
S
o

Y
C

a

A
R
R
1
A
A

K
D
A
B
M

1

s
w
w
o
i
h
c
p

c
e
b
C
d
o
a
r

1
d

Journal of Molecular Catalysis A: Chemical 301 (2009) 106–113

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

ynthesis of ethylbenzene by alkylation of benzene with diethyl carbonate
ver parent MCM-22 and hydrothermally treated MCM-22

ongxin Li ∗, Bing Xue, Xueyi He
ollege of Chemistry and Chemical Engineering, Jiangsu Polytechnic University, Changzhou, Jiangsu 213164, China

r t i c l e i n f o

rticle history:
eceived 5 August 2008
eceived in revised form
4 November 2008
ccepted 17 November 2008
vailable online 25 November 2008

eywords:
iethyl carbonate

a b s t r a c t

Acidity adjustment of MCM-22 was carried out by hydrothermal treatment of parent MCM-22 with flow-
ing pure steam at high temperature. XRD, SEM and N2 adsorption/desorption results indicated that the
crystallinity and pore properties of MCM-22 were affected slightly by hydrothermal treatment at different
temperatures. NH3-TPD and FT-IR with pyridine adsorption showed only a slight decrease in Brønsted acid
sites, compared with parent MCM-22, with hydrothermal treatment temperature in the range 773–873 K.
The strength of Brønsted acid sites was reduced severely at hydrothermal treatment temperatures of
973 and 1073 K. The Lewis acid sites were only slightly affected by hydrothermal treatment. A substan-
tial improvement in ethylbenzene selectivity along with a slight decrease in benzene conversion was
achieved in catalytic synthesis of ethylbenzene by alkylation of benzene with diethyl carbonate over
lkylation

enzene
CM-22

MCM-22 hydrothermally treated at 873 K. A sharp decrease in benzene conversion was detected over
MCM-22 hydrothermally treated at 973 K. The results indicate that alkylation of benzene with diethyl
carbonate occurred mainly on Brønsted acid sites, and the effect of Lewis acid sites on the alkylation
process is negligible. Reduction of Brønsted acid sites of the catalyst can suppress side reactions and
improve selectivity for ethylbenzene. It was found that a particular acid strength of catalyst was required

conv
to maintain high benzene

. Introduction

MCM-22 possesses two independent pore systems. The first con-
ists of two dimensional channels with 10 membered ring openings,
hile the other comprises large super cages of 12 membered rings
ith dimensions 7.1 Å × 7.1 Å × 18.2 Å [1,2]. The major advantages

f MCM-22 are its high thermal stability, high acid-catalysis activ-
ty and good molecular shape selectivity [3–5]. Recently, MCM-22
as been applied to commercial processes for ethylbenzene and
umene production by alkylation of benzene with ethylene and
ropylene [6,7].

Alkylation of benzene is an important reaction in the petro-
hemical industry [8,9]. As the most important alkylbenzene,
thylbenzene (EB) is predominantly synthesized by alkylation of
enzene with ethylene using ZSM-5 and MCM-22 as acid catalysts.
onventionally, ethylene as feedstock for synthesis of EB is pro-

uced from naphtha steam cracking. With continuous development
f the world’s economy, oil demand is increasing rapidly, causing
rising price of ethylene. Known petroleum reserves are limited

esources, estimated to be depleted in less than 50 years at the

∗ Corresponding author. Tel.: +86 519 86330135; fax: +86 519 86330135.
E-mail address: liyx@em.jpu.edu.cn (Y. Li).
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ersion and ethylbenzene selectivity.
© 2008 Published by Elsevier B.V.

present rate of consumption [10]. In recent years, there has been
a strong increase in production of EB in the world, and this trend
will be maintained in the future. Consequently investigations have
been carried out on synthesis of ethylbenzene using other alkylat-
ing agents as a substitute for ethylene. Use of ethanol as a substitute
for ethylene in synthesis of EB by alkylation of benzene with ethanol
has been investigated [8]. A high molar ratio of benzene to ethanol
is required to ensure good catalyst lifetime in the alkylation pro-
cess. However, a high molar ratio of benzene to ethanol results in
low conversion of benzene, which may cause a large quantity of
unconverted benzene to be circulated in the industrial process, and
results in increased energy consumption [11]. Diethyl carbonate
(DEC) is a versatile compound that represents an attractive eco-
friendly alternative to ethyl halides and phosgene for ethylation
and carbonylation processes, respectively [12,13]. Our experimen-
tal results indicated that by using DEC as ethylation agent, high
conversion of benzene was obtained in alkylation of benzene with
DEC over ZSM-5 catalyst, and a good catalyst lifetime was main-
tained. To the best of our knowledge there are no reports on the use
of DEC as ethylating agent to synthesize EB.
Both the activity and selectivity of zeolite for alkylation reactions
such as alkylation of benzene with ethylene are directly related to
catalyst acidity; and hydrothermal treatment is usually employed
to adjust zeolite acidity by de-alumination [14–18]. In the present
study, the catalytic performance of parent MCM-22 and MCM-22

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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elsewhere [24]. The weak, broad envelope between 2500 and
3700 cm−1 is assigned to OH stretching of defective Si-OH and Al-
OH (belonging to extra-framework Al) groupings [25]. A decrease in
intensity of these vibrations was observed with increase in the tem-
Y. Li et al. / Journal of Molecular Ca

e-aluminated by hydrothermal treatment, in synthesis of EB by
lkylation of benzene with DEC, was investigated. In addition, a
omparison of ZSM-5 and MCM-22 for alkylation of benzene with
EC was carried out.

. Experimental

.1. Catalyst preparation

MCM-22 zeolites with Si/Al ratio = 50 were synthesized by
ydrothermal crystallization according to the reported procedure
19]. The NH4 form of the as-synthesized zeolites was obtained
y ion-exchange with aqueous NH4NO3 solution. The acidic form
f MCM-22 zeolite was prepared by calcination at 823 K for 3 h.
ydrothermal treatment was carried out on MCM-22 zeolite in a
xed bed reactor at various temperatures with pure steam (WHSV
.3 h−1) for 4 h. The samples were treated with pure steam at 773,
73, 973 and 1073 K and are denoted HTM-7, HTM-8, HTM-9 and
TM-10, respectively.

.2. Catalyst characterization

X-ray diffraction (XRD) measurements were conducted using a
igaku D/max2500PC diffractometer with Cu K� (� = 1.54 Å) radi-
tion. The diffractograms were recorded in the 2� range 5–40◦ in
teps of 0.02◦ with a count time of 15 s. SEM images of the MCM-22
nd hydrothermally treated MCM-22 were obtained for structural
dentification using a JSM-6360LA scanning electron microscope.

2 adsorption/desorption analyses were obtained at 77 K using a
hysical adsorption instrument (Micromeritics ASAP 2010, USA).
efore measurement, the samples were degassed at 523 K under
acuum until a final pressure of 1 × 10−3 kPa was reached. The spe-
ific surface area was calculated according to the BET isothermal
quation.

Chemical composition of the samples was determined by Induc-
ively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
sing a PerkinElmer Optima 4300DV instrument. Samples were
re-dissolved and digested in an HF 10%/HCl–HNO3 (1:3) mixture.

FT-IR spectra of the samples were recorded using a Bruker FT-IR
pectrometer (TENSOR 27) with the KBr pellet technique. Spectra
ere recorded in the range 4000–400 cm−1. IR spectroscopy with
yridine adsorption was carried out using the same instrument
ogether with a high temperature vacuum chamber. The scanning
ange was 1700–1400 cm−1 and the resolution was 4 cm−1. The
ample powder was pressed into a self-supporting wafer. Prior to
ach experiment, the catalysts were evacuated (1 Pa) at 653 K for
h. They were then cooled at 303 K for 2 h, then the material was
xposed to 30 Torr of pyridine for 5 min, and finally evacuated for
h at 303 K. After adsorption of pyridine the samples were heated

o 473 and 653 K at 10 K min−1 and the spectra recorded.
Sample acidity was measured by NH3 temperature-

rogrammed desorption (NH3-TPD) using a Quantachrome
HEMBET-3000 instrument. A 200 mg sample was pre-treated at
23 K for 1 h in dry helium (flowing at 50 ml min−1), cooled to
93 K, then exposed to 10% (v/v) NH3/He mixture for 0.5 h. After
urging the catalyst with He for 0.5 h, the TPD plot was obtained
t a heating rate of 10 K min−1 from 393 to 823 K. The thermal
onductivity detector (TCD) signal and temperature corresponding
o NH3 desorption were recorded simultaneously. The amount and
emperature of the desorbed NH3 corresponded qualitatively to
he amount and strength of the acid sites.
.3. Ethylation of benzene with DEC

Vapor phase alkylation of benzene with DEC was carried out
n a fixed bed continuous down-flow reactor. Five milliliters of
s A: Chemical 301 (2009) 106–113 107

the catalyst (in the form of 20–30 mesh pellets) was loaded in
the middle of the reactor fitted with a thermocouple for tem-
perature measurement. The reactor was heated to the requisite
temperature in a tubular furnace controlled by a digital tempera-
ture controller/indicator. The reaction mixture of benzene and DEC
was introduced at the top of the reactor by means of an infusion
pump. The products were collected in a water-cooled condenser
attached to the end of the reactor and analyzed by gas chromatogra-
phy (SP-6890, China) using a polyglycol-packed column (d = 3 mm)
and flame ionization detector (FID). The catalysts were tested for
10 h on stream, and conversions were compared after the steady
state was attained. The percentage conversion was calculated based
on benzene.

3. Results and discussion

3.1. Characterization

3.1.1. Physicochemical properties of samples
XRD patterns of the samples are shown in Fig. 1. The number and

position of peaks correspond to the specific peaks of MCM-22 zeo-
lite [20] and do not change with the temperature of hydrothermal
treatment. The high intensity of peaks in the XRD patterns indicated
that the zeolite samples were highly crystalline. The intensity of the
peaks increased slightly as hydrothermal treatment temperature
increased from 773 to 873 K: that effect has been demonstrated to
be due to the removal of framework Al from MCM-22 [21]. A slight
decrease in peak intensity was, however, observed for HTM-9 and
HTM-10, which suggests that slight loss of crystallinity occurred at
higher hydrothermal treatment temperatures.

Fig. 2 shows SEM images of MCM-22 and MCM-22 hydrother-
mally treated at 1073 K. In Fig. 2 aggregates of platelets with
irregular shape are prominent. The platelets do not have well
defined morphologies and most of the platelets appear to be more
than 1 �m in size, which was also reported by Unverrichet et al.
[22] and Dahlhoff et al. [23]. No significant changes associated with
hydrothermal treatment were observed in the SEM images.

Mid-infrared FT-IR spectra of MCM-22 and hydrothermal treated
samples are shown in Fig. 3. The positions of the vibrational bands
for all of the samples are in agreement with IR spectra reported
Fig. 1. X-ray diffraction of parent MCM-22 and hydrothermally treated MCM-22
catalysts. (A) Parent MCM-22; (B) HTM-7; (C) HTM-8; (D) HTM-9; (E) HTM-10.
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Fig. 2. SEM images of parent MCM-22 and hydrothermally treated MCM-22 catalysts. (A) Parent MCM-22; (B) HTM-10.
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Fig. 3. FT-IR spectra of parent MCM-22 and hydrothermally treated MCM-2

erature of hydrothermal treatment, suggesting de-alumination
esulting from the hydrothermal treatment. The band correspond-
ng to the asymmetric stretch of internal tetrahedral (1082 cm−1)
hifted to higher wavenumber (1092 cm−1) with increase in the
emperature of hydrothermal treatment, indicating decrease in alu-
inum content [26].
N2 adsorption/desorption analysis is a useful tool for examin-

ng textural characteristics of porous materials. The isotherms for
arent MCM-22 and MCM-22 hydrothermally treated at 1073 K
re displayed in Fig. 4. The isotherms of the two samples are

ig. 4. N2 adsorption/desorption isotherms of parent MCM-22 and hydrothermally
reated MCM-22 catalysts. (A) Parent MCM-22; (B) HTM-10.
lysts. (A) Parent MCM-22; (B) HTM-7; (C) HTM-8; (D) HTM-9; (E) HTM-10.

similar with a hysteresis loop at relatively high pressure (p/p0),
indicating that the crystal sizes are small and present a relatively
high external surface area with little mesoporosity [27]. It can be
deduced that the hydrothermal treatment at different tempera-
tures has little influence on the basic porous structure of parent
MCM-22 zeolite, which is consistent with the XRD results. The
textural parameters of the corresponding samples are summa-
rized in Table 1. The parent MCM-22 has high BET surface area
(357.9 m2 g−1), which can be attributed to large supercages in MCM-
22 zeolites [28]. The BET surface area and micropore area decrease
markedly with higher treatment temperatures, and the average
pore diameter shows the reverse trend. It is apparent that the
hydrothermal treatment has a pronounced effect on the pore prop-
erties of MCM-22, especially for HTM-10. Hydrolysis of Si–O–Al
bonds and removal of framework Al occurred during the hydrother-
mal treatment process, resulting in partially destroyed and blocked
micropores [18].

3.1.2. Acid properties of samples
Fig. 5 shows the NH3-TPD spectra of parent MCM-22 and

hydrothermally treated MCM-22. The spectrum of the parent MCM-
22 exhibits typical double peak characteristics of zeolites with MFI
structures [20]. The strong peak at 500 K is attributed to desorp-
tion of adsorbed ammonia from weakly acidic sites, and the weak
peak at 700 K is assigned to desorption of adsorbed ammonia from

strongly acidic sites. The number of weakly acidic sites was obvi-
ously greater than the number of strongly acidic sites in MCM-22.
The acid strength of both the strongly acidic and weakly acidic sites
decrease markedly with increase in treatment temperature. The
strongly acidic sites almost disappear when the treatment temper-
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Table 1
Textural parameters of parent MCM-22 and hydrothermally treated MCM-22 catalysts.

Sample ABET/m2 g−1 AM/m2 g−1 AE/m2 g−1 VT/cm3 g−1 VM/cm3 g−1 DA/nm

MCM-22 357.9 289.6 68.3 0.216 0.135 2.41
HTM-7 285.8 222.5 63.3 0.186 0.103 2.60
HTM-8 276.1 214.8 61.3 0.176 0.098 2.62
HTM-9 262.6 204.1 58.5
HTM-10 240.9 185.9 55.0

ABET, BET surface area; AM, micropore area; AE, external surface area; VT, total pore volum

F
c

a
p

M
a
T
s
a
m
s
t
o
p
s

Al species was produced [18]. With decrease in framework Al con-

F
M

ig. 5. NH3-TPD spectra of parent MCM-22 and hydrothermally treated MCM-22
atalysts. (A) Parent MCM-22; (B) HTM-7; (C) HTM-8; (D) HTM-9; (E) HTM-10.

ture is higher than 973 K, while the weakly acidic sites are still
rominent even on HTM-10 samples.

The acid properties of MCM-22 and the hydrothermally treated
CM-22 were examined by FT-IR spectroscopy using the pyridine-

dsorption technique at different temperatures, as shown in Fig. 6.
he band at 1450 cm−1 is due to pyridine adsorbed on Lewis acid
ites, while pyridine adsorbed on Brønsted acid sites gives the band
t 1540 cm−1. The combination of Lewis and Brønsted acid sites is
anifested in a band at 1490 cm−1. Fig. 6 shows that the inten-

ity of the band at 1540 cm−1 decreases slightly with increase in

reatment temperature from 773 to 873 K. A sharp decrease was
bserved in the intensity of the band at 1540 cm−1 when the tem-
erature was above 1073 K, indicating that many Brønsted acid
ites were eliminated by hydrothermal treatment at temperatures

ig. 6. FT-IR spectra of parent MCM-22 and hydrothermally treated MCM-22 catalysts aft
CM-22; (B) HTM-7; (C) HTM-8; (D) HTM-9; (E) HTM-10.
0.176 0.095 2.68
0.175 0.087 2.92

e; VM, micropore volume; DA, average pore diameter.

above 1073 K. Hydrothermal treatment at different temperatures
did not seem to have a significant effect on the intensity of Lewis
acid sites. The results from the FT-IR spectra of adsorbed pyri-
dine recorded at different evacuation temperatures are given in
Table 2. The total number of Brønsted acid sites was reduced slightly
when hydrothermal treatment was carried out below 873 K; treat-
ment at higher temperatures markedly reduced the total number
of Brønsted acid sites. A decrease in the B/L ratio is apparent in all
of the FT-IR spectra of adsorbed pyridine, especially for HTM-9 and
HTM-10, indicating that Brønsted acid sites were lost to a greater
extent than Lewis acid sites.

The Si/Al ratios for parent MCM-22 and hydrothermally treated
MCM-22 are also listed in Table 2. The Si/Al ratio clearly increases
after hydrothermal treatment, suggesting that most of the Al atoms
in the de-aluminated samples were removed. In addition, the HTM-
10 sample has less than 60% of the Al content of the parent MCM-22.

It is known that the acidity of zeolite depends on the
framework Si/Al ratio either during synthesis or post-treatment
de-alumination [29]. Hydrothermal treatment is the most com-
mon de-alumination technique used to prepare industrial catalysts
[30]. The number of framework Al atoms, which contribute to
the strength of Brønsted acid sites, can be reduced severely by
hydrothermal treatment at high temperature [31]. The removal of
Al atoms from the zeolite framework can arise from hydrolysis of
the Si–O–Al bonds. As shown in Table 2, for HTM-10 about 75% of
initial Brønsted acid sites were removed by de-alumination, while
only about 40% of the initial Al atoms were extracted, indicating
that some Al species may have migrated from the framework to
form extra-framework Al species that can dissolve easily in water
[32]. Guo et al. reported that the signal intensity of Al detected
by NMR decreased after hydrothermal treatment, indicating that
removal of Al from lattice occurred and NMR-invisible extra-lattice
tent, the acidic strength of MCM-22 sharply decreases as shown
in the NH3-TPD profile, which has been reported in the literature
[18]. The significant decrease in Brønsted acidic sites indicated that
the framework Al contributed to the strength of Brønsted acidic

er adsorption of pyridine and evacuation at 473 K (left) and 673 K (right). (A) parent
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Table 2
Results of FT-IR spectra of parent MCM-22 and hydrothermally treated MCM-22 catalysts after adsorbing pyridine and evacuating.a.

Sample FT-IR spectroscopy of adsorbed pyridine

473 K 673 K B/L

Si/Alb B L B L 473 K 673 K

MCM-22 49 1.17 0.46 0.66 0.09 2.54 7.33
HTM-7 53 0.98 0.38 0.50 0.09 2.58 5.56
HTM-8 57 0.96 0.37 0.43 0.08 2.59 5.37
HTM-9 66 0.76 0.35 0.21 0.08 2.17 2.63
H
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multi-alkylation), EB disproportionation and cracking, as well as
TM-10 79 0.37 0.31

a The number of acid sites is the relative value of Brønsted acid and Lewis acid sit
b Measured by ICP-OES.

ites, while the strength of Lewis acidic sites is associated with the
xtra-framework aluminum species, as reported by Beyer [30]. But
n the corresponding FT-IR spectra, the strength of Lewis acid site
oes not increase obviously. On the contrary, it decreases at higher
ydrothermal treatment temperatures. This may be due to the con-
ensation of extra-framework aluminum hydroxyls to polymeric
luminum species [33,34]. In addition, it has been reported that
nly a part of the extra-framework aluminum acts as Lewis acid
ites [35].

.2. Catalytic activity evaluation

Fig. 7 shows benzene conversion in alkylation of benzene with
EC over parent MCM-22 and hydrothermally treated MCM-22. The
onversion of benzene decreases slightly over HTM-7 and HTM-
compared with the parent MCM-22, while a sharp decline in

enzene conversion was observed over HTM-9. Catalytic synthe-
is of EB by benzene alkylation has been mostly regarded as a
ypical acid-catalyzed process requiring the presence of Brønsted
cid sites on the catalyst surface [36]. The strong surface acid-
ty of MCM-22 favors the alkylation reaction. According to the
cid properties and strength characterization (shown in Fig. 5 and
able 2), the parent MCM-22 exhibits the strongest acidity among
he investigated catalysts and correspondingly the highest benzene
onversion. Though the total strength of acid sites decreases slightly
ith increase in the temperature of hydrothermal treatment, most

f the Brønsted acid sites were retained on HTM-7 and HTM-8. Thus

nly a slight decrease of benzene conversion over HTM-7 and HTM-
was detected. A rapid decline in Brønsted acid sites results in

ignificant decrease in benzene conversion when the hydrother-
al treatment temperature reaches 973 K. As shown in Fig. 7 the

ig. 7. Conversion of benzene on various catalysts. Conditions: temperature = 653 K;
HSV = 1.5 h−1; feed ratio (benzene:DEC) = 4:1.
0.16 0.08 1.19 2.00

timated from the corresponding calibrated peak areas.

samples treated at 973 and 1073 K exhibit a high initial activity, but
then a clear deactivation for HTM-9 and HTM-10 is observed. This
effect may ascribe to the intense side reactions of oligomerization
and coking. As shown in Table 2, a pronounced decrease in B/L ratio
was obtained with increase in temperature of hydrothermal treat-
ment, indicating that the proportion of Lewis acidic sites increases
significantly. With decrease in Brønsted acid sites the alkylation
of benzene to form EB was restricted, while the side reactions of
oligomerization and coking were improved with increase in the
proportion of Lewis acidic sites over deeply dealuminated samples.
The increase in proportion of Lewis acid sites is supposed to be
responsible for the fast deactivation over deeply samples [37]. Fur-
thermore, the BET surface area and micropore surface area of the
catalyst decreases largely, especially for HTM-10, which can also
significantly affect the catalytic behavior in alkylation of benzene
with DEC [30]. Moreover, the strength of Lewis acid sites was hardly
affected by the temperature of hydrothermal treatment, confirm-
ing that the alkylation of benzene with DEC occurred mainly on
Brønsted acid sites.

The EB selectivity and product distribution in the alkylation
of benzene with DEC over parent MCM-22 and hydrothermally
treated MCM-22 are presented in Fig. 8 and Table 3. The products
identified by GC-MS were found to be EB, toluene, para-diethyl
benzene (p-DEB), ortho-diethyl benzene (o-DEB), meta-diethyl
benzene (m-DEB), triethyl benzene (TEB) and others (polyalkyl
benzene). Benzene alkylation (including mono-alkylation and
DEB isomerization reactions co-existed during the alkylation pro-
cess of benzene with DEC over parent MCM-22 and hydrothermally
treated MCM-22. As shown in Fig. 8, a great improvement in EB
selectivity was observed over HTM-8 compared with the parent

Fig. 8. Selectivity for EB on various catalysts. Conditions: temperature = 653 K;
WHSV = 1.5 h−1; feed ratio (benzene:DEC) = 4:1.
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Table 3
Product distribution on various catalysts.a.

Sample Sel./%

EB Toluene p-DEB o-DEB m-DEB TEB Others

MCM-22 86.5 3.7 5.2 2.0 1.5 0.3 0.8
HTM-7 89.2 2.3 4.4 1.7 1.3 0.3 0.8
HTM-8 92.8 1.4 3.1 1.2 0.8 0.0 0.7
H
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TM-9 94.6 0.9 1.7
TM-10 95.5 0.7 1.7

a Conditions: temperature = 653 K; WHSV = 1.5 h−1; feed ratio (benzene:DEC) = 4:

CM-22. With further increase in the temperature of hydrothermal
reatment, the EB selectivity increases slightly. Though Brønsted
cid sites were required for alkylation of benzene with DEC, exces-
ively strong surface acidity of the catalysts is not favorable for EB
electivity [38]. From the acidity analysis above, the acid strength
s reduced with increase in the temperature of hydrothermal
reatment. With reduction in benzene multi-alkylation and ethyl-
enzene cracking reactions, high EB selectivity was obtained over
ydrothermally treated MCM-22 catalysts, suggesting that these
ide reactions require much stronger acidity than does benzene
ono-alkylation. It appears that some side reactions, such as ben-

ene multi-alkylation and ethylbenzene cracking, were suppressed
ecause of the reduced acidity strength. Although the highest EB
electivity was achieved over HTM-10, the activity for alkylation of
enzene with DEC was poor. Thus only a certain acidity strength of
atalyst was required in the synthesis of EB by alkylation of benzene
ith DEC.

As shown in Table 3, EB was obtained as the most predominant
roduct over all of the catalysts, corresponding to free diffusion
ithout steric hindrance through the pores of MCM-22. Among

he DEB isomers, p-DEB shows the highest selectivity over all the
nvestigated catalysts. The low selectivity for o-DEB might be due
o steric hindrance to diffusion. The selectivity for m-DEB is low
ecause the meta-position is not activated for electrophilic reaction.
onsequently, electrophilic reaction occurs predominantly at the
ara-position as it is free from steric hindrance [39]. With increase
n hydrothermal treatment temperature the selectivity for DEB iso-

ers decreases substantially, corresponding to suppression of both
B multi-alkylation and p-DEB isomerization reactions. The selec-
ivity for toluene decreases sharply with hydrothermal treatment
emperature from 773 to 1073 K, indicating restriction of EB crack-
ng reaction.

As mentioned above, a relationship between catalytic activ-
ty and acidic strength was revealed, which suggested that the

eak acidity of de-aluminated MCM-22 is not favorable for the
onversion of benzene, but favors highly selective synthesis of
B. To catalyze alkylation of benzene with DEC, strong acidity
as required to activate the molecules of benzene and DEC. Con-

equently, conversion of benzene increases with increase in the
cidity of the catalyst, and the strong acidity of parent MCM-22
esults in high conversion of benzene. However, according to the
roduct distribution shown in Table 3, the selectivity for EB signif-

cantly decreases with increase in the acidity of the catalyst, while
he selectivity for toluene and DEB increase significantly. It has been
eported that the acidic sites that catalyze EB multi-alkylation, EB
racking and DEB isomerization reactions are stronger than those
hat catalyze benzene mono-alkylation reaction. Those side reac-
ions can be effectively suppressed with decrease in acidity. It
ollows that the conversion of benzene decreases significantly with

ecrease in acidic strength, while the selectivity for EB changes

n the reversed order. According to this mechanism, a particular
cidic strength was required to maintain good benzene conversion
nd EB selectivity. Accordingly, HTM-8 is a good candidate for the
lkylation of benzene with DEC, exhibiting great improvement in
1.1 0.7 0.0 1.0
0.8 0.4 0.0 0.9

EB selectivity along with a slight decrease in benzene conversion
compared with parent MCM-22.

The product distribution and the selectivity obtained over
MCM-22 and hydrothermally treated MCM-22 at similar benzene
conversion level by adjusting contact time (WHSV), are shown
in Table 4. The selectivity for EB increases with the degree of
de-alumination, while the selectivity for other products, such
as toluene and DEB, decreases with increase in the temper-
ature of hydrothermal treatment. As discussed previously, the
acidic sites required for catalyzing multi-alkylation, cracking of EB
and isomerization of DEB, are stronger than those for catalyzing
mono-alkylation of benzene. De-alumination treatment effectively
removes the acidic sides on zeolites (Table 2). The removal of acidic
sites may suppress the subsequent multi-alkylation and cracking
of EB to give rise to the improved EB selectivity of hydrothermally
treated MCM-22. Compared with the results shown in Fig. 7 and
Table 3, for parent MCM-22 and HTM-7 conversion of benzene
clearly decreases with decrease in contact time, while the selec-
tivity for EB increases slightly. With decrease in contact time, the
opportunity for activated benzene to be attacked by ethyl cation
was of course reduced, leading to the decrease in conversion of
benzene. EB can be selectively obtained by alkylation of benzene
with DEC and the subsequent reactions of EB can be improved by
strong acidic sites on the catalysts. The selectivity for EB was mainly
affected by the side reactions including multi-alkylation, dispropor-
tionation and cracking of EB, as well as DEB isomerization reactions,
which were influenced by the acidity of the catalysts. The effect of
contact time on side reactions was weak, as shown in Fig. 7 and
Table 3. It can be concluded that the influence of contact time on
EB selectivity can be neglected compared with the change in acidic
strength.

3.3. Alkylation of benzene with DEC over ZSM-5

Alkylation of benzene with DEC was carried out over ZSM-5
(Si/Al = 50), and the results are compared in Table 5 with those
for alkylation over MCM-22. A substantial difference was found for
the conversion of benzene, namely 35.6% over ZSM-5 and 43.1%
over MCM-22. A stronger acidity can be detected on ZSM-5 com-
pared with MCM-22 with similar Si/Al ratios. For this reason, higher
benzene conversion is expected over ZSM-5, contrary to the exper-
imental observations. Conversion of DEC detected by GC is over
99% in all the case, which is in similar to the conversion of ethy-
lene in the alkylation of benzene with ethylene. As was reported
that an approximate 100% ethylene conversion was achieved in the
alkylation of benzene with ethylene [40]. The activated ethylene
can easily reacted with another ethylene to form oligomers, a sub-
stance considered to be a precursor of coke, over acidic catalysts
[36]. It was reported that dialkyl carbonates are easily decomposed

over acid or basic materials, because the surface acidity or basic-
ity plays an important role in their decomposition [41,42]. Dialkyl
ether, as the predominant decomposition product of dialkyl car-
bonate, was much more difficult to give out alkyl cation compared
with dialkyl carbonate. In addition, the decomposition of dialkyl
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Table 4
Catalytic activity of benzene alkylation with DEC over various catalysts.a.

Sample WHSV/h−1 Con./% Sel./%

Benzene EB Toluene p-DEB o-DEB m-DEB TEB Others

MCM-22 6.0 37.5 88.2 2.9 4.7 1.6 1.1 0.2 1.3
HTM-7 5.0 37.8 89.3 2.1 4.2 1.7 1.0 0.3 1.4
HTM-8 1.5 36.7 92.8 1.4 3.1 1.2 0.8 0.0 0.7

a Conditions: temperature = 653 K; feed ratio (benzene:DEC) = 4:1.

Table 5
Comparison of benzene alkylation with DEC over ZSM-5 and MCM-22.a.

Samples Con.% Sel./%

Benzene EB Toluene p-DEB o-DEB m-DEB TEB Others

Z 5.3
M 5.2

1.

c
D
t
i
r
i
(
a
d
t
s
a
f

3

f
m
c
c
t

SM-5 35.6 78.8 11.1
CM-22 43.1 86.5 3.7

a Conditions: temperature = 653 K; WHSV = 1.5 h−1; feed ratio (benzene:DEC) = 4:

arbonate increases greatly with increase in acidity of catalysts.
ecomposition of DEC as a competitive reaction co-exists during

he alkylation process of benzene with DEC. With the strong acid-
ty of ZSM-5 decomposition of DEC may be substantially enhanced,
esulting in lack of ethyl cation, and the reduced catalytic activ-
ty that was found. The selectivity for EB was lower over ZSM-5
78.8%) than over MCM-22 (86.5%). As mentioned above, stronger
cidity was favorable for side reactions such as multi-alkylation,
isproportionation and cracking of EB, as well as DEB isomeriza-
ion, compared with mono-alkylation of benzene with DEC. The
trong acidity of ZSM-5, compared with MCM-22, facilitates multi-
lkylation and cracking of EB, which results in the low selectivity
or EB.

.4. A possible mechanism

On the basis of the above discussion, a proposed mechanism
or alkylation of benzene with DEC over MCM-22 and hydrother-
ally treated MCM-22 is illustrated in Scheme 1. First, DEC is
hemisorbed on the Brønsted acid sites of the catalyst to yield the
arbocation, then ethyl cations are produced with the rupture of
he C–O bond. The second ethyl cation is obtained in a similar

Scheme 1. A possible mechanism.
[

0.9 0.9 0.8 2.2
2.0 1.5 0.3 0.8

manner. Then an electrophilic reaction between ethyl cation and
benzene occurs and the respective products are obtained with dif-
ferent selectivities. The residual carbonic acid may be decomposed
to form CO2 and water.

4. Conclusions

For MCM-22 zeolite, only a slight decrease in Brønsted acid sites
is observed with variation of the hydrothermal treatment tempera-
ture from 773 to 873 K. However, the number of Brønsted acid sites
is reduced sharply with further increase in hydrothermal treat-
ment temperature. The Lewis acid sites are affected only slightly
by the temperature of hydrothermal treatment. HTM-8 exhibits a
very significant improvement in EB selectivity together with a slight
decrease in benzene conversion compared with parent MCM-22.
The increase in EB selectivity may be due to suppression of side
reactions such as benzene multi-alkylation and ethylbenzene crack-
ing, with decline in Brønsted acid sites. It can also be concluded
that alkylation of benzene with DEC occurs mainly on Brønsted
acid sites, and the effect of Lewis acid sites on the alkylation pro-
cess is negligible. The activity of benzene alkylation with DEC is
reduced severely over HTM-9 and HTM-10, indicating that a partic-
ular acidity strength of catalyst is required to maintain high benzene
conversion and EB selectivity.
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