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Abstract

Zeolite ZSM-5, for catalyzing shape-selective disproportionation of ethylbenzene (EB) to produce para-diethylbenzene (p-DEB), was modified
by chemical liquid deposition of silica (SiO2-CLD), chemical vapor deposition of silica (SiO2-CVD), loading MgO and SiO2-CLD and loading
MgO. The results show that ZSM-5 modified by SiO2-CLD (SiO2-CLD/ZSM-5) has better catalytic performance than ZSM-5 modified by SiO2-
CVD (SiO2-CVD/ZSM-5) due to passivation of partial acidic sites in channels of SiO2-CVD/ZSM-5. When SiO2-CLD/ZSM-5 is further modified
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y a loading of 0.50 wt% MgO to ZSM-5, it decreases both in acidic amount and in acidic strength, and its catalytic activity decreases slightly.
ut, the residual acidic sites on the external surface of SiO2-CLD/ZSM-5 are well eliminated. As a result, MgO modification improves para-
iethylbenzene selectivity (p-DEB to DEB) up to 98.6% with appreciable EB conversion of 28.1%, and it greatly reduces the side reaction of EB
ealkylation. Besides, ZSM-5 modified by SiO2-CLD and MgO (SiO2-CLD and MgO/ZSM-5) shows a good stability due to proper modification
f its acidity and structure.

2005 Elsevier B.V. All rights reserved.
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. Introduction

para-Diethylbenzene is a kind of highly value-added aromat-
cs. It is used as a desorbent in adsorptive separation process,
uch as UOP Para-ex and IFP eluxyl [1–3]. Besides, it is an
mportant monomer for production of copolymers, such as ion-
xchange resin and viscosity modifiers of lubricant oil. Because
hree p-DEB, m-DEB and o-DEB isomers are very similar in
hysical properties, usual distillation process cannot solve their
eparation. Although p-DEB was obtained from the mixed iso-
ers by adsorptive separation, this process is energy consuming

nd very costly [4]. Besides, ethylation of benzene with ethanol
as carried out over large pore aluminophoshate molecular

ieves, but there is 17% yield of the mixed DEB without p-DEB
electivity [5]. In recent years, two processes have been devel-
ped for production of p-DEB, i.e., EB alkylation with ethanol
r ethylene and shape-selective EB disproportionation [6]. Com-
ared with EB alkylation, shape-selective EB disproportionation

∗ Corresponding author. Tel.: +86 411 84379302; fax: +86 411 84694447.
E-mail address: canli@dicp.ac.cn (C. Li).

is the simpler process with less cost for the installation and longer
lifetime of the catalyst.

EB disproportionation were investigated over a variety of
zeolites, such as mordenite, USY, Beta, MCM-22, ZSM-5, etc.
[7–9]. Although zeolites show a good catalytic stability for this
reaction, an equilibrium composition of DEB isomers was given
over most of zeolites, and the low p-DEB selectivity appears
over ZSM-5 with large crystal sizes [9,10]. It is considered that
the catalytic mechanism of shape-selective EB disproportion-
ation is the same as that of the shape-selective disproportion-
ation of toluene, i.e., shape-selectivity for diffusion difference
among p-DEB, m-DEB and o-DEB isomers [11]. To improve
p-DEB selectivity, the acidity and structure of zeolite is nec-
essary to be modified. On one hand, modification passivates
the acidic sites on the external surface of ZSM-5 for elimi-
nating secondary isomerization of p-DEB. On the other hand,
modification reduces opening sizes of ZSM-5 for distinguish-
ing diffusivities among p-DEB, m-DEB and o-DEB. However,
this modification may more or less affect the active sites in
zeolite channels. So, it is highly desirable that the high selec-
tivity can be achieved with a maximum reactivity by the proper
modification.
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.10.023
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SiO2-CVD with tetraethyl-orthosilicate (TEOS) is a usual
method for improving shape-selectivity of zeolite. SiO2-
CVD/ZSM-5 showed high p-DEB selectivity more than 95%
[6,12,13]. During CVD modification, TEOS first adsorbs on
the external acidic sites of ZSM-5, and then decomposes into
silica. As a result, the depositing silica covers the acidic sites
on the external surface and reduces opening sizes of chan-
nels. Therefore, the modified ZSM-5 shows a great predomi-
nation of p-DEB diffusion, without the secondary isomeriza-
tion of p-DEB on the external surface. Based on the above
SiO2-CVD, shape-selective EB disproportionation to produce p-
DEB was commercialized with 96% p-DEB selectivity in 1990
[7].

In addition, modification by loading MgO or phosphate, used
to prepare zeolite catalysts for alkylation of EB with ethylene
or ethanol, might improve p-DEB selectivity over ZSM-5 dur-
ing EB disproportionation [14,15]. But it was not as effective as
SiO2-CVD for obtaining high catalytic activity. However, mod-
ification with MgO can decrease the formation of non-aromatic
hydrocarbon and benzene over ZSM-5, by reducing the side
reaction of DEB dealkylation.

When the same ZSM-5 catalyst modified by SiO2-CVD was
used for catalyzing toluene disproportionation and EB dispro-
portionation, respectively, p-DEB selectivity was higher than
p-xylene selectivity due to the greater difference of diffusion
among three DEB isomers [14,16,17]. In preparation of the com-
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from NH4-form ZSM-5 according to the reported procedure
[21]. In order to get the same amount of depositing silica in SiO2-
CVD as that in SiO2-CLD, SiO2-CVD conditions were adjusted
properly.

The above SiO2-CLD/ZSM-5 was mixed with 50/50 (w/w)
ethanol–water solution of Mg(CH3COO)2, at the ratio of
0.5 wt% MgO to ZSM-5, and then stirred for 1 h at the room
temperature. After the above-impregnated sample was dried at
393 K and calcined at 823 K for 2 h, the SiO2-CLD and MgO
modified ZSM-5 (SiO2-CLD and MgO/ZSM-5) was obtained.
Alone MgO modified ZSM-5 (MgO/ZSM-5) was also prepared
at the ratio of 0.50 wt% MgO to ZSM-5 from NH4-form ZSM-5
according to the above procedure.

2.2. Characterization

2.2.1. IR spectroscopy
Pyridine (Py) or 2,6-di-tert-butylpyridine (DTBPy) absorbed

infrared spectrum was, respectively, conducted at 473 K, with
Pekin-Elmer 2000 FT-IR spectrometry and a self-supported
wafer of sample.

2.2.2. Physical adsorption
N2 adsorption was carried out using physical adsorption
ercial catalyst for the shape-selective disproportionation of
oluene to para-xylene, the pre-coking method has been replaced
y SiO2-CLD [18]. Compared with CVD, CLD may be more
asily transferred to an industrial preparation in large scale,
uch as SiO2-CLD modification of ZSM-5 with polysiloxane
n MTPX process [19].

In this work, SiO2-CLD for ZSM-5 modification was firstly
ompared with SiO2-CVD. Modification of SiO2-CLD com-
ining with loading MgO was developed to prepare ZSM-5
atalyst for shape-selective EB disproportionation. Mechanism
f the above modification was studied by infrared spectroscopy
IR), probe-molecule adsorption, temperature programmed
esorption (NH3-TPD), physical adsorption and constraint
ndex (CI).

. Experimental

.1. Preparation of modified ZSM-5 catalyst

ZSM-5 with Si/Al 15 was hydrothermally synthesized
ccording to the reported method [20]. The as-synthesized
SM-5 was exchanged with NH4NO3 solution at 363 K. Then,
H4-form ZSM-5 was mixed with solution of polyphenyl-
ethylsiloxane (PPMS) in hexane, at 12 wt% PPMS to ZSM-5,

nd then stirred for 4 h at the room temperature. After the
bove-impregnated ZSM-5 was dried at 393 K, it was cal-
ined by heating to 823 K at a rate of 2 K/min and holding
t this temperature for 2 h. After the above procedure was
epeated three times, the SiO2-CLD modified ZSM-5 (SiO2-
LD/ZSM-5) was obtained. As a reference, the SiO2-CVD
odified ZSM-5 (SiO2-CVD/ZSM-5) was prepared with TEOS
instrument (Digitsorb-2600, USA). After a sample was first
evacuated in pretreatment at 623 K for 2 h, its surface area and
pore distribution was determined by N2 adsorption at 77 K. The
mesoporous volume and microporous volume were calculated
by Horvath–Kawazoe method.

2.2.3. Temperature-programmed desorption of ammonia
NH3-TPD was determined using Altmira-100 Characteriza-

tion System (Zeolton, USA). The sample was first treated in the
flow of helium at 823 K for 1 h, and then cooled down to 393 K.
The adsorption of NH3 was performed with the flow of 10%
NH3/He at 393 K. The desorption was conducted between 393
and 973 K at a heating rate of 12 K/min.

2.2.4. Constraint index
The constraint index of zeolite was determined with a

fixed-bed micro-reactor and hexane/3-methylpetane of 1/1
as the mixed reactants, according to the reported procedure
[22].

2.3. Catalytic reaction

The catalytic reaction of EB disproportionation was,
respectively, carried out over the parent ZSM-5, SiO2-
CLD/ZSM-5, SiO2-CVD/ZSM-5, MgO/ZSM-5 and SiO2-CLD
and MgO/ZSM-5. The reaction was conducted in the fixed-bed
reactor with WHSV 4 h−1 and 2.0 Mpa hydrogen flow (the molar
ratio of hydrogen/EB 3.0) at 673 K. The products were deter-
mined by on-line gas chromatography with 50 m–0.32 mm i.d.
FFAP capillary column and FID.
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Fig. 1. IR spectra of ZSM-5 framework: (a) SiO2-CLD and MgO/ZSM-5, (b)
SiO2-CLD/ZSM-5, (c) SiO2-CVD/ZSM-5 and (d) Parent ZSM-5.

3. Results and discussion

3.1. Physicochemical properties

In order to understand the modification mechanism, it is nec-
essary to clarify how zeolite properties change in modification.
Characteristic IR spectra between 400 and 1400 cm−1 show that
the framework structure of ZSM-5 remains unchanged in SiO2-
CLD, SiO2-CLD and MgO or SiO2-CVD modification, seen in
Fig. 1. So, silica deposition over ZSM-5 has no influence on
Si–O–Si and Si–O–Al structures of ZSM-5 framework under
the modification conditions used in this work.

Constraint index (CI) is an effective method to determi-
nate pore structure of zeolite, based on cracking reaction of
probe molecules. The textural properties of ZSM-5 before or
after modification were characterized by CI determination and
N2 physical adsorption, seen in Table 1. All modified ZSM-
5 obviously decreases in surface area, especially in meso-

porous volume, but their microporous volumes drop down
slightly. The results indicate that silica mainly deposits on the
external surface of ZSM-5 in SiO2-CLD with polysiloxane or
SiO2-CVD with TESO. However, compared with SiO2-CVD,
SiO2-CLD retains larger surface area and microporous vol-
ume under the approximate amount of silica depositing over
ZSM-5.

Generally, it is considered that TESO cannot enter ZSM-5
channels in SiO2-CVD process, not interfering the acidic sites in
channels. But, the decreased number of the acidic sites is more
than that of the acidic sites on the external surface. In order
to clarify the process of SiO2-CVD with TESO, the products
that exit from TESO decomposition during calcination treat-
ment in SiO2-CVD, were determined by GC-MS in this work.
The results in Table 2 reveal that partial decomposed products,
such as (HO)2Si(OCH2CH3)2 and (HO)3SiOCH2CH3, can enter
channels of ZSM-5, passviating some acidic sites in channels.
Usually, the above specification has not been noticed in the pre-
vious studies of SiO2-CVD. In contrast, ZSM-5 channels are
hardly influenced by PPMS polysiloxane (including siliceous
products from PPMS decomposition) as their molecular sizes
are more than opening sizes of ZSM-5 channels [23]. In most
cases of SiO2-CVD, this influence on the acidic sites in channels
is not severe in SiO2-CVD, and silica deposition mainly takes
places on the external surface of ZSM-5.

It is seen in Table 1 that alone modification, with 0.50 wt%
M
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Table 1
The characterization of physical adsorption of zeolites

Samples Loading amount (wt%) Surface area (m2/g)

Parent ZSM-5 412
SiO2-CVD/ZSM-5 8.6 358
SiO2-CLD/ZSM-5 8.7 381
M
S

T
S ed by

C ucts f

T (OCH
P Si(M

3 or
gO/ZSM-5 0.5 397
iO2-CLD and MgO/ZSM-5 9.2 373

able 2
iliceous species from decomposition of TESO and PPMS on ZSM-5 determin

ompounds aProd

EOS Si-(OCH2CH3)4 HOSi
PMS –(CH3/C6H5SiCH3-O)n– HOPh

a –D3, –D4, –D5 or –D6 is a cycle-form ogliomer of –(XSiCH3–O)n– (X = CH
gO loading over ZSM-5, is not enough to cause an apprecia-
le change of its textural properties. Besides, the highest CI of
iO2-CLD and MgO/ZSM-5 shows that SiO2-CLD and MgO
odification is very effective for reduction of opening sizes and

limination of the active sites on the external surface.

.2. Acidic properties

Modification for acidity of ZSM-5 is a main aspect for
mproving its shape-selectivity. NH3-TPD results in Fig. 2 and
able 3 show that each modified ZSM-5 has two peaks of NH3
esorption, corresponding to strong acidic sites and weak acidic
ites, respectively. Comparatively, SiO2-CLD/ZSM-5 or SiO2-

Micropore volume (cm3/g) Mesopore volume (cm3/g) CI value

0.15 0.041 6.1
0.13 0.025 8.4
0.14 0.023 8.6
0.14 0.032 7.0
0.13 0.020 9.9

PGC-MS

rom decomposition of polysiloxane compounds

2CH3)3, (HO)2Si(OCH2CH3)2, (HO)3SiOCH2CH3, O-(SiOH(OCH2CH3)2)2

e)2, (Me)3SiPh, (Me)3Si–O–Si(Me)2Ph, D3, D4, D5, D6

Ph; n = 3, 4, 5 or 6)
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Fig. 2. The NH3-TPD patterns of ZSM-5: (a) parent ZSM-5, (b) SiO2-
CLD/ZSM-5, (c) SiO2-CVD/ZSM-5, (d) SiO2-CLD and MgO/ZSM-5 and (e)
MgO/ZSM-5.

CVD/ZSM-5 is less than that of parent ZSM-5 in acidic amount,
but similar to that of parent ZSM-5 in the distribution of acidic
strength. The above fact indicates that the elimination of the
acidic sites mainly depends on the positions of acidic sites over
ZSM-5 in silica deposition, not on their properties. However,
MgO/ZSM-5 or SiO2-CLD and MgO/ZSM-5 decreases both in
acidic amount and in acidic strength. Unlike silica deposition,
MgO modification may be prior to neutralize the strong acidic
sites of ZSM-5, especially for the strong acidic sites on the exter-
nal surface.

Py-IR characterization in Fig. 3 shows that SiO2-CLD or
SiO2-CVD modification results in Bronsted acidic sites and
Lewis acidic sites decreasing simultaneously, due to the cover-
age of acidic sites with depositing silica. On the other hand, the
ratio of Bronsted acidic sites to Lewis acidic sites decreases after
SiO2-CLD or SiO2-CVD modification, which results from a lit-
tle dealumination of ZSM-5 framework in calcination treatment.
In the dealumination of zeolite, Bronsted acidic sites decrease,
forming new Lewis acidic sites [24]. However, MgO modifi-
cation causes the decrease of Bronsted acidic sites, due to the
interaction between Bronsted acidic sites with base MgO. It is
also seen that Py-IR results are well in agreement with NH3-TPD
characterization.

Compared with adsorption of pyridine both on external sur-
face and in channels of zeolite, the adsorption of 2,6-di-tert-

Fig. 3. Py-IR spectra of ZSM-5: (a) SiO2-CLD and MgO/ZSM-5, (b) SiO2-
CVD/ZSM-5, (c) SiO2-CLD/ZSM-5, (d) MgO/ZSM-5 and (e) parent ZSM-5.

butylpyridine occurs only on the external surface due to its large
molecular size. So, it can quantitatively monitor the external
acidic sites of zeolite according to absorbance at 3370 cm−1

[25]. It is shown in Fig. 4 that the external acidic sites are less
over SiO2-CLD and MgO/ZSM-5 than over SiO2-CLD/ZSM-5.
Alone modification by loading 0.50 wt% MgO can eliminate
about half of the external acidic sites of ZSM-5. It may be
considered that the external acidic sites of ZSM-5 are apt to
be passivated in MgO modification. As a result, the further
MgO modification can eliminate the residual acidic sites on the
external surface of SiO2-CLD/ZSM-5. On the other hand, MgO
modification lightly decreases the total acidic sites of ZSM-5,
but the influence of this reduction on catalytic activity is accept-
able in view of the improvement for overall catalytic properties.

In addition, the residual external acidic sites of SiO2-
CVD/ZSM-5 is almost equal to that of SiO2-CLD/ZSM-5, but

T
R

S Strong acidic sites

d NH3 (mmol/g) Peak temperature (K) Desorbed NH3 (mmol/g)

P 782 0.74
S 781 0.59
S 779 0.54
S 767 0.51
M

able 3
esults of NH3-TPD characterization of samples

amples Weak acidic sites

Peak temperature (K) Desorbe

arent ZSM-5 533 0.68
iO2-CLD/ZSM-5 534 0.52
iO2-CVD/ZSM-5 532 0.51
iO2-CLD and MgO/ZSM-5 535 0.48
gO/ZSM-5 535 0.59
 770 0.61
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Fig. 4. DTBPy-IR spectra of ZSM-5: (a) parent ZSM-5, (b) SiO2-CVD/ZSM-5,
(c) SiO2-CLD/ZSM-5, (d) SiO2-CLD and MgO/ZSM-5 and (e) MgO/ZSM-5.

the SiO2-CVD/ZSM-5 loses a few of acidic sites in channels
according to the calculation from Py-IR and DTBPy-IR results,
using the method reported [26]. This is because the siliceous
products formed from PPMS decomposition are too large in
molecular size to enter pores and to passivate the acidic sites in
channels. Whereas, the partial products from TESO decomposi-
tion may enter pores of ZSM-5, inactivating some acidic sites in
channels. During selective alkylation and disproportionation of
EB in the presence of xylene over ZSM-5 modified with TESO,
92–95% p-DEB selectivity was obtained, but 14–11% EB con-
version is not satisfied [27,28].

3.3. EB disproportionation over modified ZSM-5

In addition to the commercial usage to produce p-DEB, EB
disproportionation to benzene and DEB has been widely used
as the test reaction for characterizing the acidity and structure
of zeolites [29–31]. On the other hand, there is more and less
side reaction of EB dealkylation to benzene and ethane under
the reaction medium of hydrogen. The ratio of benzene to DEB
(B/DEB ratio) is corresponding to reactivity of dealkylation,

equal to 1.00 under no dealkylation. According to the results
of NH3-TPD and Py-IR characterization, it is found that the
catalytic activity for EB disproportionation is approximately
proportional to the number of Bronsted acid sites of zeolite.
Similarly, it has been reported that toluene disproportionation
is catalyzed mainly by Bronsted acid [32]. From the study of
EB isomerization over bifunctional Pt/Al2O3-NaHMOR cata-
lyst, the reactivity of EB disproportionation, as the side reaction,
was proportional to the number of Bronsted acid sites. Moreover,
the reactivity of EB dealkylation directly relates to the strength
of acidic sites, and the strong acidity promotes EB dealkylation
[33–35].

The experimental results in Table 4 indicate that SiO2-CLD
and MgO/ZSM-5 shows lightly lower EB conversion compared
to SiO2-CLD/ZSM-5 and SiO2-CVD/ZSM-5. But, it has higher
selectivity of p-DEB and lower B/DEB ratio, i.e., the low dealky-
lation reactivity. Besides, SiO2-CLD/ZSM-5 has higher EB con-
version than SiO2-CVD/ZSM-5 under the approximate p-DEB
selectivity. This fact also indicates that there is some difference
between SiO2-CLD and SiO2-CVD. This has been revealed by
the above-mentioned characterization for the structure and acid-
ity of the modified ZSM-5. As a result, SiO2-CLD/ZSM-5 is of
better catalytic performance for EB shape-selective dispropor-
tionation than SiO2-CVD/ZSM-5. This is well in agreement with
the result obtained in toluene disproportionation [36].

On the other hand, MgO/ZSM-5 shows the low reactiv-
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Table 4
Results of EB disproportionation to p-DEB over zeolites

Samples EB conversion (%) p-DEB/DEB (%) DEB/be

P 75
S 70
S 71
M 93
S 91

alyst.
arent ZSM-5 42.3 27.8 0.
iO2-CVD/ZSM-5 29.6 96.4 0.
iO2-CLD/ZSM-5 31.3 96.2 0.
gO/ZSM-5 34.4 30.3 0.

iO2-CLD and MgO/ZSM-5 28.1 98.6 0.

a Total amount of alkane and alkene in products.
b The normalized data relative to 100.0% of SiO2-CLD and MgO/ZSM-5 cat
ty of EB dealkylation as MgO modification greatly decreases
he acidic strength of ZSM-5. It may be considered that
he acidic sites, needed for catalyzing EB disproportionation
i.e., transalkylation between two EB molecules), are relatively
eaker than those for catalyzing EB dealkylation. Therefore,

he dealkylation reaction is mainly contributed to the portion of
trong acidic sites over zeolites. MgO modification may pref-
rentially neutralize some strong Bronsted acidic sites, which
reatly decrease dealkylation reactivity.

Moreover, MgO modification may effectively eliminate the
esidual acidic sites on the external surface of SiO2-CLD/ZSM-
, which cannot be completely passivated by SiO2-CLD as
he steric restriction prevents siliceous modifiers from reach-
ng these acidic sites. According to the previous report, the
econdary isomerization over the external acidic sites is faster
han disproportionation reaction over three orders of magnitude
37]. Fig. 5 shows that the amount of MgO loading over ZSM-5
irectly relates to catalytic activity and selectivity. p-DEB selec-
ivity increases with MgO loading over ZSM-5, and then tends
o stability. Besides, EB conversion and EB dealkylation both

nzene (molar/molar) aNon-aromatics (wt%) bRelative p-DEB yield (%)

4.49 36.7
4.56 86.4
4.54 91.6
1.64 38.1
1.58 100.0
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Fig. 5. Catalytic activity, selectivity and DEB/benzene ratio of SiO2-CLD and
MgO/ZSM-5 and MgO loading amount.

reduces with increasing MgO loading. This is a consequence of
the fact that the number and strength of acidic sites decreases
with increasing MgO loading over ZSM-5.

Taking both catalytic activity and p-DEB selectivity into
consideration, a loading of about 0.50 wt% MgO over ZSM-
5 is suitable for the further modification of SiO2-CLD/ZSM-5.
Therefore, the following MgO modification of SiO2-CLD/ZSM-
5 improves its p-DEB selectivity, and MgO modification ought
to be controlled properly as well.

On the other hand, the obvious p-DEB selectivity has been
shown neither over the parent ZSM-5 nor over MgO/ZSM-
5 as the opening sizes of the channels of parent ZSM-5 or
MgO/ZSM-5 are not small enough to distinguish diffusion dif-
ference between p-DEB with o-DEB and m-DEB.

In conclusion, SiO2-CLD/ZSM-5 has better catalytic perfor-
mance than SiO2-CVD/ZSM-5. Although the further MgO mod-
ification lightly decreases EB conversion of SiO2-CLD/ZSM-5,
it may improve its p-DEB selectivity, greatly reducing the side
reaction of EB dealkylation. So, SiO2-CLD and MgO/ZSM-5
may be considered as a promising catalyst for EB dispropor-
tionation.

3.4. Catalytic performance for EB disproportionation with
time on-stream

The results depicted in Fig. 6 show that the EB conversion
d
i
p
t
i
M
i
e
i

Fig. 6. Catalytic activity of SiO2-CLD and MgO/ZSM-5 and ZSM-5 with time-
on-stream.

cation of ZSM-5, which might be used for improving p-xylene
selectivity in toluene disproportionation [16].

TGA determination in Table 5 shows that coking is more
severe over parent ZSM-5 than over SiO2-CLD and MgO/ZSM-
5. Compared with the fresh catalyst, the surface area and total
pore volume slightly decreases with coking in the reaction.
But, the microporous volumes almost remain unchanged. Above
results indicate that coking mainly takes place near the pore
mouth and on the external surface of ZSM-5. As a result, p-DEB
selectivity of SiO2-CLD and MgO/ZSM-5 slightly increases
with coking. As for parent ZSM-5, p-DEB selectivity does not
appear until the pore opening reduces to a certain size, which
is small enough to distinguish diffusion difference among three
DEB isomers. Besides, the relative stronger acidity of unmod-
ified ZSM-5 is easy to result in the formation of coke. This
phenomenon has been revealed in the previous report [38].
Therefore, SiO2-CLD and MgO/ZSM-5 shows much better sta-

F
t

ecreases with increasing reaction time over parent ZSM-5, but
t almost keeps stable over SiO2-CLD and MgO/ZSM-5. Com-
aratively, the deactivation of parent SM-5 is much more severe
han that of SiO2-CLD and MgO/ZSM-5. On the other hand,
t is seen in Fig. 7 that p-DEB selectivity of SiO2-CLD and

gO/ZSM-5 remains almost stable and increases slightly with
ncreasing reaction time. Whereas, p-DEB selectivity of par-
nt ZSM-5 first shows thermodynamic equilibrium, and then
ncreases lightly. This process is similar to the coking modifi-
ig. 7. Catalytic selectivity of SiO2-CLD and MgO/ZSM-5 and ZSM-5 with
ime-on-stream.
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Table 5
The characterization of physicochemical properties of used zeolite catalysts

Samples Coke content (wt%) Surface area (m2/g) Micropore volume (cm3/g) Mesopore volume (cm3/g) CI value

Parent ZSM-5 4.5 382 0.13 0.028 7.1
SiO2-CLD and MgO/ZSM-5 3.1 361 0.12 0.017 11.2

bility than the parent ZSM-5 thank to the effective modification
of the strong Bronsted acidic sites and the elimination of the
external acidic sites.

4. Conclusions

In contrast, SiO2-CLD/ZSM-5 retains more acidic sites, as
the siliceous products, formed from PPMS decomposition in
SiO2-CLD, are too large in molecular size to enter channels of
ZSM-5, not affecting the acidic sites in channels. Whereas, SiO2-
CVD/ZSM-5 loses more acidic sites, because partial products
from TESO decomposition in SiO2-CVD may enter channels of
ZSM-5, such as (HO)2Si(OCH2CH3)2 and (HO)3SiOCH2CH3,
passivating some acidic sites in channels. So, SiO2-CLD/ZSM-5
shows higher catalytic activity for shape-selective EB dispro-
portion than SiO2-CVD/ZSM-5 under the approximate p-DEB
selectivity.

The following MgO modification for SiO2-CLD/ZSM-5
reduces both acidic amount and acidic strength, but it greatly
eliminates the residual acidic sites on the external surface.
Although SiO2-CLD/ZSM-5 lightly decreases by about 2% EB
conversion in MgO modification, SiO2-CLD and MgO/ZSM-5
shows high EB conversion of 28.1%. In particular, MgO mod-
ification improves p-DEB selectivity of SiO2-CLD/ZSM-5 up
to 98.6%, greatly reducing the side reaction of EB dealkylation
with the molar ratio of 0.91 DEB to benzene. Besides, SiO -
C
m
c
a
s

A

J
b
(

R

[4] A. Wood, Chem. Week 17 (1994) 34.
[5] V.R. Vijayaraghavan, K. Joseph Antony Raj, J. Mol. Catal. 207 (2004)

41.
[6] I. Wang, C.L. Aye, B.J. Lee, M.H. Chen, Proceedings of the Ninth

International Congress on Catalysis Calgary, 1988.
[7] I. Wang, T.C. Tsai, C.L. Aye, Stud. Surf. Sci. Catal. 75 (1993) 1673.
[8] H.G. Karge, J. Ladebeck, Z. Sarbak, K. Hatada, Zeolites 2 (1982) 94.
[9] T.C. Tsai, Ph.D. Dissertation, National Tsing Hua University, Hsinchu,

Taiwan, 1991.
[10] D.S. Santilli, J. Catal. 99 (1986) 327.
[11] W.W. Keading, J. Catal. 95 (1985) 512.
[12] W.O. Haag, in: D.H. Olson, A. Bisio (Eds.), Proceedings ofthe Sixth

International Zeol. Conference, Butterworths, Surrey, 1984.
[13] I. Wang, B.J. Lee, M.H. Chen, US Patent 4,950,835, 1990.
[14] I. Wang, C.L. Aye, B.J. Lee, M.H. Chen, Appl. Catal. 54 (1989) 257.
[15] N.Y. Chen, Stud. Surf. Sci. Catal. 38 (1988) 153.
[16] W.W. Kaeding, L.B. Young, C.C. Chu, J. Catal. 89 (1984) 267.
[17] J.S. Beck, D.H. Olson, S.B. McCullen, US Patent 5,367,099, 1994.
[18] D. Rotman, Chem. Week 30 (1995) 18.
[19] R.W. Weber, K.P. Moller, C.T. O’Conner, Microporous Mesoporous

Mater. 35 (2000) 533.
[20] J.A. Martens, I. Balakrishnan, P.J. Grobetand, P.A. Jacobs, Stud. Surf.

Sci. Catal. 69 (1991) 135.
[21] A.B. Halgeri, J. Das, Catal. Today 73 (2002) 65.
[22] R. Kumar, P. Ratnasarmy, J. Catal. 116 (1989) 440.
[23] Z. Zhu, Q. Chen, Z. Xie, C. Li, Proceedings of the 13th International

Conference on Catalysis, Book of Abstracts, Paris, vol. 114, 2004.
[24] Z. Zhu, Q. Chen, W. Chen, Stud. Surf. Sci. Catal. 135 (2001) 217.
[25] R.A. Shaikh, S.G. Hegde, A. Behlekar, B.S. Rao, Catal. Today 49 (1999)

201.
[26] S. Zheng, H.R. Heydenrych, A. Jentys, J.A. Lercher, J. Phys. Chem.

[

[
[

[

[

[
[

[

[

[

[

[

2
LD and MgO/ZSM-5 shows a good stability due to proper
odification of acidic and structural properties. Considering EB

onversion, p-DEB selectivity and EB dealkylation, SiO2-CLD
nd MgO/ZSM-5 turns out to be a promising catalyst for shape-
elective EB disproportionation to p-DEB.

cknowledgements

The authors thank Ms. Y. Young, Ms. M. Hu and Mr. Q.
ian for providing the help in characterization. This work has
een supported by National Basic Research Program of China
2003CB615802) and Shanghai Science Funds (03DJ14004).

eferences

[1] J.D. Swift, M.D. Moser, in: Proceedings of the 20th Annual Meeting,
Dewitt Petrochem. Rev., 1995.

[2] A.M. Thayer, Chem. Eng. News 30 (1997) 32.
[3] M.E. Leonowicz, J.A. Lawton, S.L. Lawton, R.K. Rubin, Science 264

(1910) (1994).
106 (2002) 9952.
27] S.M. Pai, N. Sharanappa, M. Anilkumar, S.T. Kadam, V.V. Bokade, Ind.

Eng. Chem. Res. Des. 41 (2002) 1469.
28] N. Sharanappa, S. Pai, V.V. Bokade, J. Mol. Catal. 217 (2004) 185.
29] Report of the IZA Catalysis Commission: IZA Newsletter No. 4, Zeolites

14, 1994, p. 387.
30] N. Arsenova, W.O. Haag, H.G. Kera, Stud. Surf. Sci. Catal. 94 (1995)

441.
31] W. Weib, M. Weihe, M. Hunger, H.G. Karage, J. Weitkamp, Stud. Surf.

Sci. Catal. 105 (1991) 971.
32] A.J. Choplin, Mol. Catal. 86 (1994) 501.
33] F. Moreau, N.S. Gnep, S. Lacombe, E. Merlen, M. Guisnet, Appl. Catal.

230 (2002) 253.
34] F. Moreau, S. Bernard, N.S. Gnep, S. Lacombe, E. Merlen, M. Guisnet,

J. Catal. 202 (2001) 402.
35] F. Moreau, N.S. Gnep, S. Lacombe, E. Merlen, M. Guisnet, Ind. Eng.

Chem. Res. 41 (2002) 1469.
36] R.W. Weber, K.P. Moller, C.T. O’Conner, Microporous Mesoporous

Mater. 35 (2000) 533.
37] N.Y. Chen, T.F. Degnan Jr., C.M. Smith, Molecular Transport and Reac-

tion in Zeolites: Design and Application of Shape Selective Catalysis,
VCH Publishers, New York, 1994.

38] P. Tynjala, T. Pakkanen, J. Mol. Catal. A 122 (1997) 159.


	Shape-selective disproportionation of ethylbenzene to para-diethylbenzene over ZSM-5 modified by chemical liquid deposition and MgO
	Introduction
	Experimental
	Preparation of modified ZSM-5 catalyst
	Characterization
	IR spectroscopy
	Physical adsorption
	Temperature-programmed desorption of ammonia
	Constraint index

	Catalytic reaction

	Results and discussion
	Physicochemical properties
	Acidic properties
	EB disproportionation over modified ZSM-5
	Catalytic performance for EB disproportionation with time on-stream

	Conclusions
	Acknowledgements
	References


