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Abstract

Xylene isomerization over parent and tetra-ethoxysilane-modified HZSM-5 was studied using time-resolved in situ IR spectroscopy to monitor
the concentrations of reactants and products inside the pores. Surface silylation formed patches sealing pore mouths, enhancing the differences in
diffusivity between p-xylene and o- or m-xylene via increased tortuosity of the transport pathway. The reaction rate of m-xylene isomerization
was controlled by reactant diffusion; the selectivity, by restrictions in the transition state. For p- and o-xylene isomerization over the silylated
zeolite, the greater local concentration of the reaction intermediate m-xylene compared with that of the reactant molecules in the pores indicated
that the bulkiest isomer (i.e., m-xylene) was selectively retained in the pores. Its higher effective residence time in the pores allowed conversion
to p- and o-xylene. Because p- and o-xylene were formed from m-xylene in a ratio of approximately 2, this led to enhanced p-xylene selectivity.
Xylene isomerization catalyzed by Brønsted acid sites in the pore mouth of the zeolite was largely suppressed after silylation.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

HZSM-5 zeolite is widely used as a shape-selective cata-
lyst in several industrial processes, including alkylation, iso-
merization, and disproportionation [1–5]. However, HZSM-5
and especially materials with small crystals show moderate to
low selectivity to p-xylene [6,7], which usually can be en-
hanced by postsynthetic modification. Among these methods,
chemical vapor deposition (CVD) [8–10] and chemical liquid
deposition (CLD) [11,12] of silica on the external surface of
HZSM-5 have proven to be the most effective approaches for
preparing stable and highly selective catalysts. In general, sily-
lation using tetra-ethoxysilane (TEOS) or tetra-methoxysilane
(TMOS) leads to a narrowing and/or blocking of the pore open-
ings and simultaneously to the passivation of acid sites in the
pore mouth region of HZSM-5. High p-selectivity of HZSM-5
in xylene isomerization is attributed to the greater diffusivity
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of p-xylene compared with that of o- or m-xylene (product
shape selectivity). For smaller crystals, however, reactants and
primary products isomerize in the pores and have sufficiently
short diffusion pathways for leaving the zeolite crystallites, or
isomerize at sites directly at the pore mouth region, leading to
a mixture of xylenes close to the thermodynamic equilibrium.
But through blocking or narrowing of pores, the diffusion of o-
and m-isomers out of the pores is retarded and/or isomeriza-
tion catalyzed by acid sites at the pore entrance is suppressed
[12–16], thus enhancing the selectivity to p-substituted prod-
ucts.

We have already successfully applied time-resolved in situ
IR spectroscopy to follow the influence of xylene diffusion on
the activity and selectivity of HZSM-5 zeolites for xylene iso-
merization [17–19]. The studies showed that m-xylene isomer-
ization is controlled primarily by restricted transition state se-
lectivity, whereas for o- and p-xylene isomerization, the lower
diffusivity of m-xylene leads to retention of the primary product
m-xylene, resulting in higher selectivity via product diffusion
control. The present contribution extends these studies to in-
clude the effects of the postsynthetic modification by silylation
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with TEOS and the role of reactions in the pore mouth region.
Here the current models for describing the transport and sorp-
tion of aromatic molecules in HZSM-5 [30,37,38] are combined
with in situ IR spectroscopy to develop a detailed mechanistic
description of the isomerization reaction inside the pores and at
the pore entrances.

2. Experimental

2.1. Materials

HZSM-5 zeolite with a Si/Al ratio of 45 and an average parti-
cle size of 0.5 µm, determined by scanning electron microscopy,
was used as the parent zeolite.

2.2. Silylation

Typically, 2 g of zeolite was suspended in 50 mL of hexane,
and the mixture was heated under stirring until reflux. Then
0.3 mL of TEOS, corresponding to a loading of 4 wt% SiO2,
was introduced into the mixture, and the silylation was carried
out for 1 h under reflux and stirring. Subsequently, hexane was
removed by evacuation. The sample was dried at 393 K for 2 h
and calcined at 773 K for 4 h in dry air. Three-cycle silylation of
the zeolite was carried out by repeating the foregoing procedure
three times. The parent and the three-cycle silylated zeolites
are termed HZSM-5 and HZSM-5M, respectively. The proper-
ties of the parent and modified zeolite were described previ-
ously [13]; the acid site densities of the parent and modified
zeolites determined by NH3 temperature-programmed desorp-
tion were 0.30 and 0.23 mmol/g, respectively.

2.3. Measurements of diffusivity

The diffusivities of p-, o-, and m-xylene in the parent and
silylated zeolites were determined using infrared (IR) spec-
troscopy in a flow IR system as described previously [17]. The
IR spectra were collected on a Bruker IFS 88 Fourier transform
IR spectrometer at a resolution of 4 cm−1.

For a typical measurement, the zeolite was pressed into a
self-supporting wafer, which was then placed inside a gold sam-
ple holder surrounded by a heating wire. The sample holder was
mounted in the center of an in situ cell connected to a flow sys-
tem. The sample was activated by heating to 823 K in helium
flow at a rate of 10 K/min and holding this temperature for 1 h.
After the sample temperature was stabilized at 373 K, xylene
with a partial pressure of 1 mbar was injected into the He flow
using a syringe pump, and the IR spectra were collected at 15-s
intervals. The diffusion coefficients were estimated using the
following formula [20,21]:

Qt/Q∞ = 6/r0(Dt/π)1/2,

where Qt is the amount adsorbed at time t (in s), Q∞ is the
amount adsorbed at equilibrium coverage, r0 is the radius of
the zeolite crystal, and D is the diffusion coefficient.

The normalized areas of the IR bands of p-xylene at
1516 cm−1, o-xylene at 1497 and 1468 cm−1, and m-xylene
at 1610 cm−1 were used to quantify the relative concentrations
of adsorbate in the zeolites. The IR spectra collected indicated
the absence of isomerization reactions at 373 K. The overtone
and combination vibrations of HZSM-5 zeolite at 1990 and
1870 cm−1 were used to normalize the intensity of the IR bands.

2.4. In situ IR spectroscopy of xylene isomerization

Isomerization of o-, m-, or p-xylene was carried out in an
in situ flow cell having the characteristics of a continuously op-
erated stirred-tank reactor [17,18]. Typically, a self-supporting
wafer of the zeolite was activated at 823 K for 1 h. At the reac-
tion temperature, xylene with a partial pressure of 20 mbar was
introduced into the He stream. The surface species formed on
the zeolites were followed by IR spectra measured at 15-s in-
tervals during xylene isomerization. The product composition
of xylene isomerization in the reactor was simultaneously mea-
sured by on-line gas chromatography using a 16-loop sampling
valve to decouple analysis and sampling time intervals. To de-
termine the concentration of the species in the zeolite pores, the
IR spectra were fitted with a linear combination using the IR
spectra of the three xylene isomers adsorbed on silica. The mo-
lar extinction coefficients of the adsorbed reactants and prod-
ucts were determined as described previously [17].

3. Results

3.1. Diffusion of xylenes

The time-solved IR spectra of o-xylene adsorbed in the par-
ent zeolite are shown in Fig. 1. With increasing exposure, the
intensity of the IR bands at 3745 and 3606 cm−1 decreased,
indicating the interaction of o-xylene with the silanol and bridg-
ing hydroxyl groups via hydrogen bonding. Simultaneously, IR
bands characteristic for o-xylene at 1497, 1468, and around
3000 cm−1, as well as a broad band at 3168 cm−1 characteris-
tic for perturbed bridging hydroxyl groups, were observed. The
changes in the intensity of the IR bands at 1497 and 1468 cm−1

during o-xylene adsorption over the parent and silylated zeo-
lites as a function of adsorption time are compiled in Fig. 2. The
adsorption of o-xylene over the parent zeolite reached the equi-
librium after about 1800 s, whereas even after 3000 s, only 50%
of the sorption capacity of the silylated zeolite was reached,
indicating a markedly slower diffusivity of o-xylene into the
silylated zeolite compared with that over the parent zeolite.

The diffusion coefficients of the xylene isomers at 373 K
and 1 mbar (calculated from the data shown in Fig. 2) on the
parent and silylated zeolites are compiled in Table 1. In the
parent zeolite, the diffusion coefficient of p-xylene was approx-
imately one to two orders of magnitude higher than those of
o- and m-xylene. Because the kinetic diameters of p-, o-, and
m-xylene and the pore diameter of HZSM-5 zeolites are in the
same order, the diffusion of xylenes into HZSM-5 can be con-
sidered configurational diffusion [22,23]. Therefore, the greater
diffusivity of p-xylene is related to its smaller kinetic diame-
ter (0.58 nm) compared with that of o-xylene (0.68 nm) and
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Fig. 1. Time resolved IR spectra of o-xylene adsorption on HZSM-5 at 373 K and 1 mbar.
Fig. 2. Uptakes of o-xylene on HZSM-5 (2) and HZSM-5M (1) at 373 K and
1 mbar.

Table 1
Diffusion coefficients of xylenes at 373 K and 1 mbar over the parent and sily-
lated zeolite and from literature [17]

Sample Crystal
size (µm)

p-Xylene
(×10−17 m2/s)

o-Xylene
(×10−18 m2/s)

m-Xylene
(×10−19 m2/s)

HZSM-5 0.5 4.7 6.3 3.8
HZSM-5M 0.5 5.3 0.7 1.1
HZSM-5 [17] 1 60 6.5 7

m-xylene (0.68 nm) [24]. Note that the ratio of diffusion coeffi-
cients between p-, o-, and m-xylene was reported as 1000:10:1
by Mirth et al. [17] and as 1000:1:1 used in a mathematical
model to describe the enhanced para-selectivity by Wei [25].
Because a zeolite with smaller crystals (0.5 µm) was used in
this study, the diffusion coefficient of p-xylene measured is, as
expected, lower than that on large crystals reported in the lit-
erature [20,26,27], which has been ascribed to “surface barrier
effects” [28,29], that is, the existence of a physisorbed precur-
sor state outside of the zeolite particle [30]. After silylation of
the zeolite, the diffusivity of p-xylene remained unchanged,
whereas the diffusion coefficients of o-xylene and m-xylene de-
creased by approximately 10- and 4-fold, respectively, demon-
strating that silylation leads to narrowing/blocking of a fraction
of the pore openings of the zeolite and to a more marked dif-
fusional restriction for molecules with large kinetic diameter.
It is noteworthy to mention that modification of the zeolite
increases the difference in diffusivity among p-xylene and o-
xylene or m-xylene, as was also found with very large crystals
of HZSM-5 [14].

3.2. o-Xylene isomerization

Typical time-resolved IR spectra of o-xylene isomerization
over the parent zeolite at 473 K are shown in Fig. 3. With in-
creasing time on stream, the intensity of IR bands at 3745 and
3606 cm−1 decreased, indicating increasing coverage with re-
actants and products. In parallel, the intensity of IR bands char-
acteristic of o-xylene at 1497, 1468, and around 3000 cm−1,
as well as the band of the perturbed bridging hydroxyl groups
at approximately 3168 cm−1, increased. In addition, the band
at 1610 cm−1, characteristic of m-xylene, increased with the
slower rate. All bands reached a steady-state value after approx-
imately 7 min time on stream. The composition of xylenes in
the gas phase and the concentrations of sorbed xylenes in the
parent zeolite during o-xylene isomerization as a function of
time on stream are compiled in Figs. 4 and 5, respectively. The
rapid initial increase of o-xylene on the surface is related to the
increased concentration in the reactor after admission of the re-
actant. The slower increase in the m-xylene concentration is re-
lated to the fact that its accumulation in the pores is the primary
product of isomerization. At steady state, its rate of formation
equals the rates of its isomerization to p-xylene and its diffu-
sion out of the pores. The o- and m-xylene were adsorbed pri-
marily in the zeolite pores at 473 and 523 K. The minor surface
concentration of p-xylene resulted from the sorption equilib-
rium of p-xylene formed during reaction over the zeolite. Be-
cause m-xylene has approximately twice the partial pressure of
p-xylene under the conditions of the experiment (0.8 mbar), the
significantly higher concentration (about 5- to 10-fold greater)
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Fig. 3. Time resolved IR spectra of o-xylene isomerization with HZSM-5 at 473 K.
Fig. 4. Product composition during o-xylene isomerization over HZSM-5 at
473 and 523 K as a function of time on stream. ((", !) p-xylene and (P, Q)
m-xylene. Open symbols at 473 K and filled symbols at 523 K.)

inside the pores indicates the retention of m-xylene through dif-
fusional constraints. Increasing the isomerization temperature
to 523 K led to a shorter transient. For o-xylene isomeriza-
tion over HZSM-5, increasing the reaction temperature from
473 to 523 K led to an increased ratio of p-xylene to m-xylene
from 0.32 to 0.48 in the reaction gas phase and an increased
reaction rate from 3.6×10−3 to 7.0×10−3 molecule/site’s un-
der the steady-state conditions. Note also that the concentration
of adsorbed xylenes decreased, but the ratio between sorbed
m-xylene and o-xylene increased from 0.55 to 0.77 as the tem-
perature was raised from 473 to 523 K.

Figs. 6 and 7 compare the product composition and surface
concentration of sorbed molecules during o-xylene isomeriza-
tion over the silylated zeolite (HZSM-5M) as a function of time
on stream. A markedly longer transient period (compared with
that of the parent zeolite) and lower reaction rates of 1.8 ×
10−3 molecule/site’s at 473 K and 2.8 × 10−3 molecule/site’s
at 523 K were observed. In the gas phase, higher ratios of
Fig. 5. Concentration of sorbed xylenes during o-xylene isomerization over
HZSM-5 at different temperatures as a function of time on stream. ((2, 1)
o-xylene and (P, Q) m-xylene. Open symbols at 473 K and filled symbols at
523 K.)

Fig. 6. Product composition during o-xylene isomerization over HZSM-5M at
different temperatures as a function of time on stream. ((", !) p-xylene and
(P, Q) m-xylene. Open symbols at 473 K and filled symbols at 523 K.)
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p-xylene to m-xylene (i.e., 0.71 at 473 K and 1.1 at 523 K),
were observed. As with the parent zeolite, only o- and m-xylene
were observed in the pores of the silylated zeolites. The ratio
of adsorbed m-xylene to o-xylene was 1.0 at 473 and 523 K,
higher than that of the parent zeolite. Note that the xylene load-
ings were generally lower in the silylated zeolite than in the
parent zeolite.

3.3. p-Xylene isomerization

The composition of the surface species in the pores of the
zeolites and the products in the gas phase during p-xylene iso-
merization are compiled in Table 2. A short transient period
was observed for p-xylene isomerization over the parent zeo-
lite, indicating that equilibration in the pores was slower than
the pressure step-up in the reactor. With an increase in reaction

Fig. 7. Concentration of sorbed xylenes during o-xylene isomerization over
HZSM-5M at different temperatures as a function of time on stream. ((2, 1)
o-xylene and (P, Q) m-xylene. Open symbols at 473 K and filled symbols at
523 K.)
temperature from 473 to 523 K, the reaction rates increased
from 3.8 × 10−3 to 7.9 × 10−3 molecule/site’s, and the ratio
of o-xylene to m-xylene in the reactor increased from 0.16 to
0.28. Only p- and m-xylene were adsorbed in HZSM-5 and
HZSM-5M. Increasing the isomerization temperature from 473
to 523 K led to an increase in the ratio of sorbed m- to p-xylene
on HZSM-5 from 0.75 to 1.13.

As the reaction temperature increased, the rate of p-xylene
isomerization increased from 1.9 × 10−3 molecule/site’s at
473 K to 4.2 × 10−3 molecule/site’s at 523 K with HZSM-5M.
The ratio of o- to m-xylene in the gas phase was 0.33 at 473 K
and 0.39 at 523 K. In addition, a higher ratio of adsorbed m- to
p-xylene (1.13 at 473 K and 1.6 at 523 K) was observed.

3.4. m-Xylene isomerization

The xylene composition during m-xylene isomerization in
the gas phase and in the zeolite pores is listed in Table 3. For
m-xylene isomerization, markedly longer transient periods and
lower reaction rates (e.g., 2.2 × 10−3 molecule/site’s at 473 K
and 4.8 × 10−3 molecule/site’s at 523 K) were observed, at-
tributed to the lower diffusivity of m-xylene compared with
p- or o-xylene. Silylation led to decreased reaction rates of
m-xylene isomerization to 1.2 × 10−3 molecule/site’s at 473 K
and 2.2 × 10−3 molecule/site’s at 523 K. Note that the ratio
of p-xylene to o-xylene in the gas stream over the parent zeo-
lite remained constant during the transient period and increased
slightly from 2.3 at 473 K to 2.4 at 523 K.

m-Xylene was the predominate adsorbed species on HZSM-
5 and HZSM-5M. The minor concentrations of o- and p-xylene
adsorbed resulted from the adsorption of the product molecules
present in the gas phase over the zeolite in the CSTR-type
reactor. Note that (approximately) the same concentration of
p-xylene was formed in m- and o-xylene (see Table 4) isomer-
ization in the gas phase, and thus the same surface concentra-
tions of p-xylene were observed in both reactions.
Table 2
Concentration of xylenes adsorbed on the zeolites and in the gas phase during p-xylene isomerization

Sample Temperature
(K)

Reaction rate

(mol [H+]−1 S−1)

Sorbed xylenes (mol/u.c.) Xylenes in gas phase (mol%)

o- m- p- o- m- p-

HZSM-5 473 3.8 × 10−3 0 0.29 0.40 1.3 8.1 90.6
523 7.9 × 10−3 0 0.14 0.15 4.3 15.2 80.5

HZSM-5M 473 1.9 × 10−3 0 0.32 0.23 0.7 2.1 97.2
523 4.2 × 10−3 0 0.16 0.10 1.7 4.4 93.9

Table 3
Concentration of xylenes adsorbed on the zeolites and in the gas phase during m-xylene isomerization

Sample Temperature
(K)

Reaction rate

(mol [H+]−1 S−1)

Sorbed xylenes (mol/u.c.) Xylenes in gas phase (mol%)

o- m- p- o- m- p-

HZSM-5 473 2.2 × 10−3 0.01 0.45 0.02 1.5 95.3 3.2
523 4.8 × 10−3 0.01 0.15 0.02 3.4 89.4 7.2

HZSM-5M 473 1.2 × 10−3 0.01 0.40 0.02 0.7 97.7 1.6
523 2.2 × 10−3 0.01 0.10 0.01 1.3 95.7 3.0
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Table 4
Concentration of xylenes adsorbed on the zeolites and in the gas phase during o-xylene isomerization

Sample Temperature
(K)

Reaction rate

(mol [H+]−1 S−1)

Sorbed xylenes (mol/u.c.) Xylenes in gas phase (mol%)

o- m- p- o- m- p-

HZSM-5 473 3.6 × 10−3 0.33 0.18 0.03 90.0 7.6 2.4
523 7.0 × 10−3 0.09 0.07 0.02 80.5 13.2 6.3

HZSM-5M 473 1.8 × 10−3 0.15 0.15 0.02 96.4 2.1 1.5
523 2.8 × 10−3 0.06 0.06 0.01 94.4 2.7 2.9
4. Discussion

4.1. On the mechanism of xylene isomerization

With zeolite catalysts, xylene isomerization can occur via an
intermolecular or an intramolecular mechanism. The preference
for a specific mechanisms depends on the pore structure, the
concentration of the reactants, and the density and type of the
acid sites. A high density of acid sites, the presence of Lewis
acid sites, a high reactant concentration, and large pore vol-
ume favor the bimolecular mechanism [31–33]. In contrast, the
opposing boundary conditions favor a monomolecular mecha-
nism.

In agreement with the literature [33–35], all observations
suggest that isomerization of the xylenes on HZSM-5 pro-
ceeds via the intra-molecular reaction mechanism. Thus, two
consequences can be derived: (a) The intrinsic isomerization
rate must be directly proportional to the concentration of the
isomer adsorbed, and (b) the intramolecular reaction mecha-
nism requires that primary (m-xylene) and secondary isomer-
ization products exist in the pores during the isomerization of
p- and o-xylene. In contrast, if an intermolecular mechanism
prevails, then all isomers can be (kinetically) primary isomer-
ization products independent of the reacting isomer.

Both consequences of the intramolecular isomerization route
have been observed experimentally. The rate of isomerization
has been found to be directly proportional to the concentra-
tion of adsorbed m-xylene [17]. The situation is more complex
for p-xylene and o-xylene isomerization, because some of the
products may be retained in the pores. Initially, the surface con-
centration of the reactant determines the sum of the rates of ob-
servable gas-phase product formation and the accumulation of
sorbed xylene isomers. (Bulky molecules such as m-xylene are
formed via isomerization but cannot desorb.) At steady state,
the rate of gas-phase product formation is determined by sum
of the concentrations of the sorbed reactant and products.

With respect to the second point, we would like to empha-
size that the in situ IR spectra demonstrate for isomerization of
o- and p-xylene that m-xylene is visible as the only product and
that it accumulates markedly in the zeolite pores early while on
stream. Note that the low surface concentrations of p-xylene
observed during o-xylene isomerization resulted from adsorp-
tion of the molecules formed in the reaction. Thus, the slightly
increasing selectivity to the product with the higher diffusiv-
ity is caused by the accumulation of m-xylene in the pores and
its increased isomerization rate. The direct conversion occurs
only between p-xylene and o-xylene to m-xylene; that is, xy-
lene isomerizes via a 1,2-methyl shift. At short times on stream,
the relative rates of diffusion determine the product composi-
tion; as time on stream progresses, the increased concentration
of retained m-xylene leads to some additional contribution to
the p-xylene formation rate as the sorbed m-xylene is isomer-
ized.

Although the present experiments do not prove it, we suggest
in analogy to o- and p-xylene that also m-xylene isomerizes via
the unimolecular reaction mechanism. Because the selectivity
to p-xylene was 69 ± 1% for the parent and silylated zeolites,
we conclude that the higher p-selectivity is caused by a more
favorable transition state of the m-xylene/p-xylene reaction
compared with the m-xylene/o-xylene reaction (see also [17]).
It is interesting to note that the marginal changes in selectiv-
ity with reaction temperature strongly suggest that this is an
entropy-controlled process; that is, not the differences in the
energetic barriers to differentiate between reaction pathways,
but rather the differences in probability to achieve a particular
transition state.

4.2. Impact of pore mouth blocking and pore mouth
modification

Silylation of HZSM-5 with TEOS leads to the passivation of
Brønsted and Lewis acid sites on the external surface and pref-
erentially in the pore mouth region of HZSM-5 zeolites [13].
In addition, the changes in the diffusivity (studied by the fre-
quency response method) of toluene indicate a drastic nar-
rowing or practical blocking of larger patches of pore open-
ings [36], which induces a longer and more tortuous pathway
for molecules entering and leaving the zeolite particle. As a
consequence, smaller zeolite particles show the characteristics
of much larger ones, which has been shown to lead to enhanced
p-selectivity [37].

For all three isomerization reactions studied, the silylated ze-
olite had lower catalytic activity than the parent material. This
finding may be related to two different mechanisms. The acid
sites at the pore mouth of the zeolite are eliminated by silyla-
tion, and, consequently, the overall concentration of acid sites is
reduced. Because the reaction order of the isomerization under
these conditions is close to 1, the direct proportionality of the
reaction rate to the acid site concentration leads in turn to lower
activity. However, the blocking of pores also increases the tor-
tuosity of the channel system, which is expected to lead to more
pronounced diffusional constraints for reactants and products.

The subtle differences observed for the three isomers al-
low us to unequivocally identify the role of the two effects
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of silylation on xylene isomerization at low conversion lev-
els. For m-xylene isomerization, lower catalytic activity and
lower m-xylene loadings were observed for HZSM-5M com-
pared with the parent zeolite. Compared with findings on
HZSM-5, the coverage of m-xylene on HZSM-5M decreased
by only 11%, and the acid site concentration after silylation
decreased by 23% [13]. It is interesting to note that the con-
centration of Al3+ is significantly higher in the lattice close to
the pore openings, which form Brønsted acid sites, than in the
inner part of the crystal. (Assuming a cubic particle with a size
of 0.5 µm, each pore consists of about 250 unit cells. If the Al3+
is randomly substituted, then only 1.6% of the Al atoms should
be located in the first unit cell after the pore entrance.) Based
on the difference in site coverage and the decreased site concen-
tration, we conclude that the acid sites at the pore mouth must
make less of a contribution to the overall adsorption of xylenes.
This finding is in perfect agreement with a recent study on the
details of the sorption of benzene in HZSM-5 [38] showing that
the sites at the pore mouth are saturated at a higher equilibrium
pressure compared to sites inside the pores; that is, in general
they have a lower heat of adsorption for aromatic molecules.
This effect is rationalized by the weaker contribution of the van
der Waals forces in a less constrained environment. However,
it also has been shown that the steric constraints are relaxed
at the pore mouth, and, therefore, the energetic contribution
of the direct interaction of benzene with the Brønsted acid
sites compared with the nonlocalized interaction with the pore
walls is much stronger than that with Brønsted acid sites inside
the pores [38]. In general, two energetic contributions—the di-
rected interaction between Brønsted acidic SiOHAl groups and
the electron pair donor function of the molecules (basic func-
tion) and the nondirected van der Waals interactions between
the zeolite pore walls and the sorbate—can be differentiated.
For benzene, the nonlocalized interaction with the pore walls
controls the sorption energetically, whereas the localized inter-
action with the bridging hydroxy groups contributes to only a
minor degree [38]. Because the impact of the steric constraints
will be even more pronounced for the xylenes isomers com-
pared with benzene, the direct interaction of xylene with the
Brønsted acid sites at the pore mouth would be expected to be
stronger than that with the Brønsted acid sites inside the ZSM-5
pores.

This is drastically reflected in the differences between the
catalytic activity of the parent and silylated zeolites. Although
the coverage of m-xylene decreased by only 11%, the rate of
m-xylene isomerization decreased by 45%. The observation
strongly suggests that the Brønsted acid sites at the pore en-
trance are markedly more active than the sites in the zeolite
channels. At present, we have no indication that this difference
is related to variations in acid strength, and thus we suggest
that it is caused by the ability of the xylene molecules to reach
an unconstrained equilibrium position with the protons of the
strong Brønsted acid sites at the pore entrance, as has been
observed for benzene. Such an unconstrained complex should
allow a more facile proton transfer than that occurring inside
the ZSM-5 pores.
The selectivity to p-xylene was constant at 69 ± 1% for all
catalysts and all temperatures, suggesting that the molecules
converted at the more active pore mouth sites face a similar
(sterical) restriction in the transition state. This finding also
confirms that the sites in the inner part of the pores were not
modified by silylation.

For o- and p-xylene isomerization, the situation was similar
at first glance; i.e., silylation decreased the rate of isomerization
by approximately 50%. It is important to note, however, that
the decreased concentration of adsorbed reactants (i.e., 57% for
p-xylene and 48% for o-xylene) was markedly higher than for
m-xylene. In addition, in situ IR spectroscopy showed a marked
accumulation of m-xylene in the zeolite pores, suggesting that
during the initial (transient) reaction, m-xylene is formed at a
rate higher than the subsequent isomerization or diffusion out of
the pores. Although we cannot suggest a quantitative model at
the moment, we would like to emphasize that the diffusion and
reaction pathways differ markedly for HZSM-5 and HZSM-
5M. For the unmodified sample, not only is the reactivity of the
sorbed species higher, but also more of the m-xylene adsorbed
is able to desorb. After modification, all Brønsted acid sites
at the pore entrance are eliminated, minimizing the likelihood
chance that the m-xylene formed can desorb without a relatively
long diffusion pathway. Note that at 523 K, the equilibrium
value for m-xylene adsorption at 20 mbar was approximately
0.2 mol/u.c., whereas approximately the same concentration
was reached during p-xylene isomerization when only 0.8 mbar
m-xylene was present in the reactor. This clearly shows that
p- and o-xylene isomerization is a product diffusion-controlled
process.

In the context of the related shape-selective toluene dis-
proportionation on HZSM-5, Zheng et al. [14,36] found that
silylation effectively suppressed the secondary isomerization of
xylene on Brønsted acid sites in the pore mouth. Based on our
results presented here, we conclude that instead it is the uncon-
strained diffusion of m-xylene formed near the pore entrances
of the unmodified zeolites that is suppressed by silylation.

5. Conclusion

The results of our parallel kinetic measurements and the
time-resolved in situ IR spectroscopy demonstrate that xylenes
isomerize via an intramolecular pathway catalyzed by Brøn-
sted acid sites. For all catalysts studied, the catalytic activity is
related to the concentration of reactants on the acid sites. Diffu-
sion limitations markedly influence that coverage. The catalytic
activity of the Brønsted acid sites at the pore entrance is sig-
nificantly higher than the catalytic activity of such sites inside
the pores of the ZSM-5 zeolite. These Brønsted acid sites are
postulated to be part of the crystalline structure with an over-
all geometry of HZSM-5. However, the somewhat more open
environment at the pore entrance leads to an unconstrained ad-
sorption structure of the aromatic molecules and hence to more
facile protonation. It is interesting to note that the differentiation
in the catalytic activities of these sites was the strongest by far
with the sterically most demanding molecule (i.e., m-xylene).
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Measurement of the concentrations of reactants and products
in modified and unmodified materials showed that the isomer-
ization of m-xylene is controlled by transition state selectivity;
that is, the faster-diffusing reaction products are found in only
minor concentrations inside the pores. Note that this finding is
in agreement with the low partial pressure of both reactants in
the CSTR reaction cell. In contrast, the selectivity in o- and
p-xylene isomerization is controlled by the retention and accu-
mulation of m-xylene in the pores; i.e., the reaction is a product
diffusion–influenced process.

Silylation effectively blocks larger patches of pore openings
for the aromatic molecules, enhancing the differences in the dif-
fusivity of p-, o-, and m-xylene, whereas the inner pores are
hardly influenced. In line with the different reaction mecha-
nisms for reaching a particular product composition, silylation
has markedly different affects on m-xylene and o- and p-xylene
isomerization.

For m-xylene isomerization, the more active sites at the pore
mouth are blocked, leading to lower activity. However, the inner
pores, and hence the geometrically probable transition states,
are hardly influenced, leading to near-identical distributions for
p- and o-xylene. In contrast, for p- and o-xylene, the higher tor-
tuosity of the zeolite crystals reduces the evolution of m-xylene
and leads to a higher relative concentration of m-xylene in the
pores at higher reaction temperatures and with more effective
silylation. It is this difference in the retention, rather than the
difference in chemistry at the pore mouth sites, that is responsi-
ble for the enhanced shape selectivity.
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