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On the enhancedpara-selectivity of HZSM-5 modified by antimony oxid
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Abstract

HZSM-5 was modified with antimony oxide by solid-state reaction at 773 K to enhance diffusional constraints. Crystalline p
antimony oxide were not detected at a Sb2O3 loading up to 10.2 wt%. Antimony oxide was found to strongly interact with the hydr
groups of the zeolite, i.e., silanol and bridging hydroxyl groups, and with extra-framework aluminum oxide. Only a small amount o2O3
penetrated the pores of the zeolite, while the main fraction of Sb2O3 was deposited on the external surface of the zeolite crystals.
increasing antimony oxide loading a pronounced pore narrowing of the zeolite was observed, which suppressed the further p
of antimony oxide into the pores of the zeolite. The dispersion of antimony oxide on the surface of the zeolite led to complete
of unselective Brønsted acid sites and to a narrowing/blocking of the pore mouth openings of the zeolite. Both effects induced
para-selectivity for toluene disproportionation.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Due to their unique structure HZSM-5 zeolites arepara-
selective catalysts in toluene disproportionation,methyla
of toluene, and xylene isomerization [1,2]. Further enhan
ment of the shape selectivity can be achieved by post
thetic modification, which leads to removal of unselect
acid sites located in the pore mouth regions and/or to a
rowing of the pore openings. This modification of HZSM
effectively suppresses the secondary isomerization to u
siredo- andm-xylenes and enlarges the differences in
diffusivities betweeno- or m-isomers andp-isomer [3–6].

The aim of the postsynthetic modification is to depo
(non)metal oxides on the external surface of zeolite crys
Niwa et al. [7,8] systematically studied the modification
zeolites by chemical vapor deposition (CVD) and found t
amorphous SiO2 layers were formed on the external surfa
of the zeolite only if bulky molecules, such as Si(OCH3)4
and Si(OC2H5)4, were used as silylation agents. Tynjala
al. [9] found that the deposition of SiO2 and Ge2O3 by CVD
on the surface of zeolites effectively enhanced the select
to small olefins and linear aliphatic products in the conv
sion of methanol to hydrocarbons. Kaeding et al. [10,

* Corresponding author.
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doi:10.1016/S0021-9517(03)00234-3
-

observed an enhancedpara-selectivity for the alkylation o
toluene with methanol on phosphorus-modified HZSM-5
olites and suggested that the phosphorus reagent inter
with the acid sites of the zeolite and attached to the z
lite via framework oxygen atoms, which partially block
the pore openings and, therefore, restricted the diffusio
m- ando-xylenes. Kaeding et al. [12,13] further studied t
modification of HZSM-5 with Ca, Mg, B, and Mn oxide
and achieved enhancedpara-selectivity for toluene methy
lation and toluene disproportionation.

The deposition of oxides onto the surface of zeolites
be carried out by impregnation [14], ion exchange [1
chemical deposition [7,8,16,17], and solid-state react
[18,19]. Karge et al. [18] used solid-state reactions
achieve a markedly higher exchange degree of La ion
zeolite Y compared with ion exchange in liquid phase. T
ion exchange of Ni and Co into HZSM-5 and zeolite
was studied by Jentys and co-workers [20,21], who
achieved a significantly higher degree of exchange de
with a solid-state reaction than with ion exchange in
uid phase due to the absence of hydration of the cation
the solid reaction. MoO3-modified HZSM-5 zeolite obtaine
by solid-state reaction showed benzene selectivity for
conversion of methane to aromatics similar to that prep
by the impregnation method [22,23]. Xiao et al. [24] o
served enhanced conversion over CuCl2/HZSM-5 catalysts

http://www.elsevier.com/locate/jcat
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prepared by solid-state reaction for the selective reductio
NO by propylene compared with CuZSM-5 obtained us
ion exchange in aqueous phase. Modification of HZS
5 with antimony oxide by solid-state reaction was stud
by Lee et al. [25], who reported enhancedpara-selectivity
of antimony oxide-modified HZSM-5 zeolites for tolue
methylation by methanol. Systematic and quantitative s
ies on the dispersion of oxides and salts on the surfac
different supports were comprehensively reviewed by
and Tang [19].

In this contribution we describe the interaction betwe
antimony oxide and HZSM-5 zeolite, the location of a
timony oxide, and the modification effects using IR sp
troscopy, Raman spectroscopy, XRD, and sorption of pr
molecules related the structural properties of the modi
materials to their activity and shape selectivity in the tolu
disproportionation reaction.

2. Experimental

2.1. Materials

HZSM-5 zeolite with a Si/Al ratio of 45 and particle size
of 0.5 µm, determined by SEM, was used as the parent
terial. A series of antimony oxide-modified samples w
prepared by heating a physical mixture of antimony ox
and the zeolite under N2 atmosphere to 773 K at the ra
of 10 K/min followed by calcination at this temperature f
2 h. The antimony oxide content of the modified zeolites
ter calcination was determined by chemical analysis (AA
Pore volumes of the parent and modified zeolites were m
sured by N2 adsorption with a Micrometrics ASAP 200
apparatus at 77.3 K. XRD patterns of the parent and
timony oxide-modified zeolites were collected in a Phil
XRD powder diffraction meter using Cu-Kα radiation and a
2θ scan rate of 10◦/min.

2.2. 27Al MAS NMR

27Al MAS NMR spectra of the parent and modified z
olites were recorded on a Bruker AVANCE MSL-300 NM
spectrometer at a field strength of 7.5 T and 15-kHz s
ning speed using 4-mm ZrO2 rotors. Spectra were collecte
at a frequency of 78.205 MHz with 1.0-µs excitation pul
and 0.1-s recycle times. The27Al chemical shifts were ref
erenced to a 1 M aqueous solution of Al(NO3)3.

2.3. In situ Raman and IR spectroscopy

For in situ Raman measurements, the physical mixtur
antimony oxide (20 wt%) and the zeolite was pressed in
self-supporting wafer and placed in a sample holder con
ing of a gold plate attached to a heating wire. The sam
holder was mounted in the center of a Raman cell conne
to a flow system. The sample was heated to 873 K (rat
5 K/min) under a N2 flow of 20 ml/min. Raman spectr
were collected every 2 min with a Renishaw Raman sp
trometer (Type 1000) equipped with a CCD detector usin
785-nm diode laser for excitation.

The dispersion of antimony oxide over the zeolite a
function of the calcination temperature was followed us
IR spectroscopy. A self-supporting wafer of the physi
mixture of antimony oxide (5 wt%) with the zeolite wa
placed in a gold sample holder in the center of a furna
which was connected to a vacuo system. The sample
heated in vacuo (< 10−6 mbar) to 823 K (rate of 5 K/min)
and IR spectra were collected in a time interval of 1 min w
4 cm−1 resolution using a Bruker IFS 88 FTIR spectrome

2.4. Pyridine and tert-butylpyridine (DTBPy) adsorption

A self-supporting wafer of the sample was placed i
gold sample holder in the center of a furnace, which w
connected to a vacuo system. During activation the sam
was heated in vacuo (< 10−6 mbar) to 773 K at the rat
of 10 K/min and kept at this temperature for 1 h. The a
sorption of pyridine or DTBPy was carried out at a par
pressure of 2× 10−2 mbar using an equilibration time o
15 min. After physically adsorbed molecules were remo
by outgassing at 423 K for 1 h, IR spectra were collecte
423 K with 4 cm−1 resolution using a Bruker IFS 88 FTI
spectrometer. To allow quantitative comparison of the int
sities of IR bands, all IR spectra were normalized using
area of the overtones of lattice vibration bands of the zeo
at 1990 and 1870 cm−1.

2.5. Diffusion measurements

The diffusivities of o-xylene in the parent and ant
mony oxide-modified zeolites were determined using
spectroscopy in a flow system, which was described pr
ously [26,27].

The zeolite was pressed into a self-supported wa
placed inside a gold sample holder, and mounted in the
ter of an in situ cell connected to a flow system. The sam
was activated in helium flow by heating to 773 K at the r
of 10 K/min and holding at this temperature for 1 h. A
ter the sample temperature was stabilized at 373 K,o-xylene
with a partial pressure of 1 mbar was injected into carrier
using a syringe pump. IR spectra were collected in a 30-
terval. The diffusion coefficients were calculated using
square root law [28,29],

Qt/Q∞ = 6/r0(Dt/π)1/2,

whereQt denotes the amount adsorbed at timet (s),Q∞ is
the amount adsorbed at equilibrium coverage,r0 is the radius
of zeolite crystal, andD is the diffusion coefficient.

The area of the IR bands at 1497 and 1468 cm−1 was used
to quantify the relative amount ofo-xylene adsorbed in th
zeolites. To compare different samples the spectra were
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malized to the intensity of the overtone vibration of HZSM
at 1990 and 1870 cm−1.

2.6. Toluene disproportionation

Toluene disproportionation was carried out in a fixed-
reactor at 773 K. Prior to the experiments 0.06 g of sam
was activated at 773 K for 1 h in a He stream of 20 ml/min.
Toluene was injected into the He stream using a syr
pump. The partial pressure of toluene in the He stream
20 ml/min was 22.5 mbar. The composition of the produ
from the toluene disproportionation reaction was analy
with an on-line gas chromatograph equipped with a fla
ionization detector.

3. Results

3.1. Material synthesis and characterization

The antimony oxide content before and after calcina
at 773 K and the pore volumes of the parent and modified
olites are listed in Table 1. Chemical analysis of the modi
zeolites showed that the antimony oxide content subs
tially decreased for all modified samples after calcinatio
773 K, suggesting that a significant fraction of antimony
ide was lost during calcination. Modification of the zeol
with 3.3 wt% antimony oxide led to a decrease in the p
volume by 8 rel.%, which is tentatively assigned to filli
of parts of the zeolite pores with Sb2O3. Further increase in
Sb2O3 loading did not lead to a decrease in zeolite pore
umes.

XRD patterns of the parent and antimony oxide-modi
zeolites are compared in Fig. 1. In the XRD pattern of
parent zeolite only diffraction peaks typical of HZSM
were present. In the physical mixture of 5 wt% antimo
oxide and zeolite the diffraction peaks of antimony ox
were clearly observed, while after calcination of the mixt
at 773 K diffraction peaks assigned to antimony oxide dis
peared. Note that crystalline phases of antimony oxide w
not detected in any of the modified zeolites after calcinat

In situ Raman spectroscopy was used to study the cha
in the crystalline phases of antimony oxide during the so
state reaction of Sb2O3 with the zeolite. Raman spectra

Table 1
Antimony oxide content and pore volume of the samples

Code Sb2O3 content (wt%) Pore Corrected

Before After volume pore volum
calcination calcination (cm3/g) (cm3/g)a

HZ – – 0.088 0.088
SbZ1 5 3.3 0.078 0.081
SbZ2 10 6.5 0.07 0.075
SbZ3 15 7.7 0.07 0.076
SbZ4 20 10.2 0.069 0.077

a Corrected based on the content of antimony oxide after calcinatio
s

Fig. 1. XRD patterns of (a) antimony oxide, (b) physical mixture of a
mony oxide and zeolite, (c) HZ, (d) SbZ1, (e) SbZ2, (f) SbZ3, and (g) Sb

Fig. 2. Raman spectra of the physical mixture of antimony oxide with
olite calcined at (a) 323 K, (b) 473 K, (c) 573 K, (d) 623 K, (e) 683
(f) 703 K, and (g) 723 K

the physical mixture of the parent zeolite and antimony
ide (20 wt%) calcined at different temperatures are show
Fig. 2. At ambient temperature, bands assigned to antim
oxide were clearly observed at 450, 373, 253, and 189 cm−1.
In addition a broadband at low wavenumber resulting fr
fluorescence effects was observed. With increasing calc
tion temperature, the intensity of the broadband increa
which is a result of the enhanced fluorescence effects o
dehydrated zeolite due to the formation of surface hydro
groups [30]. The intensity of Raman bands assigned to
mony oxide started to decrease at a calcination temper
of 623 K and all bands completely disappeared at a c
nation temperature of 723 K, indicating also the absenc
crystalline antimony oxide in the mixture after the solid-st
reaction.

The changes in concentration of the silanol and bridg
hydroxyl groups of the zeolite, followed by in situ IR spe
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Fig. 3. In situ IR spectra during the solid-state reaction of Sb2O3 and
HZSM-5.

Fig. 4. IR spectra of activated (a) HZ, (b) SbZ1, (c) SbZ2, (d) SbZ3,
(e) SbZ4.

troscopy, showed a similar trend. IR spectra recorded du
the solid-state reaction of a physical mixture of the zeo
and Sb2O3 (5 wt%) are shown in Fig. 3. At ambient temper
ture, a broad band around 3000 cm−1 and two bands at 374
and 3606 cm−1, characteristic of the silanol and bridging h
droxyl groups of the zeolite, were observed in the hydro
group region. With increasing calcination temperature,
intensity of the broad band continuously decreased, w
is attributed to desorption of H2O. At 643 K, the intensity
of the hydroxyl groups decreased continuously, which is
indication of the solid-state reaction between Sb2O3 and the
zeolite. At temperatures higher than 713 K a further decre
in the intensity of the bands characteristic of the hydro
groups was not observed.
Table 2
Changes in the concentration of hydroxyl groups after modification w
Sb2O3

Sample Decrease in the concentration (%)

Silanol groups Bridging hydroxyl group

SbZ1 60 48
SbZ2 87 48
SbZ3 93 50
SbZ4 98 48

Fig. 5. IR spectra during adsorption of 2× 10−2 mbar pyridine in (a) HZ,
(b) SbZ1, (c) SbZ2, (d) SbZ3, and (e) SbZ4.

IR spectra of the hydroxyl groups of the zeolites af
Sb2O3 modification are shown in Fig. 4. Three IR bands
3745, 3680, and 3606 cm−1 were observed in the hydroxy
group region, which can be assigned to nonacidic sila
groups, hydroxyl groups of extra-framework aluminum o
ide, and bridging hydroxyl groups, respectively [31]. T
relative changes in the concentration of the hydroxyl gro
are summarized in Table 2.

Modification with 3.3 wt% antimony oxide led to a d
crease in the intensity of the silanol groups by 60% and
the bridging hydroxyl groups by 48%, respectively. A slig
decrease in the intensity of the hydroxyl groups of the ex
framework aluminum was also observed. A further incre
in antimony oxide loading to 6.5 wt% led to a decrease
the intensity of the silanol groups by 87%, while a furth
decrease in the intensity of the bridging hydroxyl grou
was not observed. At 10.2 wt% antimony oxide loading,
silanol groups almost completely disappeared, while the
tensity of the bands of the bridging hydroxyl groups w
similar to those of all other Sb2O3-modified samples.

IR spectra after adsorption of pyridine on the Sb2O3
modified samples are shown in Fig. 5. IR bands at 16
1490, and 1545 cm−1, characteristic of pyridinium ion
(pyridine chemisorbed at Brønsted acid sites), and at 1
1490, and 1454 cm−1, characteristic of coordinatively boun
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Table 3
Changes in the concentration of acid sites after modification with Sb2O3

Sample Decrease in the concentration (%)

Lewis acid sites Brønsted acid sit

SbZ1 21 51
SbZ2 22 50
SbZ3 18 54
SbZ4 21 48

pyridine (pyridine interacting with Lewis acid sites), we
observed [32,33]. The intensity of the bands at 1545
1454 cm−1 was used to calculate the relative changes in
concentration of acid sites after the modification, which
summarized in Table 3. Note that for all samples investig
the band characteristic of the bridging hydroxyl groups
3606 cm−1 completely disappeared after pyridine adso
tion (spectra not shown), which indicates that all bridg
hydroxyl groups (strong Brønsted acid sites) were ac
sible for pyridine and, therefore, a partial blocking of t
pores after modification of the zeolites can be excluded.
changes in the concentrations of Lewis and Brønsted
sites clearly revealed that the modification led to decre
in the concentrations of Lewis and Brønsted acid sites o
modified samples of about 20 and 50%, respectively, w
is in perfect agreement with the concentration of hydro
groups present after Sb2O3 modification.

Sorption of DTBPy was used to quantify the concen
tion of the externally accessible acid sites. The kinetic di
eter of DTBPy (0.7 nm) is significantly larger than the po
openings of HZSM-5 [34–36]. Therefore, this probe mo
cule can interact only with hydroxyl groups located on
external surface or in the pore mouth region of the zeo
IR spectra of DTBPy adsorption on the parent and modi
zeolites are compiled in Fig. 6.

For the unmodified zeolite, the adsorption of DTB
led to a marked decrease in the intensity of the band
3745 and 3606 cm−1 resulting from interaction betwee
the hydroxyl groups and DTBPy molecules. Other ba
at 2979, 2943, 2912, and 2882 cm−1, characteristic of in-
teraction of CH3 groups with hydroxyl groups of the ze
olite, at 3367 and 1616 cm−1, characteristic of interac
tion of DTBPy molecules with Brønsted acid sites, and
1541, 1481, and 1468 cm−1, characteristic of physically ad
sorbed DTBPy, were also observed. The bands at 3367
1616 cm−1, assigned to the N–H vibration and to the ring
bration of DTBPyH+, respectively [34,35], were used to d
termine the concentration of externally accessible Brøn
acid sites [36]. Approximately 28% of the bridging hydrox
groups of the parent zeolite are accessible for DTBPy m
cules. After modification of HZSM-5 with 3.3 wt% Sb2O3,
sorption of DTBPy at room temperature was almost co
pletely suppressed. Only IR bands in the C–H stretch
vibration region around 2979 cm−1 were observed at ver
low intensity [34], while the bands at 3367 and 1616 cm−1,
characteristic of the interaction of DTBPy molecules w
Brønsted acid sites, were absent. After evacuation of
d

Fig. 6. IR spectra during adsorption of 2× 10−2 mbar of DTBPy (a) HZ
at room temperature, (b) HZ after outgassing at 423 K for 1 h, (c) SbZ
room temperature, (d) SbZ1 after outgassing at 423 K for 1 h, and (e
ference spectra of HZ between after desorption and before adsorpti
DTBPy.

Fig. 7.27Al MAS NMR spectra of (a) HZ, (b) SbZ1, and (c) SbZ4.

antimony-oxide modified sample at 423 K for 1 h IR ban
around 2979 cm−1 were completely removed from the su
face, indicating that DTBPy molecules were only physica
absorbed. Adsorption of DTBPy on the samples with hig
Sb2O3 loadings gave similar results, which indicates that
ter the modification all externally accessible Brønsted a
sites of the zeolite were chemically blocked.

27Al MAS NMR spectra of HZ, SbZ1, and SbZ4 a
compared in Fig. 7. Two peaks with chemical shifts at
and −5 ppm are typically observed for HZSM-5 zeolit
which are assigned to the framework Al (FAL) and ext
framework Al oxide (EFAL) species, respectively. Integ
tion of these peaks in the NMR spectrum of HZ revea
that about 2.5% of the Al was present as EFAL. For b
Sb2O3-modified samples the intensity of the peak at−5 ppm
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decreased and became significantly broadened comp
with the parent material, which resulted from the chan
in the coordination environment of EFAL. This confirm
that the decrease in the concentration of the bridging
droxyl groups observed after solid-state reactions does
result from a partial dealumination, i.e., removal of Al fro
the T-atom positions of the zeolite. In addition, the mark
broadening of the peak of EFAL, e.g., the change in the c
dination environment of EFAL, suggests a strong interac
of Sb2O3 with EFAL.

3.2. Diffusion ofo-xylene in parent and modified samples

The diffusion ofo-xylene (kinetic diameter of 0.63 nm
[37]) was used to study the effects of the modification on
pore openings of the zeolite. Typical IR spectra during
time-resolved uptake ofo-xylene over H-ZSM5 at 373 K
are presented in Fig. 8. With increasing adsorption time,
intensity of IR bands at 3745 and 3606 cm−1 decreased, in
dicating interaction ofo-xylene with the hydroxyl group
via hydrogen bonding, and a broadband around 3168 c−1

characteristic of the perturbed bridging hydroxyl groups.
multaneously, the intensity of the IR bands assigned too-
xylene at 1497, 1468, and around 3000 cm−1 increased. The
changes in the intensity of the bands at 1497 and 1468 c−1

Fig. 8. Time-resolved IR spectra during adsorption of 1 mbaro-xylene in
HZ at 373 K.

Fig. 9. Intensity of the bands at 149 and 1468 cm−1 during o-xylene ad-
sorption with 1 mbar at 373 K in (�) HZ, (�) SbZ1, (✸) SbZ2, (–) SbZ3,
and (×) SbZ4.
d

t

Table 4
Diffusion coefficients ofo-xylene in the parent and modified zeolites

Sample Diffusion coefficient ofo-xylene
(×10−18 m2/s)

HZ 7.8
SbZ1 7.4
SbZ2 3.9
SbZ3 1.9
SbZ4 0.66

as a function of adsorption time over the parent and m
fied samples are compared in Fig. 9. An equilibration ti
of 30 min was observed foro-xylene adsorption in the un
modified zeolite. After modification with 3.3 wt% Sb2O3 a
decrease ino-xylene uptake by approximately 26% was o
served, while the equilibration time ofo-xylene adsorption
was not affected, indicating the same diffusivity as the p
ent material. A further increase in Sb2O3 loading resulted
in a marked decrease ino-xylene diffusivity; however, the
uptake ofo-xylene remained the same for all modified sa
ples. The diffusion coefficients ofo-xylene in the parent an
modified zeolites, calculated using the square root law,
listed in Table 4.

For the parent zeolite, the diffusion coefficient was 7.8×
10−18 m2/s. Modification of the zeolite with 3.3 wt% Sb2O3
did not influence the diffusivity, which indicates that at th
loading the modification with Sb2O3 did not influence the
size of the pore openings or block parts of the pores. In c
trast, at antimony oxide loading between 6.5 and 10.2 w
a strong decrease in diffusion coefficients from 3.9× 10−18

to 6.6×10−19 m2/s was observed, which clearly indicate
narrowing of the pore entrances or blocking of a fraction
pores of the zeolite.

3.3. Catalytic activity

The activity and selectivity of the parent and Sb2O3-
modified zeolites for toluene disproportionation are co
pared in Fig. 10. For the parent zeolite the ratio betw

Fig. 10. Activity and selectivity of the modified zeolites for toluene disp
portionation at 773 K.
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the xylene isomers was close to thermodynamic equilibr
even under the differential conditions employed. After mo
fication with Sb2O3 thepara-selectivity increased from 33%
(3.3 wt% Sb2O3) to 68% (10.2 wt% Sb2O3). The activity
of the catalyst with the highest Sb2O3 loading (10.2 wt%),
however, decreased by 41% compared with the unmod
zeolite.

4. Discussion

4.1. Dispersion of antimony oxide on the zeolite

Metal oxides and salts can be dispersed over diffe
supports, such as Al2O3, SiO2, TiO2, ZrO2, and zeolites
by solid-state reactions [19]. After the solid-state reac
of Sb2O3 with HZSM-5, crystalline antimony oxide phas
were not detected by XRD even for samples with a Sb2O3
loading up to 10.2 wt%, which indicates an effective disp
sion of Sb2O3 on the zeolite. Raman spectra of the phys
mixture of antimony oxide and the zeolite calcined at d
ferent temperatures showed that the transformation of c
talline Sb2O3 into highly dispersed phases was compete
723 K. In agreement with Raman results in situ IR sp
troscopy revealed that the concentration of hydroxyl gro
started to decrease at temperatures above 643 K due
solid-state reaction between Sb2O3 and the zeolite. In princi
ple, dispersion of metal oxides/salts occurs via surface d
sion. The dispersion of a metal oxide typically starts at te
peratures above its Tammann temperature [38–40], whi
approximately equal to half of the melting point of the oxid
For Sb2O3 over HZSM-5 the dispersion by solid-state re
tion, however, started at temperatures above 643 K, w
is substantially higher than the Tammann temperatur
Sb2O3 (464 K). Note that during temperature-programm
desorption of H2O, the dehydration of the zeolite occurred
approximately 600 K, which indicates that the solid-state
action of Sb2O3 proceeds with the hydroxyl groups of th
zeolite. Therefore, dehydration of the zeolite is neces
to generate active hydroxyl groups, as the interaction
tween the oxide and hydroxyl groups of the zeolite app
to be the driving force for the dispersion of Sb2O3. Signif-
icant loss of Sb2O3 (about 50% of the total amount use
occurring during the sample preparation by solid-state r
tion (see Table 1) indicates that the transport of Sb2O3 via
the vapor phase is possible at lower temperatures (∼ 600 K),
although the sublimation temperature of Sb2O3 is 1425 K.
Therefore, we speculate that this process may also par
contribute to the dispersion of Sb2O3 over the zeolite.

After modification of the zeolites with antimony oxid
a marked decrease in the intensity of the silanol and brid
hydroxyl groups was observed. This indicates that antim
oxide strongly interacts not only with the bridging hydrox
groups, but also with the silanol groups. Due to the wea
basic character of Sb2O3, the interaction of Sb2O3 with the
accessible bridging hydroxyl groups (Brønsted acid si
e

Scheme 1. Solid-state reaction of Sb2O3 with hydroxyl groups of HZSM-5
zeolite.

of the zeolite occurs via the formation of SbO+ species,
which act as charge compensating species, and, there
leads to partial removal of the acid sites. Due to the wea
acidic character of the SiOH groups the interaction of a
mony oxide with the silanol groups is speculated to invo
more covalent bonds. The surface reactions are dep
in Scheme 1. Note that the decrease in the concentr
of SiOHAl groups after modification was independent
Sb2O3 loading. Moreover, with increasing Sb2O3 loading
the accessible bridging hydroxyl groups were passivated
fore the reaction of Sb2O3 with the SiOH groups, which in
dicates that antimony oxide preferentially interacts with
bridging hydroxyl groups, because of their stronger acid
Additionally, the concentration of Lewis acid sites decrea
after modification, which reveals that antimony oxide a
reacts with EFAL species. Similar to the interaction of a
mony oxide with Brønsted acid sites, the decrease in con
tration of Lewis acid sites was independent of Sb2O3 loading
and, moreover, the accessible Lewis acid sites were obse
to react with Sb2O3 before the removal of silanol groups w
competed.

4.2. Influences of modification on the structural properti
of the zeolite

Comparison of pore volumes before and after modifi
tion showed that the pore volume of the zeolite decrea
after modification with 3.3 wt% Sb2O3 (see Table 1), which
resulted from penetration of a small amount of antimony
ide into the pores of the zeolite. At higher Sb2O3 loading a
further decrease in pore volume was not observed, whic
dicates that the deposition of Sb2O3 occurs primarily on the
external surface. Note that a partial collapse of the ze
framework structure after the modification can be exclud

Adsorption of DTBPy indicated that after modificatio
with 3.3 wt% Sb2O3 all externally accessible acid sites we
removed by the reaction of Sb2O3 with accessible bridging
hydroxyl groups. The decrease in concentration of Brøn
acid sites after modification (determined by IR spectrosc
and sorption of pyridine) was 50%, while DTBPy adso
tion indicated that only 28% of the Brønsted acid sites w
located in the pore mouth region of the parent zeolite [
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(see Table 2). Therefore, antimony oxide not only intera
with Brønsted acid sites located in the pore mouth reg
but also penetrates into the zeolite pores. The change
the concentrations of Lewis and Brønsted acid sites w
not a function of Sb2O3 loading, while the concentration o
silanol groups continuously decreased with increasing a
mony oxide loading (see Table 3). This clearly indicates
Sb2O3 interacts preferentially with the strongly acidic Brø
sted and Lewis acid sites. After all strong acid sites acce
ble for Sb2O3 are passivated, antimony oxide is dispersed
the external surface of the zeolite crystals. Considering
the pore volume of SbZ4 remains identical to that of Sb
while the concentration of SiOH groups decreases from
to 98% we speculate that antimony oxide is polymerized
the external surface and in the pore mouth region of the
lite at high Sb2O3 loadings.

The results ofo-xylene adsorption support these conc
sions. At low antimony oxide loading (3.3 wt%) the amou
of o-xylene adsorbed decreased markedly compared with
parent zeolite; the diffusivity, however, remained unchang
With increasing antimony oxide loading,o-xylene uptake
did not decrease further, while diffusivity ofo-xylene into
the pores was strongly retarded. This indicates that at
Sb2O3 loading strong acid sites located in the pore mo
region and inside the pores are primarily passivated, w
leads to reduction of the pore volume. SbO+ species re-
sulting from the reaction of Sb2O3 with the acid sites lo-
cated in the pore mouth region are too small to influe
the pore openings of the modified zeolite and the diffusiv
of o-xylene. At higher Sb2O3 loading, Sb2O3 is polymer-
ized on the external surface and in the pore mouth re
which leads to a further narrowing of the pore openings
imposes a hindrance to the diffusion of molecules, i.e., a
mony oxide oro-xylene, into the pores of the zeolite.

The solid-state reaction of antimony oxide with the
olite was shown to occur via a combined surface
vapor diffusion mechanism. Antimony oxide diffuses
Sb4O6 subunits with a kinetic diameter of approximate
0.76 nm [41,42]. As these subunits are larger than the
diameter of HZSM-5 zeolite, the diffusion of antimony o
ide into the pores of the zeolite is sterically hindered, a
therefore, only SiOHAl groups located in the pore mo
region are accessible. However, after modification a sig
icantly higher concentration of Brønsted acid sites (50
was found to be passivated compared with the con
tration of externally accessible Brønsted acid sites (28
which indicates that acid sites located inside the pore
the zeolite also participate in the solid-state reaction. T
suggests that the Sb4O6 subunits are partially decompos
during the solid-state reaction of antimony oxide with t
hydroxyl groups located on the external surface and in
pore mouth region of the zeolite. Smaller antimony ox
clusters formed subsequently enter into the zeolite pores
react with the bridging hydroxyl groups located in the po
of the zeolite.
Scheme 2. Model of the dispersion of Sb2O3 in the pores and the extern
surface of the zeolite.

Based on the reactions described, the dispersion of
mony oxide during the solid-state reaction on the zeolit
depicted in Scheme 2. At low Sb2O3 loading, antimony ox-
ide reacts with the bridging hydroxyl groups, nonframew
Al oxide species, and silanol groups via surface and va
diffusion. This interaction results in the complete passiva
of externally accessible acid sites and the removal of B
sted and Lewis acid sites by 50 and 20%, respectively. M
antimony oxide is located on the external surface and in
pore mouth region of the zeolite and only a minor amo
of antimony oxide penetrates into the pores of the zeo
Note that the reaction of antimony oxide with the bridgi
hydroxyl groups located in the pore mouth region of the
olite slightly narrows the pore openings of the zeolite. T
modification, however, is insufficient to influenceo-xylene
diffusivity. At higher Sb2O3 loadings, antimony oxide si
multaneously reacts with the silanol groups and polymer
on the external surface and in the pore mouths. This lea
narrowing/blocking of pore openings and induces consi
able constraints foro-xylene diffusion.

4.3. Influence of modification on the activity and selectiv
of the zeolites for toluene disproportionation

The activity and selectivity of HZSM-5 zeolites fo
toluene disproportionation are generally controlled by
concentration and location of Brønsted acid sites [43]
the dimensions of the pores, which can be adjusted by p
synthetic modifications. Narrowing of the pore openings
the zeolite lowers the diffusivity ofo- andm-xylene, which
typically leads to a strongly enhanced shape selectivit
para-product in the toluene disproportionation [2,36]. Aft
modification with 3.3 wt% Sb2O3 the activity of toluene
disproportionation decreased by 15% compared with
parent zeolite, which is directly related to the lower co
centration of Brønsted acid sites of SbZ1. The enhan
para-selectivity of this catalyst is concluded to result p
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marily from the passivation of the unselective Brønsted a
sites, as the modification only leads to a minor narr
ing of the pore openings of SbZ1. Our previous study [
showed that introducing acid sites onto the external sur
of the zeolite decreased thepara-selectivity for toluene dis
proportionation. Therefore, the passivation of unselec
acid sites suppresses secondary isomerization reactio
p-xylene, generated inside the pores, to other isomers
thus enhancesp-selectivity. At higher antimony oxide load
ing, a marked increase inpara-selectivity up to 60% wa
observed at the expense of activity compared with the
modified HZSM-5. The enhancedpara-selectivity for sam-
ples with higher Sb2O3 loading could be attributed to furthe
pore narrowing, which constrains the diffusion ofo- andm-
xylene isomers, as the concentration of Brønsted acid
remains constant at higher antimony oxide loading. Th
fore, the decrease in activity of HZSM-5 catalysts modifi
with higher Sb2O3 loadings results from mass transfer lim
tations on the products in the narrowed pores of the mod
zeolites.

5. Conclusions

Antimony oxide can be dispersed on the surface and
side the pores of zeolites by solid-state reactions at elev
temperatures via a surface and vapor diffusion process. C
talline antimony oxide phases were not detected eve
antimony oxide loadings up to 10.2 wt%. In situ Ram
and IR spectroscopy indicated that the solid-state reac
commenced at 623 K and was complete at 723 K. Du
the solid-state reaction antimony oxide clusters reacted
the silanol and bridging hydroxyl groups and with ext
framework Al oxide species of the zeolite. A small amo
of antimony oxide penetrated into the pores of the zeo
and reacted with the bridging hydroxyl groups. The la
fraction of antimony oxide, however, was located on the
ternal surface of the zeolite crystals and led to a narrow
of the pore openings of the zeolite, which suppressed
further penetration of antimony oxide into the pores of
zeolite. The modification of HZSM-5 zeolite with antimo
oxide led to the complete passivation of unselective Br
sted acid sites at low Sb2O3 loadings and to narrowing o
the pores at higher Sb2O3 loadings. Both effects resulted
enhanced shape selectivity top-xylene in the toluene dis
proportionation reaction, but also led to lower activity due
the lower concentration of Brønsted acid sites and the
eration of mass transfer limitations in the Sb2O3-modified
zeolites.

Compared with CVD and CLD with ethoxysilanes, mo
ification with Sb2O3 passiviates the acid sites, which is fo
lowed by pore narrowing. Therefore, the influence of pa
vation of unselective acid sites and pore narrowing can
differentiated, while CLD and CVD typically remove un
elective acid sites and narrow the pore mouth at the s
time. Also, it is possible to completely remove all Brøns
f

-

acid sites by solid-state reaction with Sb2O3, while it is very
difficult to completely remove unselective acid sites by C
or CVD, even by multicycle modification [36].
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