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Ethylbenzene Disproportionation over ZSM-5 Modified by
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Abstract: A new kind of ZSM-5 surface modification method was developed by using a large organic molecule
Grignard reagent (3,5-dimethyl phenylmagnesium bromide). Their shape selective catalytic properties were
studied by ethylbenzene (EB) disproportionation reaction test. The pore structure and surface acid properties were
also investigated to understand the shape selectivity enhancement mechanism. Most of the MgO was deposited on
external surface due to the big molecule size of 3,5-dimethyl phenylmagnesium bromide. The elimination of
external surface acid sites by Grignard reagent is the main reason of its high p-diethylbenzene (p-DEB) selectivity
in EB disproportionation reaction. The results of probe molecule adsorption kinetics experiment indicate that this

modification method does not change the pore size of ZSM-5.
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0 Introduction 1940s, many new kinds of zeolite with different pore
size, pore structure and acid properties were invented.

Zeolite is a kind of special material with unique The varied molecular diffusion rate in these pores, as
pores and channels. It is also called molecular sieve well as acidic properties, make it widely used in many
used for selective adsorption and separation'"”!. Since chemical industrial processes as sorbent, catalyst and
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catalyst support®”. Particularly, in petroleum chemical
process, zeolite catalyst is more and more important
used in catalytic cracking, alkyl benzene dispropor-
tionation, hysomer, aromatization®'”, etc. In these
processes, surface acid sites are the catalytic active
sites. For example, the surface acid sites of ZSM-5
zeolite are the catalytic active sites for ethylbenzene
(p-DEB)
reaction. Paparatto et al. concluded that three types of

DEB are formed inside the channel of ZSM-5 crystal
and then the primary product p-DEB formed under

(EB) disproportionation to p-diethylbenzene

the steric constraints is further isomerized into m- and
0-DEB toward the thermodynamic equilibrium on the
external surface of ZSM-5"!.

p-DEB selectivity, it is necessary to passivate the

In order to obtain high

acidic sites on the external surface of ZSM-5 for
eliminating secondary isomerization of p-DEB.
Therefore proper modification is of practical
importance to improve the performance of ZSM-5.
Many well known methods to modify external surface
of the zeolite have been reported in the past years!*",
Tetraethoxysilane (TEOS)' and other siloxane derived
compounds"” were usually used for their large mole-
cular size which was bigger than zeolite pore diameter.
Chemical vapor deposition (CVD) and chemical liquid
deposition (CLD) of silica on the external surface of
7ZSM-5 were reported for ZSM-5 modification!"*.
However, during the deposition process, silica covered
all ZSM-5 external surface, not only external acid
sites. Thus, in order to neutralize the external acid
sites completely, large amount of silica (usually mass
loadings over 8%~10%) should be loaded, leading to
the result that the modification of ZSM-5 not only
eliminates the acidic sites but also narrows the pore
sizes™!. Even then, there were residual acidic sites on

silica deposited ZSM-5
alkalescence of MgO, modification by loading MgO

surface. Because of the
can also enhance the shape selectivity of ZSM-5P+,
The normal precursor of MgO, magnesium acetate and

(B2 are small enough to enter the

magnesium nitrate
micropores. It can both eliminate the external and
internal acidic sites™. The modification just improves

shape selectivity a little but decreased reaction

activity more. Usually, MgO is used as additives not
the one and only modification reagent. It was reported
that ZSM-5 catalyst modified by MgO after the modifi-
cation of SiO, can further eliminate the residual acidic
sites and enhance p-DEB selectivity!®.

During shape selective catalytic reaction, pore
size is very sensitive for different molecule size .
To understand the role of pore size and external acid
sites in these reactions, we want to develop a zeolite
modification method without changing the two factors
synchronously. In this work, a new kind of MgO
modification precursor, 3,5-dimethyl phenylmagnesium
bromide, was prepared and used to modify ZSM-5,
aimed at eliminating the external acidic sites without

changing the pore size.
1 Experimental

1.1 Catalyst preparation
3,5-dimethyl

obtained by adding metal magnesium pellets with a

phenylmagnesium  bromide was

partical of 1, into 500 mL boiling flask under nitrogen
atmosphere, followed by adding 10 mL tetrahydrofuran
(Nanjing Chemical Reagent Limited Company) under
stirring and adding 3,5-dimethyl benzene bromide
(Beijing Ouhe Company) until all metal magnesium
pellets were dissolved.

The ZSM-5 catalyst modified by Grignard reagent,
named as MB-xMgO/ZSM-5 (x is the MgO loadings in
weight percentage) was prepared by impregnating the
suspension of 6 g ZSM-5 (Nankai University, ng /
ny,0,=50, particle size is 5 wm) and 150 mL hexane
(Nanjing Chemical Reagent Limited Company) into
the 3,5-dimethyl phenylmagnesium bromide solution
prepared above, then stirring for 4 h. The solvent was
evaporated by heating the flask to 353 K to get the
solid sample. The sample was dried at 393 K for 2 h,
then calcined at 773 K in air for 8 h. ZSM-5 catalyst
modified by magnesium nitrate was prepared by
impregnating ZSM-5 with ethanol (Nanjing Chemical
Reagent Limited Company) solution of magnesium
nitrate (Shanghai Zhenxing Reagent Factory). After 4
h of stirring, the catalyst was obtained by removing

solvent, drying and calcining as the same procedure
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mentioned above. The sample was named as MN-xMgO/
ZSM-5 (x is the MgO loadings in weight percentage).
1.2 Catalytic test

The ethylbenzene disproportionation reaction was
conducted in a continuous flow, fixed-bed reactor
(quartz tube: @=6 mm, L,=40 c¢m) under the following
conditions: 0.1 g catalyst, reaction temperature 7=573
K, space velocity WHSV=1.5 h™', pressure=1.0132 5x
10° Pa. Ethylbenzene was injected into the reactor
using a metering pump. Argon was used as carrier gas
in a flow rate of 10 mL-min™. The effluent gas released
from the reactor was analyzed by an on-line gas
chromatography equipped with a FFAP column (®@=
0.25 mm, L=30 m) and a flame ionization detector.
1.3 Catalyst characterization

X-ray diffraction (XRD) analysis was performed
on a Philips X’ Pert MPD Pro X-ray diffractometer
employing Ni-filtered Cu Ka radiation (A=0.154 1 nm)
in the 260 range of 10°~80°. The X-ray tube was
operated at 40 kV and 30 mA.

The IR spectra of the sample was conducted with
a self-supported wafer of sample using Perkin-Elmer
2000 FT-IR spectrometry. The experiment was carried
out in order to identify whether the organic groups
were completely removed or not. Before and after
calcination the IR spectra of ZSM-5 modified by
Grignard reagent were recorded. Besides, the IR
spectra of parent ZSM-5 and ZSM-5 adsorbed m-
xylene and hexane were also recorded for comparison.

The IR spectra of adsorbed 2,6-di-tert-butylpyri-
dine (DTBPy-IR) to characterize the acidic sites on the
external surface of ZSM-5 was conducted with a self-
supported wafer of sample using the same IR
spectrometry. Prior to DTBPy adsorption, the samples
were evacuated 60 min at 673 K under high vacuum
(1x107 Pa) to clean the surface and eliminate possible
impurities. DTBPy adsorption was carried out at room
temperature until saturation (equilibration time 30 min)
and the excess of physical adsorbed DTBPy was
removed under vacuum (1x107 Pa) at 473 K for 60 min.
Then the corresponding spectrum was recorded.
Similar process to characterize the tlotal acidic sites

was conducted for the IR spectra of adsorbed pyridine

(Py-IR).
The experiments of adsorption kinetics of probe
(EB, m-DEB, p-DEB) were carried out on

self-supporting equipment by gravimetric method.

molecule

Before testing, samples were heated to 623 K and
evacuated (0.1 Pa) for 2 h to clean the surface and
eliminate possible impurities. Then the sample was
cooled to 373 K. The weight increase was recorded
after the vapor of probe molecule at 273 K was pulled

into the vacuum system.
2 Results and discussion

2.1 Modification process analysis

To investigate the MgO modification process, the
IR spectra of the modified ZSM-5 with Grignard
reagent before and after calcination are shown in Fig.
1. The peak at 1 460 c¢m™ is associated with the
vibration of C-H groups to m-xylene and hexane (Fig.
1d and e), it can be easily found in Fig.le. The
results indicate that the organic compounds were still
on ZSM-5 surface before calcination. After calcination,
all organic compounds were removed and only the
specific vibration of ZSM-5 at 1 628 and 1 872 cm™
can be observed (Fig.1b), which shows the same IR
spectra as the parent ZSM-5 (Fig.1a). So the Grignard
reagent modification process can be described as

schematic route showed in Fig.2.

(e) 1872 cm™
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(a) Parent ZSM-5; (b) MB-1.0MgO/ZSM-5; (c) MB-1.0MgO/ZSM-5
before calnication; (d) Hexane adsorbed on ZSM-5; (e) m-xylene

adsorbed on ZSM-5

Fig.1 IR spectra of the modified ZSM-5 with Grignard

reagent before and after calcinations
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Fig.2 Schematic illustration of Grignard reagent

modification process

The XRD results are shown in Fig.3. Not only
the samples modified by magnesium nitrate, but also
the samples modified by Grignard reagent show the
same patterns as pure ZSM-5, which indicate that the
crystal

structure of ZSM-5 is kept during the

magnesium oxide modification process. Because the

MgO loading amount is very low (<2% ), no

magnesium oxide signal was observed.
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(a) Parent ZSM-5; (b) MB-1.0MgO/ZSM-5; (¢) MB-2.0MgO/ZSM-5;
(d) MN-1.0MgO/ZSM-5; (d) MN-2.0MgO/ZSM-5
Fig.3 XRD patterns of the parent ZSM and modified

catalysts

2.2 Catalytic properties analysis

Ethylbenzene disproportionation reaction results
are shown in Table 1. Parent ZSM-5 catalyst shows
the highest EB conversion but the lowest p-DEB
selectivity. After MgO modification, EB conversion

decreases and p-DEB selectivity increases drama-

tically. Besides, with the increasing of MgO loading,
and p-DEB

increases. Compared to the catalysts modified by

EB conversion decreases selectivity
magnesium nitrate, the catalysts modified by Grignard
reagent show similar EB conversion but much higher
p-DEB/DEB selectivity under the same MgO loadings.

Table 1 EB disproportionation results of parent and
MgO modified ZSM-5 catalysts

Samples EB Conversion / %  p-DEB selctivity / %
Parent ZSM-5 253 42,0
MB-0.5Mg0/ZSM-5 113 80.3
MB-1.0MgO/ZSM-5 8.93 89.1
MB-2.0MgO/ZSM-5 6.77 952
MN-0.5Mg0/ZSM-5 9.82 713
MN-1.0MgO/ZSM-5 9.09 782
MN-2.0MgO/ZSM-5 734 82.1

2.3 Surface acidity analysis

To investigate the reason of EB disproportiona-
tion performances after MgO modification, the surface
acidity and pore structure were studied by Py-IR,
DTBPy-IR

adsorption kinetics experiment. Py-IR characterization

characterization and probe molecular
in Fig4 show that MgO modification resulted in the
decrease of Brgnsted acidic sites (1 540 ¢cm™) due to
the coverage of acidic sites with deposited MgO despite
of the modification method. It is well understood that
Brensted acidic sites are neutralized by basic MgO.

On the other hand, Lewis acidic sites (1 450 cm™)

L+B

(@)
(b)

N2
N2

(c)

i
(L

" 1 " 1 " 1 n
1400 1450 1500 1550 1600
Wavenumber / cm™

() Parent ZSM-5, (b) MB-1.0Mg0/ZSM-5, (c) MB-2.0MgO/ZSM-5;
(b') MN-1.0MgO/ZSM-5, (c') MN-2.0MgO/ZSM-5

Fig.4 Py-IR spectra of different samples
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increases with deposited MgO because Mg* ions creat
a new kind of Lewis acid sites on ZSM-5 surface?'2,
Compared with adsorption of pyridine both on external
surface and in channels of zeolite, the adsorption of
2,6-di-tert-butylpyridine occurs only on the external
surface due to its large molecular size. DTBPy-IR
results in Fig.5(a~c) show that Grignard reagent modi-
fication resulted in the decrease of Brgnsted acidic
sites (1 450 em™) while the increase of Lewis acidic
sites (1 540 cm™) due to the coverage of acidic sites
with deposited MgO. It indicates that the Grignard
reagent modification neutralized the external acid sites
and most of the Mg* was deposited on the external
surface. DTBPy-IR characterization results of catalysts
modified by magnesium nitrate are show in Fig.5(b’,c").
With the increasing of MgO loading, Brgnsted acidic
sites (1 540 cm™) decreases slightly and no obvious
Lewis acidic sites (1 450 cm™) increase is observed.
This result suggest that only partial deposited Mg?*

ions disperse on the external surface.

L L+B B
(a)

(b)

e —

e~

" 1 n 1 " 1 "
1400 1450 1500 1500 1 600
Wavenumber / cm™!
(a) Parent ZSM-5, (b) MB-1.0MgO/ZSM-5, (¢) MB-2.0MgO/ZSM-5;
(b") MN-1.0MgO/ZSM-5; (c") MN-2.0MgO/ZSM-5

Fig.5 DTBPy-IR spectra of ZSM-5

2.4 Diffusion kinetics analysis

Adsorption curves of EB, p-DEB and m-DEB on
parent and modified ZSM-5 are shown in Fig.6 and
Fig.7, for modification by Grignard reagent and
magnesium nitrate, respectively. For parent ZSM-5
catalyst, EB and p-DEB entered into the ZSM-5
channels easily while the m-DEB hardly entered into
it. It is suggested that m-DEB formation can be
prohibited in ZSM-5 channels while the pore size is

suitable for p-DEB formation. The low p-DEB selecti-
vity of parent ZSM-5 catalyst is caused by the external
surface acid sites. After MgO modification, the EB, p-
DEB and m-DEB adsorption kinetics follow a similar
curve. It is suggested that both the catalysts modified
by Grignard reagent and magnesium nitrate keep the
same pore size as parent ZSM-5 during MgO modi-
fication. The deceasing of EB conversion and increa-
sing of p-DEB selectivity are caused by external acid

site removal, not by pore size modification.
08

p-DEB adsorption
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Fig.6  Adsorption kinetics curve of EB, p-DEB, m-DEB
on (a) parent ZSM-5, (b) MB-1.0MgO/ZSM-5 and
(¢) MB-2.0MgO/ZSM-5
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Fig.7 Adsorption kinetics curve of EB, p-DEB, m-DEB
on (a) parent ZSM-5, (b) MN-1.0MgO/ZSM-5 and
(c) MN-2.0MgO/ZSM-5

3 Conclusions
EB, p-DEB and m-DEB adsorption kinetics
experiment results and XRD results indicate that both

MB-MgO/ZSM-5 and MN-MgO/ZSM-5 catalysts have

the same crystal structure and pore size. Py-IR show
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that MgO modification eliminates the surface acid
sites and leads to the decrease of EB conversion and
the increase of p-DEB selectivity during EB dispro-
portionation reaction. In contrast, Grignard reagent is
too large to enter into micropores of ZSM-5 while
magnesium nitrate is small enough to enter into it,
resulting in the different acidic sites distribution
MB-MgO/ZSM-5 and  MN-MgO/ZSM-5
catalysts. DTBPy-IR reveals that the MB-MgO/ZSM-5
catalysts have much more decrease of amount of
external acid sites than the MN-MgO/ZSM-5 catalysts.
It leads to the higher selectivity of p-DEB for MB-
MgO/ZSM-5 MN-MgO/ZSM-5

catalysts. It offeres a new method by using small

between

catalysts than for

amount of modification reagent to remove the external

acid sites of zeolite catalyst and keep its pore size.
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