression with Eq. (3.2), it can
seen that the Langmuir coefficient for iso-alkanek, KL,k,
corresponds toKk,pm while the saturation concentration f
an iso-alkanek, Csat

k , corresponds toCt,pm. Kk,pm is ob-
tained from the ratio of the experimentally measured He
coefficient and the saturation concentration, viz. Eq. (3
The above discussion holds for both open and closed Z
22 because on both forms iso-alkanes physisorb at the
mouths only.

4. Modes of physisorption for alkanes on ZSM-22

An iso-alkane at the pore mouth can physisorb in differ
orientations, leading to multiple physisorption modes,
Fig. 3. Inside the micropores strong force fields exist a
hence, interactions with the crystal lattice occur for car
atoms inside the micropore. Forn-alkanes, all of the car
bon atoms are subject to such interactions. For iso-alka
these interactions are limited to the portion of the molec
protruding inside the pore mouth and are directly prop
tional to the number of carbon atoms protruding into the p
mouth. However, apart from the interactions experience
carbon atoms protruding inside the pore mouth, the ca

Fig. 3. Schematic representation of the three possible physisorption m
of 4-methyloctane at a ZSM-22 pore mouth indicated by parallel rectang
blocks.
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atoms outside the pore mouth also experience energet
teractions with the crystal lattice, albeit to a lesser exten

Each physisorption mode is characterised by the n
ber of carbon atoms inside and outside the pore mouth.
number of pore mouth physisorption modes correspond
the number of straight ends in the molecule. In each of
pore mouth physisorption modes one of the straight e
of the molecule protrudes into the pore mouth, while
remaining portion of the molecule is outside. The relat
distribution of all existing modes depends on the energ
interactions in these modes.

Fig. 3 is an illustration of the different pore mouth ph
sisorption modes for 4-methyloctane (4MeC8). This i
alkane has three straight ends and, hence, in a pore m
configuration there are three physisorption modes with
one of the straight ends inside the micropore and others
side the micropore. The Henry coefficients for iso-alka
discussed in the previous section correspond to a comp
value over all possible physisorption modes. Forn-alkanes
the observed physisorption behavior can be related to a
gle physisorption mode, i.e., with all carbon atoms ins
the micropore. Hence, forn-alkanes the Henry coefficien
is obtained by Eq. (2.2) along with Eqs. (2.3) and (2.4)
ing the standard physisorption enthalpy and entropy in
the micropore. In the calculation of the Henry coefficie
for the iso-alkanes each of the possible physisorption mo
has to be accounted for. The composite Henry coefficien
4-methyloctane consists of the Henry coefficients of its th
individual physisorption modes, viz. Fig. 3:

Pk + Se,pm

Kkm,pm

� Pkm,pm

(for straight endm inside the pore mouth cavity).
Considering the following site balance at pore mouths

(4.1)Ct,pm = Ce,pm +
3∑

m=1

Ckm,pm

and

(4.2)Ckm,pm = Kkm,pmpkCe,pm,

where Ckm,pm is the concentration of the physisorptio
modem and Kkm,pm is the equilibrium constant for phy
sisorption in modem. The Langmuir expression for individ
ual physisorption mode (Eq. (2.2)) can be written as follo

(4.3)Ckm,pm = Kkm,pmCt,pmpk

1+ ∑3
m=1 Kkm,pmpk

.

The total concentration of physisorbed alkanesk at pore
mouths is expressed as

Ck,pm =
3∑

m=1

Ckm,pm =
3∑

m=1

Kkm,pmCt,pmpk

1+ ∑3
m=1 Kkm,pmpk

(4.4)=
(∑3

m=1 Kkm,pm
)
Ct,pmpk

1+ (∑3
K

)
p

.

m=1 km,pm k
-

h

Extending Eqs. (4.1)–(4.4) to any alkane havingN pore
mouth physisorption modes leads to

(4.5)Kk,pm =
N∑

m=1

Kkm,pm.

Multiplying both sides of Eq. (4.5) with the saturation co
centrationCsat

k , which corresponds to the concentration
pore mouthsCt,pm and using the relationship between t
Henry coefficient and Langmuir physisorption equilibriu
coefficient, viz. Eq. (3.3), the Henry coefficient for is
alkane can be expressed in terms of “Henry coefficients”
individual modes of physisorption at pore mouths as

(4.6)Hk,pm =
N∑

m=1

Hkm,pm.

Hence, when multiple physisorption modes exist, the
servable Henry coefficient for physisorption is a “comp
ite,” which equals the sum of the Henry coefficients of the
dividual physisorption modes. The latter Henry coefficie
can be calculated using correlations for physisorption
thalpy and entropy given in the next section. The ab
treatment for pore mouth physisorption modes is expe
to be extendable to key-lock physisorption modes, which
however, beyond the scope of the present paper.

For iso-alkanes, experimental values of the compo
Henry coefficient for pore mouth physisorption can be
tained from classical physisorption experiments on ZSM-
For n-alkanes the same can be obtained from such ex
ments on closed ZSM-22. It will be evident from the sub
quent discussions that a major advantage of distinguis
between different physisorption modes is the possibility
come to a uniform set of parameters to describe the p
sisorption properties of all alkane classes, instead of di
ent parameter sets required now for each alkane class,
2-methylalkanes, 3-methylalkanes, etc. [4–6,18].

4.1. Standard physisorption enthalpy

The standard physisorption enthalpy for a given ph
sorption mode of an iso-alkanek at a pore mouth of ZSM
22,�H ◦

km,pm, consists of several contributions. As explain
in Section 2.3, enthalpy losses occur via the carbon at
inside and outside the pore mouth:

(4.7)�H ◦
km,pm = �H ◦

CNPkm
+ �H ◦

CNOkm
.

The enthalpy loss of the carbon atoms inside the pore m
cavity is calculated using Eq. (2.3) with the number of c
bon atoms inside the pore mouth, CNPkm , instead of the tota
number of carbon atoms of the physisorbing iso-alkane. T
allows use of the values for the parametersα and β ob-
tained from physisorption experiments onn-alkanes on open
ZSM-22 [4,6,18], viz. Table 2, to calculate�H ◦

CNPkm
for any

alkane at the pore mouths after accounting for the enth
loss upon transfer ofn-alkanes from the pore mouth to th
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micropore,�H ◦
pm−mp viz. Eq. (3.13). This leads to the fo

lowing expression for the iso-alkane physisorption entha
in modem:

(4.8)−�H ◦
CNPkm

= αCNPkm + β − �H ◦
pm−mp.

The enthalpy loss corresponding to interactions of car
atoms outside the pore mouth cavity is considered to co
of two terms:

(4.9)−�H ◦
CNOkm

= αoCNOkm + βo.

In the above equation,αo corresponds to the average e
thalpy loss per carbon atom due to carbon atoms out
Next to this linear contribution, the second termβo accounts
for structural differences in the alkyl chains interacting w
the external crystal surface and in particular allows acco
ing for the degree of branching of the alkyl chains. Inde
these interactions vary with degree of branching. The in
actions of monobranched alkanes with the external cry
lattice are stronger than multibranched alkanes. Also, in
case of multibranched alkanes with tertiary carbon at
different tertiary carbon atoms are at the pore mouth in
ferent physisorption modes, while monobranched alka
have the same tertiary carbon atom interacting with the
mouth in all its physisorption modes. This also contribute
the differences in energetic interactions. The difference
energetic interactions of monobranched and multibranc
alkanes are accounted for by considering separate par
ters:βo

mo, which accounts for interactions of monobranch
alkanes, andβo

ml, which accounts for interactions of mult
branched alkanes.

4.2. Standard physisorption entropy

The standard physisorption entropy for every individ
physisorption mode,�S◦

km,pm, can be expressed in simil
terms as the standard physisorption enthalpy. For a g
physisorption mode of iso-alkanek at a pore mouth of ZSM
22, �S◦

km,pm, consists of a contribution,�S◦
CNPkm

, due to
carbon atoms inside the pore mouth cavity, and a contr
tion, �S◦

CNOkm
, due to interactions of carbon atoms outsi

(4.10)�S◦
km,pm = �S◦

CNPkm
+ �S◦

CNOkm
.

Analogous to the loss in physisorption enthalpy discus
above, the loss in physisorption entropy due to carbon at
inside the pore mouth,�S◦

CNPkm
is calculated using Eq. (2.4

with the values for the parametersγ and δ obtained from
physisorption experiments onn-alkanes on open ZSM-2
[4,6,18], viz. Table 2, after accounting for the entropy d
ference between the pore mouth and micropore physis
tion, i.e.,�S◦

pm−mp, viz. Eq. (3.15). This leads to the fo
lowing expression for the entropy loss due to the car
atoms inside the pore mouth for the iso-alkane physiso
in modem:

(4.11)−�S◦
CNP = γ CNPkm + δ − �S◦

pm−mp.
km
t

.

-

-

The analogy further extends to the carbon atoms out
A linear relationship between the entropy loss due to the
bon atoms outside and the number of carbon atoms ou
the pore mouth is proposed and is expressed as follows
given physisorption modem:

(4.12)−�S◦
CNOkm

= γ oCNOkm + δo.

γ o corresponds to the average entropy loss per carbon
due to carbon atoms outside the pore mouth andδo accounts
for the differences in interactions with crystal lattice betwe
mono- and multibranched alkanes:δo

mo, for monobranched
alkanes, andδo

ml, for multibranched alkanes.

5. Parameter estimation

5.1. Model equations

Eq. (2.2) enables the calculation of the Henry coe
cients from the standard physisorption enthalpy and ent
[4–6] and is applicable for individual physisorption mod
Eq. (4.6) allows calculation of the observable compo
Henry coefficient as the sum of the Henry coefficients of
individual physisorption modes. This is expressed in te
of standard physisorption enthalpies and entropies of i
vidual physisorption modes as follows,

(5.1)Hk,pm =
(

Ct,pm

2p◦

)∑
m

e
�S◦

km,pm
/R

e−�H ◦
km,pm/(RT )

,

where�H ◦
km,pm is obtained from Eqs. (4.7) to (4.9) an

�S◦
km,pm from Eqs. (4.10) to (4.12). The contributions to t

standard physisorption enthalpy and entropy loss via the
bon atoms protruding inside the pore mouth are calcul
using theα, β , γ , andδ values reported in Table 2. The co
tributions to the standard physisorption enthalpy and ent
loss via the carbon atoms outside the pore mouths give
Eqs. (4.9) and (4.12), respectively, are determined via
gression of experimental data. The experimental data
viz. Table 1, contains physisorption properties of normal
branched alkanes with 5–9 carbon numbers. As expla
in Section 2.3, alkanes having only pore mouth physis
tion modes have been considered for regression. A c
posite Henry coefficient for pore mouth physisorption
also been calculated for the iso-alkanes, exhibiting key-
physisorption modes, i.e., 2MeC7, 2MeC8, and 3Me
Comparison of these values with the observed Henry co
cients allows estimation of the relative importance betw
pore mouth and key-lock physisorption modes.

5.2. Regression results

Based on the discussions in the preceding sections
parameters are to be estimated:αo, βo

mo, β
o
ml, γ o, δo

mo, and
δo

ml from the regression of the experimental data. The
rameter estimates along with their individual approxim
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Table 3
Estimates with their 95% confidence intervals for the parameter
Eqs. (4.9) and (4.12) obtained through regression of the model base
multiple physisorption modes (Eq. (5.1) along with Eqs. (4.7) to (4.1
and experimental data sets for open ZSM-22 [4,5,18], viz. Table 1

Parameter Estimated value (95% confidence lim

αo (kJmol−1) 6.89(±1.44)
γ o (Jmol−1 K−1) 8.97(±2.17)
βo

mo (kJmol−1) 30.14(±2.34)
δo
mo (Jmol−1 K−1) −2.60(±2.40)

βo
ml (kJmol−1) 9.02(±2.91)

δo
ml (Jmol−1 K−1) −27.80(±1.30)

Parameter values for Eqs. (4.8) and (4.11) from Table 2.

95% confidence intervals are reported in Table 3. Th
confidence intervals correspond tot values in the range
101 to 102. As expected, the enthalpy and entropy loss
carbon atom due to interactions outside the pore mo
αo and γ o, are lower than the enthalpy and entropy lo
per carbon atom inside the pore mouth. The constant s
dard physisorption enthalpy and entropy loss are highe
monobranched alkanes than for multibranched alkanes
βo

mo > βo
ml andδo

mo > δo
ml, which is considered to be the r

sult from a more favourable interaction of monobranch
alkanes with the zeolite lattice than multibranched alkan
The difference betweenβo

mo andβo
ml is 21.1 kJ mol−1 and

that betweenδo
mo and δo

ml is 25.2 J mol−1 K−1, which is
close to the typically observed experimental differences.
example, 3-methylpentane in its most favourable physis
tion mode has two carbon atoms protruding inside the p
mouth cavity. The enthalpy loss for this mode is observe
be 61.7 kJ mol−1. For 2,2-dimethylbutane, which also h
same number of carbon atoms protruding inside the p
mouth cavity in its most favourable physisorption mode,
enthalpy loss is observed as 38.7 kJ mol−1. A difference
in the interactions of 23 kJ mol−1 exists between these tw
molecules, even though they have the same number of
bon atoms inside the pore mouth and outside. Similarly,
difference in entropy loss is observed as 31 J mol−1 K−1.
TheF value for the significance of the regression amou
to 4500, indicating a high global significance of regr
sion. Binary correlation between the estimates is very l
The highest absolute value of the binary correlation coe
cient was observed betweenβo

ml − δo
ml and amounts to 0.29

Table 4 shows a comparison of calculated Henry coeffici
with experimental data at 573 K. Henry coefficients c
culated by CBMC [20] are also shown. They are found
underpredict the experimental data. Fig. 4 shows the p
diagram of the Henry coefficients at various temperatu
for all the normal and monobranched alkanes. The ca
lated composite pore mouth Henry coefficients for 2Me
3MeC8, and 2MeC7 are approximately 20% lower than
experimentally obtained Henry coefficients. This indica
that about 20% of 2MeC8, 3MeC8, and 2MeC7 physis
in a key-lock mode. For multibranched alkanes only, theF

value obtained during regression is 650. Henry coefficie
-

,

-

Table 4
Henry coefficients(H) (molkg−1 Pa−1) for alkanes on open ZSM-22 a
573 K: a comparison between estimates obtained from the model d
regression using Eq. (5.1) along with Eqs. (4.7) to (4.12) and experim
data set of open ZSM-22 [4,5,18]), viz. Table 1

Alkanes Experimental Model based on Based on CBM
[4,5] multiple physi- [20]

sorption modes

nC5 1.32 1.33 0.65
2MeC4 0.32 0.32 0.12
nC6 2.59 2.54 1.43
2MeC5 0.54 0.52 0.23
3MeC5 0.44 0.50 0.18
22DMC4 0.13 0.15 1.80× 10−9

23DMC4 0.23 0.14 7.42× 10−3

nC7 4.66 4.87 2.81
2MeC6 1.13 0.86 0.67
3MeC6 0.87 0.82 0.34
23DMC5 0.42 0.21 0.02
33DMC5 n.a.b 0.22 5.98× 10−10

nC8 8.82 9.33 n.a.b

2MeC7a 2.04 1.47 n.a.
3MeC7 1.50 1.34 n.a.
4MeC7 1.45 1.30 n.a.
25DMC6 0.63 0.28 n.a.
224TMC5 0.30 0.36 n.a.
nC9 19.0 17.8 n.a.
2MeC8a 3.80 2.50 n.a.
3MeC8a 3.50 2.22 n.a.

Parameter values for Eqs. (4.8) and (4.11) from Table 2 and Eqs.
and (4.12) from Table 3.

a Not included in parameter estimation as they also contain key-
modes of physisorption.

b n.a.: not available.

Fig. 4. Henry coefficients(molkg−1 Pa−1) for normal and monobranche
C5–C9 alkanes at temperatures 473–673 K. A comparison between e
mental data on open ZSM-22 [4–6] and model regression based on mu
physisorption modes using Eq. (5.1). Line, experimental; symbols, ca
lated. The open symbols correspond to the molecules having also key
physisorption modes. Parameter values for Eqs. (4.8) and (4.11) are
Table 2 and for Eqs. (4.9) and (4.12) from Table 3.

for multibranched alkanes having quaternary carbon at
are closely estimated with a systematic small overpre
tion within 5%. The Henry coefficients for multibranch
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Table 5
Molar equilibrium fractions for the physisorption modes of 3-meth
heptane calculated from molar concentrations obtained using Eqs.
and (4.4) along with Eqs. (4.7) to (4.12)

Physisorption CNPm
k

xkm −�H ◦
km,pm −�S◦

km,pm
modem (kJmol−1) (Jmol−1 K−1)

1 4 0.50 87.2 102.3
2 2 0.29 75.3 86.3
3 1 0.21 69.4 78.3

Parameter values for Eqs. (4.8) and (4.12) from Table 2 and Eqs.
and (4.12) from Table 3.

alkanes with tertiary carbon atoms are underestimate
30–40%. This indicates that multibranched alkanes with
tiary carbon atoms interact more strongly with the exte
crystal lattice than multibranched alkanes with quartern
carbon atoms.

The composite standard physisorption enthalpy and
tropy have been calculated from the enthalpies and entro
for the individual physisorption modes using the followi
mixing rule:

(5.2)�H ◦
k,pm =

N∑
m=1

xkm�H ◦
km,pm,

(5.3)�S◦
k,pm =

N∑
m=1

xkm�S◦
km,pm − R

N∑
m=1

xkm lnxkm,

where xkm is the equilibrium mole fraction of individua
mode m within the mixture of possible pore mouth p
ysisorption modes for iso-alkanek. It is calculated from
the molar concentration of each of these modes obta
from Eq. (4.3).�H ◦

km,pm is the standard physisorption e
thalpy for each individual mode calculated using Eqs. (4
to (4.9) and�S◦

km,pm is the standard physisorption e
tropy for each individual mode calculated from Eqs. (4.
to (4.12). The calculated molar equilibrium fractions a
the enthalpy and entropy losses for the three physisorp
modes of 3-methylheptane, viz. Table 5, lead to a compo
standard physisorption enthalpy of−80 kJ mol−1 and a com-
posite standard physisorption entropy of−84 J mol−1 K−1,
which is close to the experimentally observed values
−84 kJ mol−1 and−84 J mol−1 K−1 [5,6,18]. From the mo
lar distribution it is clear that the most favoured physiso
tion state is the one which has maximum carbon atoms
truding inside the pore mouth cavity. For 3-methylhept
it corresponds to the physisorption mode with four car
atoms protruding inside the pore mouth cavity, which ha
equilibrium mole fraction of 0.5. This is the physisorpti
mode with the maximum enthalpy and entropy loss. The
culated composite pore mouth physisorption enthalpies
all alkanes correspond well with the experimentally obtai
values [4–6,18], viz. Fig. 5. The same quality of corresp
dance has been observed between the calculated an
experimentally determined entropies. Fig. 6 shows the
timated physisorption enthalpy forn-octane and some of it
s

e

Fig. 5. Composite standard physisorption enthalpy(kJmol−1) of C5–C9
alkanes. A comparison between experimental data on open ZSM-22
values obtained using an ideal mixing rule (Eq. (5.2) along with Eqs. (
(4.4), and (4.7) to (4.9)) considering standard physisorption enthalpy fo
dividual physisorption modes. Line, experimental; symbols, calculated
rameter values for Eqs. (4.8) and (4.11) are from Table 2 and for Eqs.
and (4.12) from Table 3.

Fig. 6. Composite standard physisorption enthalpy(kJmol−1) of C8 alka-
nes. A comparison between experimental data on open ZSM-22 [4–6
calculated values using Eq. (5.2) along with Eqs. (4.3), (4.4), and (4.
(4.9). Parameter values for Eqs. (4.8) and (4.11) are from Table 2 an
Eqs. (4.9) and (4.12) from Table 3.

isomers. The model describes the variations in physis
tion enthalpies of the normal and iso-alkanes.n-Octane has
the highest enthalpy loss as all the eight carbon atoms
inside the micropore. 2-Methylheptane has the next h
est enthalpy loss as in its most favoured physisorption m
five carbon atoms are protruding into the pore mouth ca
This is followed by 3-methyl- and 4-methylheptanes. T
multibranched alkanes have the lowest enthalpy loss as
interactions with the poremouth and external crystal lat
are weaker.

6. Effect of physisorption on the kinetics
of hydrocarbon conversion on ZSM-22

On wide pore zeolites such as USY, normal and
alkanes can enter the micropores completely. As a re
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Fig. 7. Schematic representation of chemisorption of 4-ethylnon-4-ene
4-ethylnon-3-ene on a ZSM-22 pore mouth.

there is only one physisorption mode for all alkanes on U
For a given carbon number, the standard physisorption
thalpies and entropies and, hence, the physisorption e
librium coefficients are comparable forn-alkanes and iso
alkanes [4–6]. Subsequent alkene chemisorption on the
sites inside the micropores occurs without restriction a
hence, all reactions of the full reaction network occur [4
As a result, the product distribution on USY is mainly go
erned by the full reaction network kinetics and physisorpt
effects are uniform for all molecules with the same c
bon number. Forn-octane hydroconversion on Pt-H-US
3-methylheptane is the most abundantly formed isomer
lowed by 2-methylheptane and 4-methylheptane [40].

In contrast to USY, on ZSM-22, physisorption effects
nonuniform for molecules with the same carbon numb
which significantly affects the acid-catalysed reactions s
sequent to physisorption. The pore mouth physisorption
ZSM-22 leads to different physisorption modes with a d
ferent standard physisorption enthalpy, entropy, and, he
Henry coefficient. As a result, the physisorbed alkanes
not equally distributed over the different modes. As
scribed in Section 5.2, the distribution over the differ
physisorption modes is such that the physisorption m
with the highest number of carbon atoms inside the p
mouth occurs in abundance. For example, among the
tane isomers the 2-methylheptane having the longest str
end in one of its modes has the highest concentration.
droconversion reactions of alkanes proceed via alkene
carbenium ion intermediates. (De)-hydrogenation and (
protonation reactions in this case are fast compared to s
tal isomerisation and cracking and are generally consid
to be quasi-equilibrated [40]. In pore mouth catalysis
ZSM-22, a carbenium ion is always formed at the p
mouth and, hence, the physisorption mode determines w
carbenium ion can be formed; e.g., different physisorp
modes are required for carbenium ion formation from
,

t

-

ethylnon-4-ene or from 4-ethylnon-3-ene, viz. Fig. 7. T
concentration of a carbenium ion corresponding to an alk
physisorbed in a preferred mode will be relatively high a
hence, the acid-catalysed reactions in which such a ca
nium ion is consumed proceed at higher rates than the
actions involving nonpreferentially formed carbenium io
This is evident from the product distribution ofn-octane
hydroconversion on ZSM-22 where 2-methylheptane is
most abundant product followed by 3-methylheptane an
methylheptanes [9]. Product distribution in the same lin
e.g., 2-methylalkane> 3-methylalkane> 4-methylalkane
are observed for other alkanes [7,15].

The above discussion can be extended to other a
catalysed reactions, e.g., catalytic cracking. Even if
(de)-protonation reactions are not quasi-equilibrated,
preceding physisorption step can be assumed to be q
equilibrated. This leads to the distribution of the compone
involved over the different physisorption modes which c
be calculated using the methodology developed in this w
Within the group of carbenium ions belonging to a particu
physisorption mode, the hydride shift reactions, which
much faster than alkyl shift, PCP branching, and crack
reactions, are expected to lead to a quasi-equilibration [
Hence, higher concentrations of the carbenium ions bel
ing to the most favoured physisorption mode are still
pected under these conditions.

Apart from the steric effects on the carbenium ions c
centrations the reaction rates can also be affected by cha
in physisorption during the course of reactions. For exam
during the PCP isomerisation from a normal to an iso-alk
the reacting carbenium ion slightly moves outward from
pore mouth as shown in Scheme 1. These physisorp
changes are again characterised by changes in the nu
of carbon atoms inside and outside the pore mouths. T
result in changes in interactions between the reacting
benium ion and the zeolite lattice during the course of
elementary reaction and, hence, in changes in physisor
enthalpy and entropy.

Compared to USY, the shape-selective effects on ZS
22 affect the rates of the elementary acid-catalysed r
tions and the resulting product distribution. The effects
physisorption on the kinetics can be quantified using
methodology discussed in the previous sections.

7. Conclusions

The physisorption of iso-alkanes on ZSM-22 result
their multiple pore mouth physisorption modes. Each
these modes is characterised by the number of carbon a
of the molecule inside the pore mouth cavity and outs
Scheme 1.
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The enthalpy and entropy changes for carbon atoms
side the pore mouth are due to their energetic interact
with the crystal surface. These interactions vary for mo
branched and multibranched alkanes. A two-step physis
tion model distinguishing between physisorption at the p
mouths and subsequent transfer from the pore mouth t
micropore describes the physisorption phenomenon.

The observable Henry coefficient for pore mouth p
sisorption of alkanes is the sum of the Henry coefficie
of the individual physisorption modes. An additivity a
proach using the properties ofn-alkane physisorption o
ZSM-22 adequately describes the physisorption prope
of all given modes of iso- and normal alkanes. As e
physisorption mode plays a distinct role in subsequent a
catalysed reactions on ZSM-22, the calculation metho
ogy of physisorption properties of individual physisorpti
modes will allow the description of kinetics on ZSM-22 in
fundamental way.
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Appendix A. Nomenclature

A.1. Roman symbols

CN Carbon number
CNP Carbon atoms inside the pore
CNO Carbon atoms outside the pore
Csat Saturation concentration(mol kg−1

cat)

Ci Concentration of physisorbed alkanei (mol kg−1
cat)

Ct Total concentration of physisorption sites
(mol kg−1

cat)

Ce Concentration of empty physisorption sites
(mol kg−1

cat)

H Henry’s coefficient(mol kg−1
cat Pa−1)

�H Enthalpy change(kJ mol−1)

KL Langmuir physisorption equilibrium coefficie
(Pa−1)

Ki,pm Physisorption coefficient at pore mouth for alkani
(Pa−1)

Kpm−mp Equilibrium coefficient for pore mouth–micropo
transfer

P Alkane species
pi Partial pressure of alkanei (Pa)
p◦ Standard state pressure (Pa)
p̂e Probability of finding an empty site for physisor

tion
r Rate of physisorption(mol s−1)
-

-

S Physisorption sites
�S Entropy change(kJ mol−1 K−1)

T Temperature (K)
w Weights for parameter estimation

A.2. Greek symbols

α Physisorption enthalpy loss per carbon atom
(kJ mol−1)

β Constant physisorption enthalpy loss(kJ mol−1)

γ Physisorption entropy loss per carbon atom
(J mol−1 K−1)

δ Constant physisorption entropy loss(J mol−1 K−1)

A.3. Superscript

app Apparant
c Composite
exp Experimental
m Physisorption mode
◦ Standard state
o Parameters for carbon atoms outside the micro
phys Physisorption
sat Saturation

A.4. Subscript

e Empty physisorption sites
i Index for alkanes
iso Iso-alkanes
j Index for experimental set
j Index forn-alkane
k Index for iso-alkane
L Composite Langmuir physisorption equilibrium
m Index for physisorption modes
ml Multibranched alkanes
mo Monobranched alkanes
mp Micropore
np n-Alkanes
phys Physisorption
pm Pore mouth
pm–mp Pore mouth–micropore
t Total physisorption sites
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