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Abstract

HZSM-5 was modified with antimony oxide by solid-state reaction at 773 K to enhance diffusional constraints. Crystalline phases of
antimony oxide were not detected at a6h loading up to 10.2 wt%. Antimony oxide was found to strongly interact with the hydroxyl
groups of the zeolite, i.e., silanol and bridging hydroxyl groups, and with extra-framework aluminum oxide. Only a small amop@gof Sh
penetrated the pores of the zeolite, while the main fraction gf0glwas deposited on the external surface of the zeolite crystals. With
increasing antimony oxide loading a pronounced pore narrowing of the zeolite was observed, which suppressed the further penetratio
of antimony oxide into the pores of the zeolite. The dispersion of antimony oxide on the surface of the zeolite led to complete removal
of unselective Brgnsted acid sites and to a narrowing/blocking of the pore mouth openings of the zeolite. Both effects induced enhancec
para-selectivity for toluene disproportionation.
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1. Introduction observed an enhanceara-selectivity for the alkylation of
toluene with methanol on phosphorus-modified HZSM-5 ze-
Due to their unique structure HZSM-5 zeolites pera- olites and suggested that the phosphorus reagent interacted

selective catalysts in toluene disproportionation, methylation with the acid sites of the zeolite and attached to the zeo-
of toluene, and xylene isomerization [1,2]. Further enhance- lite via framework oxygen atoms, which partially blocked
ment of the shape selectivity can be achieved by postsyn-the pore openings and, therefore, restricted the diffusion of
thetic modification, which leads to removal of unselective - ando-xylenes. Kaeding et al. [12,13] further studied the
acid sites located in the pore mouth regions and/or to a nar-modification of HZSM-5 with Ca, Mg, B, and Mn oxides
rowing of the pore openings. This modification of HZSM-5 and achieved enhanc@ara-selectivity for toluene methy-
effectively suppresses the secondary isomerization to unde4ation and toluene disproportionation.
siredo- andm-xylenes and enlarges the differences in the  The deposition of oxides onto the surface of zeolites can
diffusivities betweer- or m-isomers ang-isomer [3-6]. ~ be carried out by impregnation [14], ion exchange [15],
The aim of the postsynthetic modification is to deposit chemical deposition [7,8,16,17], and solid-state reactions
(non)metal oxides on the external surface of zeolite crystals.[18,19]. Karge et al. [18] used solid-state reactions to
Niwa et al. [7,8] systematically studied the modification of achieve a markedly higher exchange degree of La ions in
zeolites by chemical vapor deposition (CVD) and found that zeolite Y compared with ion exchange in liquid phase. The
amorphous Si@layers were formed on the external surface jon exchange of Ni and Co into HZSM-5 and zeolite Y
of the zeolite only if bulky molecules, such as Si(OgiH  was studied by Jentys and co-workers [20,21], who also
and Si(OGHs)s, were used as silylation agents. Tynjala et achieved a significantly higher degree of exchange degree
al. [9] found that the deposition of Si@and GeO3 by CVD with a solid-state reaction than with ion exchange in lig-
on the surface of zeolites effectively enhanced the selectivity ;i phase due to the absence of hydration of the cations in
to small olefins and linear aliphatic products in the conver- the solid reaction. Mo@modified HZSM-5 zeolite obtained
sion of methanol to hydrocarbons. Kaeding et al. [10,11] py solid-state reaction showed benzene selectivity for the
conversion of methane to aromatics similar to that prepared
* Corresponding author. by the impregnation method [22,23]. Xiao et al. [24] ob-
E-mail addressandreas.jentys@ch.tum.de (A. Jentys). served enhanced conversion over CYEIZSM-5 catalysts
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prepared by solid-state reaction for the selective reduction of 5 K/min) under a N flow of 20 ml/min. Raman spectra
NO by propylene compared with CuZSM-5 obtained using were collected every 2 min with a Renishaw Raman spec-
ion exchange in agueous phase. Modification of HZSM- trometer (Type 1000) equipped with a CCD detector using a
5 with antimony oxide by solid-state reaction was studied 785-nm diode laser for excitation.
by Lee et al. [25], who reported enhangeaira-selectivity The dispersion of antimony oxide over the zeolite as a
of antimony oxide-modified HZSM-5 zeolites for toluene function of the calcination temperature was followed using
methylation by methanol. Systematic and quantitative stud- IR spectroscopy. A self-supporting wafer of the physical
ies on the dispersion of oxides and salts on the surface ofmixture of antimony oxide (5 wt%) with the zeolite was
different supports were comprehensively reviewed by Xie placed in a gold sample holder in the center of a furnace,
and Tang [19]. which was connected to a vacuo system. The sample was
In this contribution we describe the interaction between heated in vacuo< 10-% mbar) to 823 K (rate of 5 Kmin)
antimony oxide and HZSM-5 zeolite, the location of an- and IR spectrawere collected in a time interval of 1 min with
timony oxide, and the modification effects using IR spec- 4 cmi~! resolution using a Bruker IFS 88 FTIR spectrometer.
troscopy, Raman spectroscopy, XRD, and sorption of probe
molecules related the structural properties of the modified 2.4, Pyridine and tert-butylpyridine (DTBPy) adsorption
materials to their activity and shape selectivity in the toluene
disproportionation reaction. A self-supporting wafer of the sample was placed in a
gold sample holder in the center of a furnace, which was
connected to a vacuo system. During activation the sample

2. Experimental was heated in vacuo<{10-% mbar) to 773 K at the rate
) of 10 K/min and kept at this temperature for 1 h. The ad-
2.1. Materials sorption of pyridine or DTBPy was carried out at a partial

o ) ) ) pressure of 2« 1072 mbar using an equilibration time of
HZSM-5 zeolite with a SiAl ratio of 45 and particle size 15 min, After physically adsorbed molecules were removed
of 0.5 pm, determined by SEM, was used as the parent ma-y outgassing at 423 K for 1 h, IR spectra were collected at
terial. A series of antimony oxide-modified samples were 453 k with 4 cnt? resolution using a Bruker IFS 88 FTIR
prepared by heating a physical mixture of antimony oxide gpectrometer. To allow quantitative comparison of the inten-
and the zeolite under Natmosphere to 773 K at the rate  gjiies of IR bands, all IR spectra were normalized using the

of 10 K/min followed by calcination at this temperature for - 5re of the overtones of lattice vibration bands of the zeolites
2 h. The antimony oxide content of the modified zeolites af- 4t 1990 and 1870 cnt.

ter calcination was determined by chemical analysis (AAS).
Pore volumes of the parent and modified zeolites were mea- e

sured by N adsorption with a Micrometrics ASAP 2000 2.5. Diffusion measurements
apparatus at 77.3 K. XRD patterns of the parent and an-
timony oxide-modified zeolites were collected in a Philips
XRD powder diffraction meter using CugKradiation and a

260 scan rate of 19/min.

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

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

2.2. 2TAl MAS NMR

2TAl MAS NMR spectra of the parent and modified ze-
olites were recorded on a Bruker AVANCE MSL-300 NMR
spectrometer at a field strength of 7.5 T and 15-kHz spin-
ning speed using 4-mm Zgdotors. Spectra were collected
at a frequency of 78.205 MHz with 1.0-us excitation pulses
and 0.1-s recycle times. THéAI chemical shifts were ref-
erenced to a 1 M aqueous solution of Al(j).

2.3. In situ Raman and IR spectroscopy 01/ Qo0 = 6/ro(Dt/7'r)l/2

For in situ Raman measurements, the physical mixture of whereQ, denotes the amount adsorbed at tins), Q. is
antimony oxide (20 wt%) and the zeolite was pressed into a the amount adsorbed at equilibrium coveragés the radius
self-supporting wafer and placed in a sample holder consist-of zeolite crystal, and is the diffusion coefficient.
ing of a gold plate attached to a heating wire. The sample  The area of the IR bands at 1497 and 1468 émas used
holder was mounted in the center of a Raman cell connectedto quantify the relative amount efxylene adsorbed in the
to a flow system. The sample was heated to 873 K (rate of zeolites. To compare different samples the spectra were nor-
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malized to the intensity of the overtone vibration of HZSM-5 l
at 1990 and 1870 cnt. :

2.6. Toluene disproportionation
Toluene disproportionation was carried out in a fixed-bed

reactor at 773 K. Prior to the experiments 0.06 g of sample S ¢

was activated at 773 K for 1 h in a He stream of 2Q'miin. ) F

Toluene was injected into the He stream using a syringe d

pump. The partial pressure of toluene in the He stream of A;\ A

20 ml/min was 22.5 mbar. The composition of the products e
fn A ;

ntensity
o

XRD

from the toluene disproportionation reaction was analyzed |
with an on-line gas chromatograph equipped with a flame S g
ionization detector. 3 15 % 3 4

20

Fig. 1. XRD patterns of (a) antimony oxide, (b) physical mixture of anti-
3. Results mony oxide and zeolite, (c) HZ, (d) SbZL1, (e) SbZ2, (f) SbZ3, and (g) SbZ4.

3.1. Material synthesis and characterization
20000
The antimony oxide content before and after calcination e
at 773 K and the pore volumes of the parent and modified ze-
olites are listed in Table 1. Chemical analysis of the modified _ 15000 \
zeolites showed that the antimony oxide content substan-
tially decreased for all modified samples after calcination at
773 K, suggesting that a significant fraction of antimony ox-
ide was lost during calcination. Modification of the zeolite
with 3.3 wt% antimony oxide led to a decrease in the pore
volume by 8 rel.%, which is tentatively assigned to filling 5000 -
of parts of the zeolite pores with 8B3. Further increase in
Sy O3 loading did not lead to a decrease in zeolite pore vol-
umes. o ]
XRD patterns of the parent and antimony oxide-modified 1000 500 0
zeolites are compared in Fig. 1. In the XRD pattern of the
parent zeolite only diffraction peaks typical of HZSM-5
were present. In the physical mixture of 5 wt% antimony Fig. 2. Raman spectra of the physical mixture of antimony oxide with ze-
oxide and zeolite the diffraction peaks of antimony oxide olite calcined at (a) 323 K, (b) 473 K, (c) 573 K, (d) 623 K, (e) 683 K,
were clearly observed, while after calcination of the mixture () 703K, and (g) 723K
at 773 K diffraction peaks assigned to antimony oxide disap-
peared. Note that crystalline phases of antimony oxide werethe physical mixture of the parent zeolite and antimony ox-
not detected in any of the modified zeolites after calcination. ide (20 wt%) calcined at different temperatures are shown in
In situ Raman spectroscopy was used to study the change$ig. 2. At ambient temperature, bands assigned to antimony
in the crystalline phases of antimony oxide during the solid- oxide were clearly observed at 450, 373, 253, and 189%'cm
state reaction of SiD3 with the zeolite. Raman spectra of In addition a broadband at low wavenumber resulting from
fluorescence effects was observed. With increasing calcina-

nsity

10000

Raman Inte

Wavenumber (cm ")

Table 1 tion temperature, the intensity of the broadband increased,
Antimony oxide content and pore volume of the samples which is a result of the enhanced fluorescence effects of the
Code ShO3 content (Wi%) Pore Corrected dehydrated zeolite due to the formation of surface hydroxyl
Before After volume pore volume ~ 9TOUPS [30]. The intensity of Raman bands assigned to anti-
calcination calcination (cRrg) (e /g)R mony oxide started to decrease at a calcination temperature
hz _ _ 0088 2088 of 623 K and all bands completely disappeared at a calci-
Sbz1 5 33 0078 Q081 nation temperature of 723 K, indicating also the absence of
Sbz2 10 65 0.07 0075 crystalline antimony oxide in the mixture after the solid-state
Shz3 15 w 0.07 0076 reaction.
Sbz4 20 1@ 0069 aor7 The changes in concentration of the silanol and bridging

@ Corrected based on the content of antimony oxide after calcination. hydroxyl groups of the zeolite, followed by in situ IR spec-
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Absorbance (a.u.) Table 2
o Changes in the concentration of hydroxyl groups after modification with
ShyO3
\ Sample Decrease in the concentration (%)
\ Silanol groups Bridging hydroxyl groups
f/ \ Sbz1 60 48
’\ Shz2 87 48
Temperature (K) / Sbhz3 93 50
Sbhz4 98 48
373
i i%_
3700 3500 3300 3100 g
Wavenumber (cm™!) g
e
Fig. 3. In situ IR spectra during the solid-state reaction 0§ and _% a
HZSM-5. v
'é b
0.012 'Té
g C
o
” M
0.01 - d
8 (&
& 0.008 - . .
) 1700 1600 1500 1400
Ka}
g 0.006 Wave number (cm ™)
E’- a Fig. 5. IR spectra during adsorption 0fx210~2 mbar pyridine in (a) HZ,
3 (b) Sbz1, (c) Sbz2, (d) Sbz3, and (e) Sbz4.
E 0.004 b
]
4
M IR spectra of the hydroxyl groups of the zeolites after
0.002 J‘/\/& Sky0O3 modification are shown in Fig. 4. Three IR bands at
j’/\/k 3745, 3680, and 3606 cm were observed in the hydroxyl
0 . ‘ . group region, which can be assigned to nonacidic silanol

groups, hydroxyl groups of extra-framework aluminum ox-
B ide, and bridging hydroxyl groups, respectively [31]. The
Wavenumber (cm™) relative changes in the concentration of the hydroxyl groups

Fig. 4. IR spectra of activated (a) HZ, (b) SbZ1, (c) SbZ2, (d) SbZ3, and are surr_n-‘nar.lzed |.n Table 2. . .

(e) Sbza. Modification with 3.3 wt% antimony oxide led to a de-
crease in the intensity of the silanol groups by 60% and of
the bridging hydroxyl groups by 48%, respectively. A slight

troscopy, showed a similar trend. IR spectra recorded duringdecrease in the intensity of the hydroxyl groups of the extra-

the solid-state reaction of a physical mixture of the zeolite framework aluminum was also observed. A further increase
and ShOs (5 wt%) are shown in Fig. 3. Atambienttempera- in antimony oxide loading to 6.5 wt% led to a decrease in
ture, a broad band around 3000 cthand two bands at 3745 the intensity of the silanol groups by 87%, while a further

and 3606 cm?, characteristic of the silanol and bridging hy- decrease in the intensity of the bridging hydroxyl groups
droxyl groups of the zeolite, were observed in the hydroxyl was not observed. At 10.2 wt% antimony oxide loading, the
group region. With increasing calcination temperature, the silanol groups almost completely disappeared, while the in-
intensity of the broad band continuously decreased, which tensity of the bands of the bridging hydroxyl groups was

is attributed to desorption of #D. At 643 K, the intensity similar to those of all other SKD3-modified samples.

of the hydroxyl groups decreased continuously, which is an IR spectra after adsorption of pyridine on the,Sb

indication of the solid-state reaction betweenSpand the modified samples are shown in Fig. 5. IR bands at 1636,

zeolite. At temperatures higher than 713 K a further decrease1490, and 1545 cmt, characteristic of pyridinium ions

in the intensity of the bands characteristic of the hydroxyl (pyridine chemisorbed at Brgnsted acid sites), and at 1623,

groups was not observed. 1490, and 1454 cmt, characteristic of coordinatively bound

3800 3700 3600 3500 3400
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Table 3
Changes in the concentration of acid sites after modification wig©gb
Sample Decrease in the concentration (%)
Lewis acid sites Bransted acid sites
Sbz1 21 51
Shz2 22 50
Sbz3 18 54
Shz4 21 48 c

rmalized IR absorbance

v €
d

pyridine (pyridine interacting with Lewis acid sites), were £
observed [32,33]. The intensity of the bands at 1545 and =
1454 cnt! was used to calculate the relative changes in the
concentration of acid sites after the modification, which are
summarized in Table 3. Note that for all samples investigated , [ [ ,
the band characteristic of the bridging hydroxyl groups at 3500 3000 2500 2000 1500
3606 cnT! completely disappeared after pyridine adsorp-
tion (spectra not shown), which indicates that all bridging
hydroxyl groups (strong Brgnsted acid sites) were acces-Fig. 6. IR spectra during adsorption 0f210~2 mbar of DTBPy (a) HZ
sible for pyridine and, therefore, a partial blocking of the atroom temperature, (b) HZ after outgassing at 423 K for 1 h, (c) SbZ1 at
pores after modification of the zeolites can be excluded. The 'oom temperature, (d) SbZ1 after outgassing at 423 K for 1 h, and (e) dif-
changes in the concentrations of Lewis and Bransted a.Cidference spectra of HZ between after desorption and before adsorption of

. - =TS DTBPy.
sites clearly revealed that the modification led to decreases Y
JJ\L‘/\ |
b
1

in the concentrations of Lewis and Brgnsted acid sites on all
A ‘
0

Wavenumber (cm™")

is in perfect agreement with the concentration of hydroxyl
groups present after 803 modification.

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

For the unmodified zeolite, the adsorption of DTBPy
led to a marked decrease in the intensity of the bands at ; , : ‘ ;
3745 and 3606 cmt resulting from interaction between 00 80 60 40 20
the hydroxyl groups and DTBPy molecules. Other bands Chemical shift (ppm)
at 2979, 2943, 2912, and 2882 thy characteristic of in-
teraction of CH groups with hydroxyl groups of the ze-
olite, at 3367 and 1616 cm, characteristic of interac-
tion of DTBPy molecules with Brgnsted acid sites, and at antimony-oxide modified sample at 423 K for 1 h IR bands
1541, 1481, and 1468 cm, characteristic of physically ad-  around 2979 cm® were completely removed from the sur-
sorbed DTBPy, were also observed. The bands at 3367 andace, indicating that DTBPy molecules were only physically
1616 cnTl, assigned to the N—H vibration and to the ring vi- absorbed. Adsorption of DTBPy on the samples with higher
bration of DTBPyH', respectively [34,35], were used to de- SOz loadings gave similar results, which indicates that af-
termine the concentration of externally accessible Brgnstedter the modification all externally accessible Bransted acid
acid sites [36]. Approximately 28% of the bridging hydroxyl sites of the zeolite were chemically blocked.
groups of the parent zeolite are accessible for DTBPy mole-  ?’Al MAS NMR spectra of HZ, SbZ1, and ShZ4 are
cules. After modification of HZSM-5 with 3.3 wt% $03, compared in Fig. 7. Two peaks with chemical shifts at 53
sorption of DTBPy at room temperature was almost com- and —5 ppm are typically observed for HZSM-5 zeolite,
pletely suppressed. Only IR bands in the C—H stretching which are assigned to the framework Al (FAL) and extra-
vibration region around 2979 crh were observed at very  framework Al oxide (EFAL) species, respectively. Integra-
low intensity [34], while the bands at 3367 and 1616¢m tion of these peaks in the NMR spectrum of HZ revealed
characteristic of the interaction of DTBPy molecules with that about 2.5% of the Al was present as EFAL. For both
Bregnsted acid sites, were absent. After evacuation of the Sb,O3-modified samples the intensity of the peak-&ppm

modified samples of about 20 and 50%, respectively, which

-20 -40

Fig. 7.27Al MAS NMR spectra of (a) HZ, (b) SbZ1, and (c) Sbz4.
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decreased and became significantly broadened comparedable 4
with the parent material, which resulted from the change Diffusion coefficients ob-xylene in the parent and modified zeolites

in the coordination environment of EFAL. This confirms

that the decrease in the concentration of the bridging hy-
droxyl groups observed after solid-state reactions does notHz

result from a partial dealumination, i.e., removal of Al from

the T-atom positions of the zeolite. In addition, the marked gbzz
broadening of the peak of EFAL, e.g., the change in the coor- Sbza
dination environment of EFAL, suggests a strong interaction

of SbyO3 with EFAL.
3.2. Diffusion ob-xylene in parent and modified samples

The diffusion ofo-xylene (kinetic diameter of 0.63 nm

Sample Diffusion coefficient af-xylene

(x10-18 m2/s)
7.8
74
39

bz3 19

066

Sbz1

as a function of adsorption time over the parent and modi-
fied samples are compared in Fig. 9. An equilibration time
of 30 min was observed far-xylene adsorption in the un-
modified zeolite. After modification with 3.3 wt% 503 a

[37]) was used to study the effects of the modification on the decrease im-xylene uptake by approximately 26% was ob-
pore openings of the zeolite. Typical IR spectra during the served, while the equilibration time ofxylene adsorption

time-resolved uptake of-xylene over H-ZSM5 at 373 K

was not affected, indicating the same diffusivity as the par-

are presented in Fig. 8. With increasing adsorption time, the ent material. A further increase in 8Bz loading resulted

intensity of IR bands at 3745 and 3606 thdecreased, in-
dicating interaction ob-xylene with the hydroxyl groups
via hydrogen bonding, and a broadband around 3168'cm
characteristic of the perturbed bridging hydroxyl groups. Si-
multaneously, the intensity of the IR bands assigned-to
xylene at 1497, 1468, and around 3000 dnincreased. The
changes in the intensity of the bands at 1497 and 1468-cm

Time (min.)

60

IR absorbance (a.u.)

3000 2500 2000 1500

Wavenumber (cm™)

Fig. 8. Time-resolved IR spectra during adsorption of 1 mbaylene in
HZ at 373 K.
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Fig. 9. Intensity of the bands at 149 and 1468 ¢nduring o-xylene ad-
sorption with 1 mbar at 373 K inX) HZ, (O) SbZ1, ©) SbZ2, (-) SbZ3,
and (x) Shz4.

in a marked decrease mxylene diffusivity; however, the
uptake ofo-xylene remained the same for all modified sam-
ples. The diffusion coefficients ofxylene in the parent and
modified zeolites, calculated using the square root law, are
listed in Table 4.

For the parent zeolite, the diffusion coefficient wa8 X
10~ m2/s. Modification of the zeolite with 3.3 wt% $63
did not influence the diffusivity, which indicates that at this
loading the modification with Si®3 did not influence the
size of the pore openings or block parts of the pores. In con-
trast, at antimony oxide loading between 6.5 and 10.2 wt%
a strong decrease in diffusion coefficients frord 8 10-18
to 6.6 x 10-1° m?/s was observed, which clearly indicates a
narrowing of the pore entrances or blocking of a fraction of
pores of the zeolite.

3.3. Catalytic activity
The activity and selectivity of the parent and8h-

modified zeolites for toluene disproportionation are com-
pared in Fig. 10. For the parent zeolite the ratio between

100 1.6
80
- 1.2
S 9
> 60 <
£ =
Z - 0.8 Z
2 g
2 40 - %
A O
- 0.4
20 +
0 . : : : . 0

0 2 4 6 8 10

Antimony oxide loading (%)

Fig. 10. Activity and selectivity of the modified zeolites for toluene dispro-
portionation at 773 K.
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the xylene isomers was close to thermodynamic equilibrium ]r ShO*
even under the differential conditions employed. After modi- 0 o-
fication with SkO3 the para-selectivity increased from 33% / N\ /N .
(3.3 W% ShOs) to 68% (10.2 Wt% SpOs). The activity 1280, © si Al —— si a1 V2H0
of the catalyst with the highest 8b3 loading (10.2 wt%),
however, decreased by 41% compared with the unmodified S0
zeolite. |
I i

' ' 112 b,0, + Sy e i * 12H,0
4. Discussion 203 PARN /sl\\ 2
4.1. Dispersion of antimony oxide on the zeolite Scheme 1. Solid-state reaction of,8l3 with hydroxyl groups of HZSM-5

zeolite.

Metal oxides and salts can be dispersed over different
supports, such as AD3, Si0,, TiOz, ZrOy, and zeolites,  of the zeolite occurs via the formation of ShGspecies,
by solid-state reactions [19]. After the solid-state reaction which act as charge compensating species, and, therefore,
of Sh,O3 with HZSM-5, crystalline antimony oxide phases leads to partial removal of the acid sites. Due to the weakly
were not detected by XRD even for samples with a@b  acidic character of the SiOH groups the interaction of anti-
loading up to 10.2 wt%, which indicates an effective disper- mony oxide with the silanol groups is speculated to involve
sion of SkO3 on the zeolite. Raman spectra of the physical more covalent bonds. The surface reactions are depicted
mixture of antimony oxide and the zeolite calcined at dif- in Scheme 1. Note that the decrease in the concentration
ferent temperatures showed that the transformation of crys-of SiOHAI groups after modification was independent of
talline SOz into highly dispersed phases was competed at Sh,O3 loading. Moreover, with increasing 803 loading
723 K. In agreement with Raman results in situ IR spec- the accessible bridging hydroxyl groups were passivated be-
troscopy revealed that the concentration of hydroxyl groups fore the reaction of D3 with the SiOH groups, which in-
started to decrease at temperatures above 643 K due to theicates that antimony oxide preferentially interacts with the
solid-state reaction between I and the zeolite. In princi-  bridging hydroxyl groups, because of their stronger acidity.
ple, dispersion of metal oxides/salts occurs via surface diffu- Additionally, the concentration of Lewis acid sites decreased
sion. The dispersion of a metal oxide typically starts at tem- after modification, which reveals that antimony oxide also
peratures above its Tammann temperature [38—40], which isreacts with EFAL species. Similar to the interaction of anti-
approximately equal to half of the melting point of the oxide. mony oxide with Bransted acid sites, the decrease in concen-
For SO3 over HZSM-5 the dispersion by solid-state reac- tration of Lewis acid sites was independent 0§Gploading
tion, however, started at temperatures above 643 K, whichand, moreover, the accessible Lewis acid sites were observed
is substantially higher than the Tammann temperature of to react with SbO3 before the removal of silanol groups was
SkpO3 (464 K). Note that during temperature-programmed competed.
desorption of HO, the dehydration of the zeolite occurred at
approximately 600 K, which indicates that the solid-state re- 4.2. Influences of modification on the structural properties
action of ShO3 proceeds with the hydroxyl groups of the of the zeolite
zeolite. Therefore, dehydration of the zeolite is necessary
to generate active hydroxyl groups, as the interaction be- Comparison of pore volumes before and after modifica-
tween the oxide and hydroxyl groups of the zeolite appearstion showed that the pore volume of the zeolite decreased
to be the driving force for the dispersion of £by. Signif- after modification with 3.3 wt% SiD3 (see Table 1), which
icant loss of SpO3 (about 50% of the total amount used) resulted from penetration of a small amount of antimony ox-
occurring during the sample preparation by solid-state reac-ide into the pores of the zeolite. At higher#&3 loading a

tion (see Table 1) indicates that the transport ofGvia further decrease in pore volume was not observed, which in-
the vapor phase is possible at lower temperatured00 K), dicates that the deposition of 8Bz occurs primarily on the
although the sublimation temperature of,8k is 1425 K. external surface. Note that a partial collapse of the zeolite
Therefore, we speculate that this process may also partiallyframework structure after the modification can be excluded.
contribute to the dispersion of D3 over the zeolite. Adsorption of DTBPYy indicated that after modification

After modification of the zeolites with antimony oxide, with 3.3 wt% SbhOj all externally accessible acid sites were
amarked decrease in the intensity of the silanol and bridging removed by the reaction of 03 with accessible bridging
hydroxyl groups was observed. This indicates that antimony hydroxyl groups. The decrease in concentration of Brgnsted
oxide strongly interacts not only with the bridging hydroxyl acid sites after modification (determined by IR spectroscopy
groups, but also with the silanol groups. Due to the weakly and sorption of pyridine) was 50%, while DTBPy adsorp-
basic character of $SBs, the interaction of SiD3 with the tion indicated that only 28% of the Brgnsted acid sites were
accessible bridging hydroxyl groups (Brgnsted acid sites) located in the pore mouth region of the parent zeolite [36]
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remove via

(see Table 2). Therefore, antimony oxide not only interacts gascous  gas phase
with Brensted acid sites located in the pore mouth region, assmony oide $040%

Diffusion

but also penetrates into the zeolite pores. The changes in Antimony oxide -
the concentrations of Lewis and Brensted acid sites were D
not a function of SpO3 loading, while the concentration of 3K P |
silanol groups continuously decreased with increasing anti- —>

. . . . A
mony oxide loading (see Table 3). This clearly indicates that

ShyOs interacts preferentially with the strongly acidic Bragn- Zeolite particle Zeolite particle
sted and Lewis acid sites. After all strong acid sites accessi- Increase in
ble for SkO3 are passivated, antimony oxide is dispersed on l §b,0; loading

the external surface of the zeolite crystals. Considering that
the pore volume of SbZ4 remains identical to that of SbZ1, J L
while the concentration of SiOH groups decreases from 60 ‘ *\ ﬁ
to 98% we speculate that antimony oxide is polymerized on
the external surface and in the pore mouth region of the zeo- Zeolite particle
lite at high ShO3 loadings.

The results ob-xylene adsorption support these conclu- Scheme 2. Model pf the dispersion of &3 in the pores and the external
sions. At low antimony oxide loading (3.3 wt%) the amount surface of the zeolite.
of o-xylene adsorbed decreased markedly compared with the
parent zeolite; the diffusivity, however, remained unchanged.
With increasing antimony oxide loading;xylene uptake
did not decrease further, while diffusivity efxylene into
the pores was strongly retarded. This indicates that at low
ShyOs3 loading strong acid sites located in the pore mouth
region and inside the pores are primarily passivated, which
leads to reduction of the pore volume. Sh@pecies re-
sulting from the reaction of SiM3 with the acid sites lo-
cated in the pore mouth region are too small to influence
the pore openings of the modified zeolite and the diffusivity ¢ 2ntimony oxide penetrates into the pores of the zeolite.

of o-xylene. At higher SBO; loading, ShOs is polymer-  \gte that the reaction of antimony oxide with the bridging

izeq on the external surface apd in the pore mout.h region hydroxyl groups located in the pore mouth region of the ze-
which leads to a further narrowing of the pore openings and e slightly narrows the pore openings of the zeolite. This

|mposes.a hindrance to.the diffusion of moIecuIe.s, i.e., anti- modification, however, is insufficient to influeneexylene

mony oxide oro-xylene, into the pores of the zeolite. diffusivity. At higher SbOs loadings, antimony oxide si-
_The solid-state reaction of antimony oxide with the ze- mtaneously reacts with the silanol groups and polymerizes

olite was shown to occur via a combined surface and o, the external surface and in the pore mouths. This leads to

vapor diffusion mechanism. Antimony oxide diffuses in narrowing/blocking of pore openings and induces consider-
ShyOg subunits with a kinetic diameter of approximately gple constraints fas-xylene diffusion.

0.76 nm [41,42]. As these subunits are larger than the pore

diameter of HZSM-5 zeolite, the diffusion of antimony ox- 4 3. Influence of modification on the activity and selectivity
ide into the pores of the zeolite is sterically hindered, and of the zeolites for toluene disproportionation

therefore, only SiOHAI groups located in the pore mouth

region are accessible. However, after modification a Signif- The activity and Se|ectivity of HZSM-5 zeolites for
icantly higher concentration of Brgnsted acid sites (50%) toluene disproportionation are generally controlled by the
was found to be passivated compared with the concen-concentration and location of Brensted acid sites [43] and
tration of externally accessible Brgnsted acid sites (28%), the dimensions of the pores, which can be adjusted by post-
which indicates that acid sites located inside the pores of synthetic modifications. Narrowing of the pore openings of
the zeolite also participate in the solid-state reaction. This the zeolite lowers the diffusivity of- andm-xylene, which
suggests that the $0s subunits are partially decomposed typically leads to a strongly enhanced shape selectivity to
during the solid-state reaction of antimony oxide with the para-product in the toluene disproportionation [2,36]. After
hydroxyl groups located on the external surface and in the modification with 3.3 wt% SOz the activity of toluene
pore mouth region of the zeolite. Smaller antimony oxide disproportionation decreased by 15% compared with the
clusters formed subsequently enter into the zeolite pores andoarent zeolite, which is directly related to the lower con-
react with the bridging hydroxyl groups located in the pores centration of Brgnsted acid sites of SbZ1. The enhanced
of the zeolite. para-selectivity of this catalyst is concluded to result pri-

Based on the reactions described, the dispersion of anti-
mony oxide during the solid-state reaction on the zeolite is
depicted in Scheme 2. At low $03 loading, antimony ox-
ide reacts with the bridging hydroxyl groups, nonframework
Al oxide species, and silanol groups via surface and vapor
diffusion. This interaction results in the complete passivation
of externally accessible acid sites and the removal of Brgn-
sted and Lewis acid sites by 50 and 20%, respectively. Most
antimony oxide is located on the external surface and in the
pore mouth region of the zeolite and only a minor amount
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marily from the passivation of the unselective Brgnsted acid acid sites by solid-state reaction with &z, while it is very
sites, as the modification only leads to a minor narrow- difficult to completely remove unselective acid sites by CLD
ing of the pore openings of SbZ1. Our previous study [44] or CVD, even by multicycle modification [36].

showed that introducing acid sites onto the external surface

of the zeolite decreased tpara-selectivity for toluene dis-

proportionation. Therefore, the passivation of unselective Acknowledgments
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