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ABSTRACT: MFI-type zeolitic membranes were prepared on the porous α-A2O3 support to investigate the separation properties of
dichlorobenzene isomers. The pervaporation tests were performed with unary and binary isomer mixtures at 333 K. The results
indicate that the silicalite membranes, irrespective of being synthesized by the templated or template-free method, are permeable for
all dichlorobenzene isomers. The pervaporation fluxes of the pure dichlorobenzene isomers decrease in the order p-DCB > o-DCB >
m-DCB. For the binary pervaporation system, the dichlorobenzene fluxes are all less than those with a single component due to the
binary interactions between DCB isomers and between the DCB isomer and the zeolite membrane. Comparatively, the template-free
MFI-type zeolite exhibits higher selectivity for dichlorobenzene isomers due to less inter-crystalline gaps. The separation factors for
p-/o-DCB and p-/m-DCB can reach 16.7 and 22.0, respectively.

1. INTRODUCTION

Dichlorobenzene isomers, that is, p-dichlorobenzene (p-DCB),
m-dichlorobenzene (m-DCB), and o-dichlorobenzene (o-
DCB), are particularly useful as important intermediates for
pesticides (agricultural chemicals), medicines, and dye-
stuffs.1−4 They are normally prepared from the chlorination
of benzene or mono-chlorobenzene, which always produces a
mixture of the three isomeric dichlorobenzenes. The sequential
isolation of the individual dichlorobenzene isomers is
extremely complicated. The similar physicochemical properties
of these isomers make the traditional separation method,
which is distillation, a time- and energy-consuming process.
However, only o-isomers could be separated through
distillation. Additional fractional crystallization must be used
for the preliminary separation of most of the p-dichloroben-
zene from the m- and p-dichlorobenzene mixture because of
their identical boiling points. Finally, through the selective
adsorption on the zeolite adsorbent, the separation of
dichlorobenzene isomers could be achieved.4−8 Up to date,
the economical and efficient separation of dichlorobenzene
isomers is still a challenge.
As a new alternative separation technology, membrane

separation takes advantage of controlling the permeation rate

of different species through the membrane.9,10 In many cases,
it is faster, more economical, and more efficient than
conventional separation techniques, which makes it attractive
and competitive in mixture separation, purification, and
enrichment, especially for isomeric, close-boiling, azeotropic,
or heat-sensitive liquid mixtures.7−19 Among them, zeolite
membranes present exceptionally high permeability and
selectivity combined with thermal and chemical stabilities. In
the past decade, various research groups have reported the
synthesis of polycrystalline zeolite membranes with minimized
gaps between the zeolite crystallites for vapor and liquid
separation, and they found that the differences in the chemical
affinities between the permeating molecule and the zeolite
pore, rather than in the shape or size, often determine the
separation properties of the zeolite membranes.14 Although
good progress has been made and membrane separation has
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been extensively used in the dairy process industry for selective
separation of different species, most of the zeolite membrane
separation for isomers focuses on xylene and alkane.13−24 Little
research has been done for the separation of dichlorobenzenes
isomers. It is well known that dichlorobenzene isomers have a
similar molecular shape and size as those of xylenes (molecule
size: p-isomer ∼0.58 nm, m- and o-isomers ∼0.68 nm).
Different chemical affinities and adsorption properties between
each dichlorobenzene isomer and the MFI-type zeolite pore
have also been proved by Guo and Long4 Therefore, if the
appropriate zeolite membrane and separation conditions were
selected, the dichlorobenzene isomers could be easily separated
through membrane separation technology theoretically.
In this paper, the MFI-type zeolite silicalite membrane was

developed for pervaporation separation of dichlorobenzene
isomers. Although silicalite membranes prepared with a
template have been well reported to show excellent perform-
ance, the potential risks of cracks and gaps, caused by the
difference in thermal expansion between the support and
membrane and the shrinkage of the lattice parameters of
zeolite crystals during calcination, will significantly deteriorate
the separation performance.14 Thus, the template-free protocol
was adopted in the experiment to synthesize the silicalite
membrane, and both single-isomer pervaporation measure-
ment and mixed-isomer separation of dichlorobenzene were
carried out. The results are also compared with those obtained
with the traditional template method.

2. RESULTS AND DISCUSSION

2.1. Preparation and Characterization of the MFI
Zeolite Membrane. The formation of a zeolite membrane for
pervaporation requires the development of a continuously two-
dimensional and defect-free layer of zeolite crystals, so that
only permeation through the zeolite pores may take place. In
achieving the intrinsic selectivity of the selective membrane
layer, a suitable support with the appropriate pore structure
plays an important role. The pores must be small enough to
support the thin zeolite layer under high pressure and must
also be close together, so that it does not take a long tortuous
path for the permeating components to reach the pore. In the
experiment, mercury porosimetry measurement was used to
quantitatively evaluate the pore structure of the α-Al2O3
support. Figure 1 depicts the total pore volume and the pore
size distribution of the Al2O3 support. It clearly shows an
average pore size of 280 nm and a very narrow pore
distribution. In the meantime, the calculated porosity of the

material is about 40% and the surface area is about 3.2 m2/g.
Generally, it is easy to form a continuous zeolite membrane
when the pore size of the support is less than 1 μm. Thus, in
our experiment, the porous Al2O3 disk was directly used as the
support to fabricate the MFI zeolite membrane without any
intermediate layer.
After polishing and washing, the α-Al2O3 support was coated

with MFI zeolite seeds for secondary growth of the MFI zeolite
membrane. Figure 2 shows the SEM image of the seeded α-

Al2O3 support. Through three times of seed coating, drying,
and calcination processes, the surface of the Al2O3 support was
fully covered with MFI zeolite particles with special
morphology. The average particle size is about 300 nm. It
should be noted that enough seed particles could ensure the
sequential formation of continuous MFI zeolite membranes.
A continuous MFI zeolite membrane was formed on the

surface of the α-Al2O3 support through the secondary growth
method. Figure 3 presents the top and cross-sectional view of
the MFI zeolite membrane with and without a template. From
the top-view images, it can be seen that both membranes are
continuing without any obvious defect on the surface, and the
MFI membrane prepared by the template-free method shows
relatively larger crystal size and better inter-growth with much
higher integrity when compared with that from the template
method. As to their cross-sectional analysis, both of the zeolite
layer and Al2O3 support layer can be clearly distinguished in
the images. Although they are synthesized under different
hydrothermal conditions, the two membranes have similar
thicknesses, 5.3 μm for the templated method and 5.6 μm for
the template-free method. Besides, the zeolite crystal boundary
of the membrane fabricated with the templated method is
much clearer than that from the template-free method. This
may be caused by the shrinkage of the lattice parameters
during the template elimination process. It should be noted
that the resulting shrinkage of the crystal size may generate
some non-zeolite micropores within the membrane structure,
which will inevitably affect the selectivity during the
pervaporation process.
The processes for the growth of the MFI zeolite membrane

on the α-Al2O3 support with the templated and template-free
method were also monitored by XRD analysis, as shown in
Figure 4. The original α-Al2O3 support only presents three
characteristic diffraction peaks as labeled by the circle in the
pattern. After three times of dip coating, drying, andFigure 1. Pore distribution of the α-Al2O3 support.

Figure 2. SEM image of the MFI seeds on the surface of the α-Al2O3
support.
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calcination processes, four small diffraction peaks located at the
2 theta value of 8.0, 8.8, 23.1, and 23.8 emerged. They are
corresponding well with (101), (200), (501), and (422)
diffraction peaks of MFI silicate zeolite, respectively, indicating
the formation of the MFI seed layer on the surface of the α-
Al2O3 support. Sequential secondary growth under the
hydrothermal conditions with or without a template generates
the continuous silicalite membranes. The diffraction patterns
(Figure 4c for template-free method and d for the templated
method) are all corresponding well with those of the standard
MFI crystal structure. Besides, all the membranes have a
random orientation, irrespective of they being prepared by the
templated or template-free method.

2.2. Pervaporation Properties. Both MFI silicalite
membranes, synthesized by templated and template-free
methods, were first subjected to the quality test using 1,3,5-
triisopropylbenzene (TIPB) (kinetic diameter: 0.85 nm) as a
pervaporation agent. In general, MFI-type zeolite has an
interconnected pore system with zig−zag channels in the a-
direction with a diameter of 0.51 × 0.57 nm and 0.54 nm
straight channels along the b-direction. Although it may distort
under some reaction conditions, a molecule as large as TIPB
still cannot permeate through these pore channels. Thus, any
TIPB pervaporation flux detected means the presence of
defects in the MFI zeolite membrane. Fortunately, both
membranes in the experiment showed negligible flux of TIPB
(lower than the detection limit of the pervaporation equip-
ment), indicating the presence of a minimum number of
defects and inter-crystalline gaps.
Figure 5A shows the pervaporation flux of p-dichloroben-

zene at 60 °C through the MFI-type zeolite membranes
synthesized by templated and template-free methods. As we
know, the driving force of pervaporation is the chemical
potential difference between the two sides of the membrane.
Theoretically, the size selectivity of the zeolitic layer plays a key
role in determining the membrane’s permeance and selectivity.
Thus, the pervaporation profile should start with a gradual
increase and then reach a constant value. However, the
pervaporation profile of p-DCB (Figure 5A) presents an
increase to a maximum flux first and then a gradual decrease to
a relatively constant value. It clearly indicates that some
permeation channels in the zeolite membrane are gradually
blocked during the pervaporation process. Considering the
high affinity between the p-DCB and zeolite membrane,4 the
chemically absorbed p-DCB molecule in the zeolite channels
may be responsible for this phenomenon. A similar
phenomenon also has been reported during the pervaporation
of xylene isomers.14 After 48 h, the constant permeation flux is
about 0.52 kg/(h·m2) for the templated membrane and 0.19
kg/(h·m2) for the template-free membrane. The almost three
times difference of the flux indicates that the template-free
membrane is more perfect than the templated one. Generally,
there are three types of pores in the zeolite membrane for flux
to pass through: large pores (defects), non-zeolite micropore,
and zeolite channel. Although the quality test through 1,3,5-
triisopropylbenzene pervaporation had already excluded the
possibility of the large pores, the non-zeolite micropore
between crystallines of the zeolite, mainly generated during
the template elimination process, may also act as a channel for
dichlorobenzene molecule permeation. It should be noted that
this kind of non-zeolite micropore is non-selective for isomer
molecule separation. Therefore, the existence of non-zeolite
micropore may be responsible for the relatively large
permeation flux for the templated membrane. In the meantime,
it will inevitably decrease the separation factor of the zeolite
membrane for the different isomers.
As shown in Figure 5B,C, o- and m-dichlorobenzene present

a similar pervaporation profile with as the p-isomer, for
membranes synthesized by templated and template-free
methods. The only difference is their fluxes. Table 1 lists the
pervaporation fluxes of the dichlorobenzene isomers through
the templated and template-free membranes. The relatively
stable pervaporation fluxes after 48 h of performance of the
three isomers are all in the order of p-DCB > o-DCB > m-
DCB. This may be concerned with their molecular shape and
size. When using the zeolite membrane for pervaporation, a

Figure 3. SEM images of the top view (A,C) and cross-sectional view
(B,D) for the MFI zeolite membrane synthesized by the templated
(A,B) and template-free (C,D) μm method.

Figure 4. XRD patterns of the α-Al2O3 support (a), MFI zeolite seed-
coated support (b), and MFI zeolite membrane synthesized by the
template-free method (c) and by the templated method (d).
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separation could be achieved when one of the permeants is
excluded (filtered) from some of the pores in the membrane
through which other permeants move. Theoretically, the
molecule larger than the pore size cannot pass through the
zeolite membranes. As reported in the literature,19 the kinetic
diameter of p-DCB is similar to the pore channels of MFI
zeolite; it is easy to be absorbed and transported through the
zeolite channel. Meanwhile, the neighboring chloro-groups of
the o-DCB could distort; thus, the molecule can squeeze into
the pore channel to permeate. As for the m-DCB (kinetic

diameter: 0.68 nm), it cannot enter the silicate zeolite pore
theoretically due to size exclusion. The pore channel of the
MFI zeolite usually decreases with an increase in the Si/Al
ratio of the framework. Although the synthesis solution for our
membranes did not contain any source of Al, several research
studies have already proved the inevitable presence of Al in the
silicate membrane when Al2O3 was used as a support during
synthesis.17 Thus, some of the m-DCB molecules also could
enter the MFI zeolite pore channel to transport. The ideal
separation factors calculated from the pervaporation result for
a single-isomer system are listed in Table 2. Obviously, the

template-free membrane has a relatively high separation factor
due to less defects within the membrane structure. For the
template-free membrane, the ideal separation factor p-/o-DCB
and p-/m-DCB could reach 19.0 and 31.7, respectively.
To further evaluate the dichlorobenzene isomer separation

properties, pervaporation of binary dichlorobenzene isomers
through templated and template-free membranes was also
conducted in the experiment. It should be noted that the DCB
isomers have different affinities with MFI type zeolite.4 Thus,

Figure 5. P-dichlorobenzene (A), o-dichlorobenzene (B), and m-dichlorobenzene (C) flux through the MFI zeolite membrane synthesized by the
templated (a) and template-free method (b).

Table 1. Flux of Dichlorobenzene Isomers through MFI-
Type Zeolite Membranes Synthesized by Templated and
Template-free Methods at 60 °C

templated DCB isomers system component flux (kg/h·m2)

yes single p-DCB 0.52
yes single o-DCB 0.21
yes single m-DCB 0.10
no single p-DCB 0.19
no single o-DCB 0.01
no single m-DCB 0.006
yes p-/o-DCB p-DCB 0.28

o-DCB 0.12
yes p-/m-DCB p-DCB 0.25

m-DCB 0.08
no p-/o-DCB p-DCB 0.10

o-DCB 0.006
no p-/m-DCB p-DCB 0.11

m-DCB 0.005

Table 2. Separation Factor of Dichlorobenzene Isomers
through MFI-Type Zeolite Membranes Synthesized by
Templated and Template-free Methods at 60 °C

α (p-/o-DCB) α (p-/m-DCB)

templated ideal binary ideal binary

yes 2.5 2.3 5.2 3.1
no 19.0 16.7 31.7 22
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the binary interactions between the components and the
membrane also should be considered in binary systems. Figure
6A depicts the pervaporation results of the p-/o-DCB binary
system. The flux of p-DCB presents a similar profile as that of
the single system. However, the flux of o-DCB shows a gradual
increase and then approaches a relatively constant value, which
is quite different from that in the single-pervaporation process.
MFI-type zeolite channels prefer to absorb p-DCB first due to
the relative strong affinity with each other, and p-DCB
molecules may gradually be chemically absorbed and then
block some zeolite channels during pervaporation. Due to the
relatively small amount of absorbed o-DCB molecules within
membranes in the first stage, the blocked channels of the
membrane may have little effect on the permeation of the o-
DCB isomers. This phenomenon clearly suggests that p- and o-
DCB have competitive adsorption on the MFI-type zeolite
membrane under the binary pervaporation conditions.21 Figure
6B shows the pervaporation results of the p-/m-DCB binary
system. Obviously, the results are similar to those of the p-/o-
DCB binary system. The separation factors calculated from the
pervaporation results of the binary system are listed in Table 2.
For the template-free MFI membrane, the separation factors
for p-/o-DCB and p-/m-DCB can reach 16.7 and 22.0,
respectively. Collectively, the template-free MFI membrane has
a much higher separation factor for DCB isomer separation
and exhibits great potential application in this field. However,
to realize the industrial application for DCB isomer
pervaporation, it must realize large-scale membrane prepara-
tion and reduce the cost of the pervaporation plant.

3. CONCLUSIONS

MFI-type zeolitic membranes were prepared on the porous α-
alumina support by templated and template-free methods. The
pervaporation results clearly show that both kinds of
membranes are permeable for all dichlorobenzene isomers.
The pervaporation fluxes of the pure dichlorobenzene isomers
decrease in the order of p-DCB > o-DCB > m-DCB. For the
binary pervaporation system, the dichlorobenzene fluxes are all
less than those with a single component due to the binary
interactions between DCB isomers and between the DCB
isomer and the membrane. Comparatively, the template-free
MFI-type zeolite membrane exhibits higher selectivity for
dichlorobenzene isomers due to less inter-crystalline gaps. The
separation factors for p-/o-DCB and p-/m-DCB can reach 16.7
and 22.0, respectively.

4. EXPERIMENTAL SECTION

4.1. Chemicals and Materials. All the chemicals were of
analytical grade and used as received without any further
purification.
o-Dichlorobenzene (o-DCB) (99%), m-dichlorobenzene (m-

DCB) (98%), and p-dichlorobenzene (p-DCB) (99%) were
purchased from Sigma-Aldrich. Other chemicals used in the
experiment were all purchased from Shanghai Chemical
Reagent Corporation. Porous α-Al2O3 disks (20 mm diameter;
2.0 mm thickness) were purchased from Shenzheng Yuli
Electronic Ceramic Company and were used as the support in
the experiment.

4.2. Preparation of the ZSM-5 Zeolite Membrane. The
silicalite seeds were prepared by the hydrothermal method. In
the typical synthesis, TEOS and TPAOH and EtOH were
dissolved in deionized water at 60 °C under stirring. The
prepared solution with a mole composition of 1 SiO2: 0.27
TPAOH: 54 H2O: 4 EtOH was hydrothermally treated at 175
°C for 24 h. The resulted silicalite seeds were then centrifuged
and purified by repeated washing with deionized water. After
that, the silicalite seed suspension was prepared by evenly
mixing 1 g of silicalite seeds with 0.14 g of hydroxy propyl
cellulose (HPC) and 94 mL of deionized water.
The seed layer was coated on the surface of the porous α-

Al2O3 support by a dip coating method27,28 with above-
mentioned silicalite seed suspension. The dip coating
procedure was repeated three times to ensure enough coverage
of the seed layer. After each dip coating, the seed layer was
calcined at 450 °C for 30 min to remove the template.
The templated silicalite membrane was prepared as follows:

the abovementioned seed-coated α-Al2O3 support was placed
in the silicalite synthesis solution (mole composition, 1 SiO2:
0.3 TPAOH: 300 H2O: 4 EtOH) and hydrothermally treated
at 175 °C for 24 h. The resulting membrane was washed, dried,
and then calcined at 500 °C for 10 h to remove the
template.25,26

The template-free silicalite secondary growth solution was
prepared according to the literature by mixing the desired
amount of fumed silica powder to the NaOH solution at 80 °C
under stirring.29 After aging for another 2 h, the solution with a
mole composition of 1 SiO2: 0.16 NaOH: 10.5 H2O was used
for template-free silicalite secondary growth under hydro-
thermal conditions at 180 °C for 4 h. The resulting membrane
was washed and dried to get the template-free silicalite
membrane. The average pore diameter of the template-free
membrane is 0.532 nm.

Figure 6. Pervaporation results for the mixture of equal molar binary p-/o- (A) and p-/m-dichlorobenzene (B) through MFI zeolite membranes
synthesized by templated and template-free methods.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00214
ACS Omega 2021, 6, 8456−8462

8460

https://pubs.acs.org/doi/10.1021/acsomega.1c00214?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00214?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00214?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00214?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00214?rel=cite-as&ref=PDF&jav=VoR


4.3. Material Characterization. Powder X-ray diffraction
(XRD) data were collected using a Bruker D8 advance X-ray
spectrometer with graphite monochromatized Cu Kα radiation
(λ = 0.15405 nm) operated at 40 kV and 40 mA. Scanning
electron micrographs were obtained using a JSM-7001F field
emission scanning electron microscope equipped with an
energy-dispersive spectroscopic (EDS) detector. The porosity
and average pore diameter of the support were determined by
mercury porosimetry.
4.4. Pervaporation Test. The pervaporation test was

performed on the setup, as schematically depicted in Figure 7.

The membrane was attached at the end of the cell with the
membrane facing the organic liquid. The permeating side was
kept in vacuum, and the permeated vapors were collected in
the cold trap. The weight of the cold trap was measured before
and after each run for flux calculation. In the binary cases, the
compositions of the permeated mixture were determined using
a gas chromatograph equipped with a flame ionization
detector. The ideal separation factor was calculated by taking
the ratio of each flux during the single-pervaporation process.
For the equimolar binary mixture, the separation factor
(βpervap) is defined as follows30

Y Y
X X

/
/pervap

a b

a b
β =

where Xa, Xb, Ya, and Yb are molar fractions of a and b isomers
in the feed and permeate stream.
All the silicalite membranes were subjected to the quality

test first using 1,3,5-triisopropylbenzene (TIPB) as a
pervaporation agent according to the literature16 (kinetic
diameter 0.85 nm, larger than pore dimensions of MFI, 0.53 ×
0.56 nm and 0.51 × 0.57 nm). The quality test (pervaporation
with TIPB) measurements were performed at 25 °C for 6 h.
After that, the membranes were calcined at 350 °C in the air to
remove the absorbed TIPB.
The dichlorobenzene isomer pervaporation experiment was

conducted with pure p-, o-, and m-dichlorobenzene or a
mixture of equal molar binary o-/p- and m-/p-dichlorobenzene
as the feed at 1 atm and 60 °C. Before each pervaporation test,
the residual absorbed component in the membrane was
removed by calcination at 673 K for 4 h.
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