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Preparation of modified MFI-type/PDMS composite
membranes for the separation of dichlorobenzene

isomers via pervaporation

Qiu-Ping He,® Ying-Ying Wang, & *®¢ peng-Fei Wang*®® and Xiao-Ming Dou*?

Zeolite—polymer composite membranes have become promising and effective materials for the

pervaporative separation of liquids, especially for isomeric mixtures. In this paper, silicalite-1/PDMS

composite membranes have been used to investigate the separation of dichlorobenzene (DCB) isomers

via pervaporation for the first time. Silicalite-1 zeolites modified by the silane coupling agent, NHz—
C3Hg—-Si(OC;,Hs)s, have been incorporated into polydimethylsiloxane (PDMS). Then, the silicalite-1/PDMS
composite membranes have been successfully prepared on porous polyvinylidene fluoride (PVDF)

supports. The morphology and structure of the silicalite-1 zeolites and silicalite-1/PDMS composite
membranes have been characterized by XRD, FTIR, SEM and BET techniques. The results show that the
modified silicalite-1 zeolite particles have smaller pore sizes dispersed more uniformly in the active layers

of the silicalite-1/PDMS composite membranes and present fewer aggregation and pinholes formed by

the accumulation of zeolite particles. The silicalite-1/PDMS composite membranes are all dense and

continuous with good homogeneity. To evaluate the pervaporative separation performance of the DCB
isomers, the unmodified and modified silicalite-1/PDMS composite membranes have been further tested
in single-isomer and binary-isomer systems at 60 °C. The modified silicalite-1/PDMS composite

membranes present higher DCB isomer separation factors. The separation factors of the modified
silicalite-1/PDMS composite membranes in the binary-isomer systems for p-/o-DCB and p-/m-DCB are
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3.53 and 5.63, respectively. The permeate flux of p-DCB through the modified silicalite-1/PDMS

composite membranes in the p-/o-DCB binary-isomer system is 116.7 g m~2 h~! and in the p-/m-DCB
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1. Introduction

Dichlorobenzene (DCB) isomers are important fine chemical
raw materials widely used in medicine, pesticides, solvents,
deodorants and other fields. DCBs are produced by the chlori-
nation of benzene or mono-chlorobenzene, which usually
produces a mixture of three DCB isomers: p-dichlorobenzene (p-
DCB), o-dichlorobenzene (0-DCB), and m-dichlorobenzene (m-
DCB). Due to the similar physical and chemical properties of the
DCB isomers, the differences in their boiling points (o-DCB:
180.4 °C, m-DCB: 173 °C and p-DCB: 174.1 °C) and their relative
volatility (1.059) are very small. Thus, it is difficult to separate
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binary-isomer system, it is 935 g m™2 h~l The result provides a new approach towards the
pervaporative separation of DCB isomers from their mixture for future industrialization applications.

them by traditional distillation and crystallization methods,
which have high energy consumption and low efficiency.*® The
low purity of individual DCB limits its industrial applications
and seriously restricts the production of upstream and down-
stream products. Therefore, it is extremely important to find
a new separation method to obtain DCB isomers with higher
purity.

There are many reports on the separation of DCB isomers by
the zeolite adsorption mechanism. The US patent” adopts KX
zeolites to separate m-DCB. The JP patents® use FAU zeolites to
separate DCB isomers. Li et al.® investigated the separation of
the p-DCB and 0-DCB isomers by X and Y zeolites modified by
ion exchange. Lin et al.*® studied the separation of the p-DCB
and o-DCB isomers by ZSM-5 zeolites modified by ion exchange.
Sun et al.™* used silicalite-1 zeolites to separate the m-DCB
isomer. The US patent' utilized zeolite TPZ-3 to separate the
DCB isomers. Among the above zeolites, the most popular
zeolites are MFI-type zeolites (pore dimensions: 0.53 x 0.56 nm
and 0.51 x 0.57 nm)."*** According to kinetic theory, the DCB
isomers can be separated well through MFI-type zeolites. The
molecular sizes of the DCB isomers (kinetic diameter: p-DCB,
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0.58 nm; 0-DCB and m-DCB, 0.68 nm) are similar to the pore
size of MFI-type zeolites."”” Each DCB isomer has different
chemical affinities and adsorption properties with the MFI-type
zeolite pores, which was proved by Guo and Long.'* However,
the disadvantages of the high thermal effect, difficult zeolite
regeneration, huge zeolite dosage and complex solid waste
treatment limit the development of zeolite adsorption methods
in DCB isomer separation (also granular silicalite-1 zeolite
adsorbents). Compared with granular zeolite adsorbents,
zeolite membranes possess more obvious advantages, such as
low mass transfer resistance, low energy consumption, high
zeolite utilization and high efficiency. MFI-type zeolite inor-
ganic membranes (silicalite-1/A1,0; membrane) have been
successfully prepared and applied to the pervaporative separa-
tion of DCB isomers in our previous work. The results demon-
strate that silicalite-1/Al,0; membranes exhibit good separation
properties.”* Unfortunately, the large-scale preparation of sili-
calite-1/A1,0; membranes in the industry is still a great tech-
nical challenge, which hinders its future industrial
applications. Hence, finding new materials for the separation of
DCB isomers is extremely urgent.

Nowadays, inorganic-polymer composite materials have
been a popular choice in the fields of energy storage,””** aircraft
industry,* building industry,* sensors,**?® enantiomeric sepa-
ration of molecules or drugs*** and membrane-based separa-
tion.**** Since inorganic-polymer composite materials have the
potential to combine the high surface area, rich pore structure,
excellent mechanical capacity and shape-selective properties of
inorganic materials with the low-price, flexibility and process-
ability of polymer materials, inorganic-polymer composite
membranes are the most promising and effective composite
materials with low energy consumption and high efficiency for
membrane-based separation, especially for isomeric, thermo-
sensitive or azeotropic liquid mixtures*-** such as DCB isomers.

Owing to the reduced internal tension and the flexible
molecular chain, polydimethylsiloxane (PDMS) membranes
exhibit high permeability and good compatibility with a variety
of solvents, which makes PDMS the most common type of
polymer membrane used in membrane-based separation.®*-**
Zeolites are the most used inorganic fillers because of their
extraordinary structure with rich pores and excellent effects in
selective separation, especially MFI-type zeolites.**>* Notably, in
the past decades, many researchers have utilized MFI-type/
PDMS composite membranes for gas or liquid separation and
recovery. Xue et al prepared ZSM-5/PDMS composite
membrane with different Si/Al ratios for the pervaporative
recovery of butanol.”® Banihashemi et al. adopted ZSM-5/PDMS
composite membranes to separate CO, from CO,/CH, or CO,/
N, systems.*® Ramaiah used the ZSM-5/PDMS/PVDF composite
membrane to remove hazardous chlorinated VOCs from
aqueous solutions.”® Li et al. recycled phenol from aqueous
solutions via pervaporation with the ZSM-5/PDMS/PVDF
composite membrane.”” Zhou et al. treated silicalite-1 with
vinyltriethoxysilane, and the separation factor of the silicalite-1/
PDMS composite membranes for the pervaporation of dilute
ethanol solutions was improved.”® Han et al. reported the
modification of the hydrophobicity of ZSM-5 zeolites with
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different silane coupling agents, and the separation perfor-
mance of the modified ZSM-5/PDMS composite membranes for
ethanol/water separation was improved.*® Sun et al. used mer-
captopropyltrimethoxysilane to modify the surface of H-ZSM-5
zeolites. They found that the number of non-selective voids in
the membrane decreases, resulting in the improvement of
pervaporation performance.® Ji et al. modified ZSM-5 zeolites
with NH;3;-C3He-Si(OC,Hs); (KH-550), which improved the per-
vaporation performance and stability of the ZSM-5/PDMS
membranes.®* Based on the above investigations, the surface
modification of zeolites has proved to be useful to improve the
performance of composite membranes, which can both
improve the dispersion of zeolites in the PDMS matrix and the
compatibility between the zeolites and PDMS matrix. It is quite
conducive to fabricate MFI-type/PDMS composite membranes
with excellent structural integrity. Despite the above research,
there is still no report on the pervaporative separation of DCB
isomers by MFI-type/PDMS composite membranes.

Herein, silane coupling agent-modified silicalite-1/PDMS
composite membranes with dense and continuous active
layers have been successfully fabricated by a scraping method
and used to separate DCB isomers from their mixtures via
pervaporation for the first time. The silicalite-1 zeolites has
been modified with a silane coupling agent, NH;-Cz;H¢—
Si(OC,Hs); (KH-550). Then, the modified silicalite-1 zeolite
powders have been incorporated into the PDMS matrix to form
the silicalite-1/PDMS composite membranes. The main objec-
tives of this work are to study the influence of silicalite-1 zeolite
modification on the integrity of the silicalite-1/PDMS composite
membranes as well as to study their selective separation
performance towards DCB isomers. The silicalite-1/PDMS
composite membranes have been characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), Four-
ier transform infrared (FT-IR) spectroscopy and physical
adsorption methods (BET). The pervaporative separation of
DCB isomers in both single-isomer and binary-isomer systems
has been studied. The performance of the modified silicalite-1/
PDMS composite membranes has been compared with those
obtained using unmodified silicalite-1/PDMS composite
membranes.

2. Experimental
2.1 Materials and reagents

All the chemicals used in our experiments were of analytical
grade and used without any further purification. Tetraethyl
orthosilicate (TEOS, 98%), p-dichlorobenzene (99%), o-dichlo-
robenzene (98%), m-dichlorobenzene (99%), n-heptane (99%),
and anhydrous ethanol (99.5%) were all purchased from
Aladdin Chemical Reagents Co., Ltd. The hydroxyl-terminated
polydimethylsiloxane (OH-PDMS) was purchased from Beijing
Dingye Co. Ltd, with a kinetic viscosity of 20 000 MPa s. Dibu-
tyltin dilaurate (DBTOL, 95%) was purchased from Sinopharm
Chemical Reagents Co., Ltd. Silicalite-1 zeolites were purchased
from Nankai University Catalyst Co., Ltd. and the SEM images
of the zeolites are presented in Fig. 8. Polyvinylidene fluoride
(PVDF) supports (hydrophobic, diameter: 80 mm, thickness:

© 2022 The Author(s). Published by the Royal Society of Chemistry
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0.15 mm, pore size: 0.22 pm) were purchased from Hangzhou
Micropai Technology Co., Ltd.

2.2 Preparation of the silicalite-1/PDMS composite
membranes

Surface modification of silicalite-1. The original silicalite-1
zeolites were calcined in air at 550 °C for 5 h to remove impu-
rities. 10 g calcined silicalite-1 zeolite and 80 ml n-heptane were
added to a glass beaker and stirred vigorously for 30 min. The
suspensions were treated under ultrasonic conditions for
10 min. Then, 4 g KH-550 was mixed in the suspensions with
another 30 min of stirring. Finally, the suspensions were
centrifuged and washed with n-heptane to remove residual KH-
550. The modified silicalite-1 zeolites were dried at 100 °C for
5 h to remove the adsorbed n-heptane. During the modification
process, siloxane bridges are formed because of the reaction
between the ethoxy groups of KH-550 and the hydroxyl of the
unmodified silicalite-1 zeolites. The chemical structure of the
modified silicalite-1 zeolites is illustrated in Fig. 1(C).

Preparation of the silicalite-1/PDMS composite membranes.
The silicalite-1/PDMS composite membranes were prepared by
mixing OH-PDMS, n-heptane, TEOS and DBTOL, successively.
The zeolite's optimal dosage of 10% was selected according to
the literature.***> The specific steps were as follows. Firstly, the
OH-PDMS raw material and n-heptane (Wppms : Wp-heptane =
10 : 85) were added to a container and stirred vigorously for
4.0 h to mix it uniformly. Secondly, 3.0 g calcined silicalite-1
zeolite powders (Wppms : Waeolite = 10 : 3) were added to the
suspensions and stirred for another 1.0 h, then sonicated for
0.5 h to disperse the silicalite-1 zeolites in the PDMS solutions.
Then, TEOS (Wppms : Wrros = 10 :1) was added as a cross-
linking agent and mixed for 1.0 h. Lastly, DBTOL (Wppwms-
: Wpgror, = 10:0.2) was added to the mixture and agitated
vigorously for 1.0-3.0 h. After ultrasonic treatment, the solu-
tions become highly viscous without bubbles and were then
immediately cast on the surfaces of the PVDF supports and
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Fig. 1 Chemical structure of the modified silicalite-1 (S-1) zeolites (A),
cross-linked PDMS (B), and products of the reaction between PDMS
and the modified silicalite-1 zeolites (C).
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scraped subsequently to form thin membranes. The prepared
membranes were dried at room temperature for 12.0-24.0 h and
then further crosslinked in a vacuum oven at 80 °C for 6.0 h.
During this crosslinking process, two crosslinking reactions
occurred. One was the ethoxy groups of the modified silicalite-1
zeolites reacting with the hydroxyl of PDMS. The other one was
the ethoxy groups of the crosslinking agent TEOS reacting with
the hydroxyl of PDMS. The final products of these two cross-
linking reactions are presented in Fig. 1(A) and (B), respectively.

2.3 Characterization

The morphology of the silicalite-1 zeolite and the SEM images of
the top view and cross-sectional view of the silicalite-1/PDMS
composite membranes were captured using scanning electron
microscopy (SEM, Hitachi S-4800, Cam Scan) equipped with
a W-tungsten filament operated at 3 kV. The silicalite-1/PDMS
composite membranes were fractured in liquid nitrogen. The
crystalline structures of the silicalite-1 zeolites and silicalite-1/
PDMS composite membranes were examined by X-ray diffrac-
tometry (D/max-II B, Japan) with the scanning range of 5° to 80°
at a scanning rate of 6° min~" and a step size of 0.02° using Cu
Ko radiation (A = 1.541874 A). The BET surface areas and the
nitrogen adsorption-desorption isotherms of the silicalite-1
zeolites were measured at —196 °C using a Micromeritics
ASAP 2020 nitrogen adsorption analyser. The BET surface areas
and the total pore volumes were determined by the Brunauer-
Emmett-Teller (BET) method. The micropore area and volume
were determined using the ¢-plot technique. The FT-IR spectra
of the silicalite-1 zeolite and silicalite-1/PDMS composite
membranes were recorded to study the changes during the
modification and crosslinking on a Nicolet Impact 410 FTIR
spectrometer equipped with a DTGS detector and using the KBr
pellet technique in the range of 400-4000 cm ™.

2.4 Pervaporation experiments

The scheme of the self-designed pervaporation apparatus is
presented in Fig. 2, which includes the feed circulation, heating,
membrane cell, condensation and vacuum system. The effective
area of the membrane module was 19.63 cm®. The permeate
side pressure was adjusted to 1000 Pa by a vacuum pump. The
silicalite-1/PDMS composite membranes with a diameter of
60 mm circle were installed in the membrane cell. The

v

Membrane cell

Cold trap Cold trap

Feed pump

2

Vacuum pump

| Feed |

Temperature control system

Fig. 2 The scheme of the self-designed pervaporation apparatus.
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temperature of the DCB feed solutions was maintained at 60 °C
and the single-isomer or binary-isomer DCB feed solutions were
continuously circulated from a feed tank to the membrane
module using the peristaltic pump. The flow rate of the feed
solutions was maintained at 100 ml min—*. On the permeate
side, the DCB-isomer permeation was trapped in cold traps,
condensed by liquid nitrogen (—196 °C) and analysed using
a GC with an online flame ionization detector (FID). Each run of
the experiment was repeated at least three times using three
identical membranes and fresh feed solutions to guarantee
reproducibility. The final data are the average of the three
experimental readings. The experimental error in most of the
data during the pervaporation of the DCB isomers in our
experiments was about 3%. The separation performances of the
composite membranes are evaluated based on the total flux (J)
and the selective separation factor («). The permeation total flux
(/) and the selective separation factor (e, O a,,,,) in a binary-
isomer system are calculated according to the following
equations:

w
AXxt

J =

JYp-DCB / JYo-DCB
Apfo =
xp-DCB/xo-DCB

yp-DCB/ym-DCB

oim = xp-DCB/ Xm-DCB

where W represents the weight of the collected permeation, A is
the effective area of the membranes and ¢ is the permeation
time; Y,.pce, Yonce and Y,.pcs represent the initial weight
fractions of p-DCB, 0-DCB and m-DCB in the feed, respectively;
Xp-pcBy Xo-pce and X,,.pcp Tepresent the weight fractions of p-
DCB, 0-DCB and m-DCB in the permeating streams,
respectively.

3. Results and discussion
3.1 XRD analysis

Fig. 3 shows the XRD patterns of the unmodified and modified
silicalite-1 zeolites. The two samples present the characteristic
peaks of MFI-type zeolite at 26 values of 8.1°, 8.9°, 13.3°, 13.9°,
14.8°, 15.9°, 17.8°, 20.8°, 23.2°, 24.0°, 25.9°, 29.9°, 45.1° and
45.6°.°® The XRD patterns of the modified silicalite-1 zeolites
maintain high peak intensity, indicating that the surface
modification did not damage the crystal structure and the
modified silicalite-1 zeolites still have a complete crystal struc-
ture and selective separation performance.

The XRD patterns of the PVDF supports, pure PDMS
membranes and silicalite-1/PDMS composite membranes on
the PVDF supports are presented in Fig. 4. The characteristic
peaks of the PVDF supports are detected at 26 from 15° to 30°. A
broad peak at 26 = 10°-15° corresponding to the characteristic
peaks of cross-linked PDMS is presented in Fig. 4, which is
similar to the peak reported in previous literature.> The result
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Fig. 3 XRD patterns of the silicalite-1 zeolites.
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Fig. 4 XRD patterns of the membranes.

illustrates that the pre-polymer OH-PDMS successfully cross-
linked with TEOS. With the addition of the silicalite-1 zeolite,
new peaks in the modified and unmodified silicalite-1/PDMS
composite membrane are found at 8.1°, 8.9°, 23.2°, 24.0°,
29.9°; 45.1° and 45.6°, which all correspond well with those of
the standard silicalite-1 zeolites. Furthermore, the character-
istic peaks of cross-linked PDMS at 26 = 10°-15° and the PVDF
supports at 26 = 17.6° and 26.0° are detected in the modified
and unmodified silicalite-1/PDMS composite membranes.
Notably, there is no obvious difference between the XRD
patterns of the modified and unmodified silicalite-1/PDMS
composite membranes.

3.2 FT-IR analysis

The unmodified silicalite-1 zeolites were calcined in air at
550 °C for 5 h before modification. The FT-IR spectra of the
unmodified and modified silicalite-1 zeolites are presented in
Fig. 5(A) and (B), which demonstrate the occurrence of surface
modification. The peaks at 1230, 1099, 804, 548 and 448 cm ™"
correspond to the asymmetric stretching of Si-O-Si in the
silicalite-1 zeolite framework.”">>** There is no obvious differ-
ence in the low-frequency regions between the unmodified and
modified silicalite-1 zeolites, which proves that the character-
istic vibrational modes of the silicalite-1 zeolite framework

© 2022 The Author(s). Published by the Royal Society of Chemistry
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remain unchanged after surface modification. However, there
are significant changes in the high-frequency regions. The
broad peak near 3420 cm ' is attributed to the hydroxyl
groups.®* The intensity of the hydroxyl groups in the modified
silicalite-1 zeolites decreases distinctly. The change in the broad
peak near 3420 cm ' indicates the reactions between the
-0OC,H; of KH-550 and the —OH of the silicalite-1 zeolites, which
makes the surface of the modified silicalite-1 zeolites more
hydrophobic.®* Moreover, three new weak peaks around 2960,
2936 and 2874 cm ™' are detected in the modified silicalite-1
zeolites, as shown in Fig. 5(B), which indicate the stretching
of -CH, groups and the -CH model in the terminal -CHj;
groups.® The new emerging peaks in the modified silicalite-1
zeolites also indicate the formation of alkyl chains in KH-550
on the surface of the silicalite-1 zeolites. These results further
indicate that the silicalite-1 zeolites are successfully modified by
KH-550.

Fig. 6 shows the FT-IR spectra of the composite membranes
prepared using unmodified and modified silicalite-1 zeolites.
The stretching vibration of the -CH; groups of the PDMS is
observed at 2964 cm '.*® Compared with the spectra of the
silicalite-1 zeolites in Fig. 5(A) and those of the silicalite-1/PDMS
composite membranes in Fig. 6, three new peaks around 1262,
1020 and 801 cm ™' appear in the silicalite-1/PDMS composite
membranes. The peaks at 1262 and 801 cm ™' correspond to the
deform vibration of Si-CH;.* The adsorption peak at 1020 cm ™"
has been proved to be the characteristic peak of Si-O-Si.*® The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 FT-IR spectra of the unmodified and modified silicalite-1/PDMS
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results of the analysis in Fig. 5 and 6 indicate the successful
preparation of the unmodified and modified silicalite-1/PDMS
composite membranes.

3.3 BET analysis

Nitrogen adsorption-desorption isotherms and the pore struc-
ture parameters of the modified and unmodified silicalite-1
zeolites are presented in Fig. 7 and Table 1, respectively. The
nitrogen adsorption-desorption isotherms of the unmodified
and modified silicalite-1 zeolites exhibit Langmuir type-I
isotherms and they all have obvious adsorption in the 0-0.1
relative pressure range, which illustrates that there are a large
number of micropores in the unmodified and modified
silicalite-1 zeolites.®* There is only one peak at a pore diameter
of 2-3 nm in the pore size distribution, which is observed both
in the original and modified silicalite-1 zeolites. The results
show that the unmodified and modified silicalite-1 zeolites are
microporous materials and there are no other mesopores. In the
pore size distribution, it can be found that the pore diameter of
the unmodified silicalite-1 zeolites is slightly larger than that of
the modified silicalite-1 zeolites and the modified silicalite-1
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Table 1 The pore structure parameters of the modified and unmodified silicalite-1 zeolites

Physical adsorption

Micropore area

Total pore volume Micropore volume

Samples (BET) surface area (m”> g™ %) (m>g™) (em® g™ (em® g™
Unmodified silicalite-1 356.11 286.39 0.2088 0.1499
Modified silicalite-1 311.70 228.11 0.1949 0.1179

zeolites have a more uniform pore size distribution. The BET
surface area, micropore area, total pore volume and micropore
volume of the modified silicalite-1 zeolites are 311.70 m* g~ ",
228.11m>g *,0.1949 cm® g, and 0.1179 cm?® g, respectively.
The pore structure parameters of the modified silicalite-1
zeolites shown in Table 1 are all lower than those of the
unmodified silicalite-1 zeolites, which is consistent with the
results in Fig. 7. The reason leading to this phenomenon is that
the inert silica layers of KH-550 are grafted on the surface of the
modified silicalite-1, as shown in Fig. 1(C). Part of the silica
layers deposit on the outer surface and partially block the pores
of the silicalite-1 zeolites, which reduces the effective pore
opening and makes it harder for N, molecules to enter the
silicalite-1 zeolite pores.*

3.4 SEM analysis

The morphology of the silicalite-1 zeolites is presented in Fig. 8.
The silicalite-1 zeolites exhibit a rod-like morphology with
a length of ~1.0 pm and width of ~10 nm. It has been reported
in the literature® that with increasing length-to-width ratio, the
hydrophobicity of silicalite-1 zeolites is enhanced, which
increases the compatibility between the zeolites and the PDMS
matrix. Moreover, silicalite-1 zeolites with smaller particle sizes
have better compatibility with the PDMS matrix. Better
compatibility between the silicalite-1 zeolites and the PDMS
matrix can improve the separation performance of the silicalite-
1/PDMS composite membranes. Thus, silicalite-1 zeolites with
rod-like morphology and small particle size are a good choice to
prepare silicalite-1/PDMS composite membranes.

Fig. 9 shows the surface and cross-sectional morphologies of
the unmodified and modified silicalite-1/PDMS composite

Fig. 8

SEM image of the silicalite-1 zeolite powder.
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Fig.9 The top view (A and C) and cross-sectional view (B and D) SEM
images for the silicalite-1/PDMS composite membranes prepared with
unmodified (A and B) and modified silicalite-1 zeolites (C and D).

membranes. All the unmodified and the modified silicalite-1
zeolite particles disperse into the PDMS matrix. Evidently, the
unmodified and modified silicalite-1/PDMS composite
membranes are all dense and continuous with good homoge-
neity. From the cross-sectional views (Fig. 9B and D), it can be
found that the thickness of the silicalite-1/PDMS composite
membranes is about 12 pm. Moreover, the top layers of all these
membranes combine tightly with the PVDF supports. It is easy
to find that modified silicalite-1 zeolite particles disperse more
uniformly in the PDMS matrix and the unmodified silicalite-1
zeolite particles aggregate noticeably, resulting in some stack-
ing pinholes. The reason for this appearance is the hydrophobic
surface of the silicalite-1 zeolites formed by the modification.*
The hydrophobic surfaces of the silicalite-1 zeolites improve the
interfacial adhesion and compatibility, decreasing the interfa-
cial void between the modified silicalite-1 zeolite particles and
PDMS, which makes the modified silicalite-1 zeolite particles
dispersing evenly in the PDMS matrix. Conceivably, the dense
and continuous silicalite-1/PDMS layers without any obvious
cracks and zeolite aggregation on the modified silicalite-1/
PDMS composite membranes might have excellent pervapor-
ative separation performance of DCB isomers from their
mixtures.

3.5 Pervaporation performance analysis

To our knowledge, cracks, large pores, non-zeolite mesopores,
non-zeolite micropores and zeolite channels are the five types of
pores existing in the active layers of silicalite-1/PDMS composite

© 2022 The Author(s). Published by the Royal Society of Chemistry
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membranes. As an ideal separation material, the zeolite chan-
nels should be the only type of pore existing in the active layers
of the dense and continuous silicalite-1/PDMS composite
membranes. Silicalite-1 zeolites have the pore dimensions 0.53
x 0.56 nm and 0.51 x 0.57 nm, which can let molecules with
smaller sizes pass through and intercept larger molecules.
Therefore, 1,3,5-triisopropylbenzene (TIPB, kinetic diameter:
0.85 nm) was chosen as a pervaporation agent to check the
defects of the silicalite-1/PDMS composite membranes before
the pervaporative separation of DCB isomers.®® The appearance
of TIPB pervaporation fluxes indicates the existence of larger
pores, indicating defects in the silicalite-1/PDMS composite
membranes. In our experiments, all silicalite-1/PDMS
composite membranes showed no flux of TIPB, indicating
that the silicalite-1/PDMS composite membranes are dense
without large pores except for the zeolite channels.

Fig. 10 shows the fluxes of single DCB isomers via perva-
porative separation through the unmodified and modified
silicalite-1/PDMS composite membranes. The flux curves of p-
DCB, 0-DCB and m-DCB all present a rise to a maximum value at
the beginning of the pervaporation and then decrease gradually
to a relatively constant value with the extension of pervapora-
tion. This phenomenon can be explained by the adsorption-
diffusion mechanism during the pervaporation process. The
DCB isomers are adsorbed by the silicalite-1 zeolite first and
then diffuse through the silicalite-1 zeolite pores during per-
vaporation. Part of the molecules of the DCB isomers gather
when diffusing in the silicalite-1 zeolite channels, resulting in
the blocking of the silicalite-1 pores. Compared with the
unmodified silicalite-1/PDMS composite membranes, the
modified silicalite-1/PDMS composite membranes have lower
fluxes of p-DCB, 0-DCB and m-DCB. The decreased pore volume
of the zeolites after modification and the reduced free volume of
the membranes with the incorporation of the modified
silicalite-1 zeolites are responsible for the lower fluxes.>

As the DCB isomers show different affinities with the
silicalite-1 zeolites, there must be competitive adsorption
between the isomers in the mixed system, according to the
adsorption—diffusion mechanism. The pervaporative separation
experiments of binary-isomer systems with equal molar content
through the unmodified and modified silicalite-1/PDMS
composite membranes were carried out to further evaluate the
separation properties of the DCB isomers.

Fig. 11 represents the pervaporation fluxes in the p-/o-DCB
and p-/m-DCB binary-isomer systems. The fluxes of p-DCB in all
the binary-isomer systems present a similar trend to the single-
isomer systems. However, in binary-isomer systems, the fluxes
of 0-DCB and m-DCB increase gradually to a relatively constant
value along with the progress of the pervaporation, which shows
a big difference from the single-isomer system. In a binary-
isomer system, owing to the similar molecular size of p-DCB
to the pore size of the silicalite-1 zeolites and the hydrophobic
outer surfaces of the modified silicalite-1 zeolites, the silicalite-1
zeolite channels present preferential adsorption of p-DCB.
Partial p-DCB molecules may block some zeolite channels
during the pervaporation process. The blocked channels make
the permeation fluxes of the o-DCB and m-DCB molecules

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Pervaporation flux results of the unmodified and modified
silicalite-1/PDMS composite membranes in a single-isomer system: p-
DCB (A), o-DCB (B) and m-DCB (C).

relatively small. This phenomenon clearly suggests the exis-
tence of competitive adsorption between the DCB isomers in
the unmodified and modified silicalite-1/PDMS composite
membranes under the pervaporation conditions of the binary-
isomer systems.

Fig. 12 shows the pervaporative separation results of the
unmodified and modified silicalite-1/PDMS composite
membranes under the binary-isomer systems. The modified
composite membranes have a stronger affinity for p-DCB
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Fig. 11 The pervaporation results from the equimolar binary-isomer
systems through the unmodified and modified silicalite-1/PDMS
composite membranes: p-/0-DCB (A), p-/m-DCB (B).

because of their hydrophobic surface. Second, the pore size and
volume of the silicalite-1/PDMS composite membranes have
relatively higher separation factors towards p/o-DCB and p/m-
DCB. This can be ascribed to three reasons. First, the modified
silicalite-1/PDMS composite membranes have a stronger affinity
for p-DCB because of the hydrophobic surface. Second, the pore
size and volume of the modified silicalite-1 zeolites decrease, as
shown in Fig. 7 and Table 1. Owing to the smaller pore size,
fewer 0-DCB or m-DCB molecules can diffuse through the
zeolite channels. Third, there are fewer pinholes formed by the
accumulation of particles in the modified silicalite-1/PDMS
composite membranes.

The total permeation fluxes of the DCB isomers through the
unmodified and modified silicalite-1/PDMS composite
membranes in both the single-isomer and binary-isomer
systems are shown in Table 2. The values of the final perme-
ation fluxes of the DCB isomers are the average of several data
as the fluxes reach stability. The experimental error of most of
the data during the pervaporation process of the DCB isomers
in our experiments is about 3%. In the single-isomer systems,
the final permeation fluxes of p-DCB, 0-DCB and m-DCB
through the wunmodified silicalite-1/PDMS composite
membranes are 186.6, 48.6 and 30.2 ¢ m~> h™', respectively.
The final permeation fluxes of p-DCB, 0-DCB and m-DCB
through the modified silicalite-1/PDMS composite membranes
are 157.3, 36.0 and 21.1 ¢ m 2 h™ !, respectively. The fluxes
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Fig. 12 The separation factor results of the equimolar binary-isomer
systems through the unmodified and modified silicalite-1/PDMS
composite membranes: p-/o-DCB (A), p-/m-DCB (B).

through the unmodified and modified silicalite-1/PDMS
composite membranes are all in the order of p-DCB > 0-DCB >
m-DCB, which can also be noted in Fig. 10. As reported in the
literature, p-DCB can be absorbed and diffused through the
zeolite channels easily because of its similar size to the silicalite-
1 zeolite pore channels.' 0-DCB can squeeze into the silicalite-1
zeolite pores and permeate through the pores, although its
molecular size is larger than the pore size of the silicalite-1
zeolites. This phenomenon can be explicated by two reasons.
One is the distortion of neighbouring chloro-groups in the o-

Table 2 Fluxes of the DCB isomers through the unmodified and
modified silicalite-1/PDMS composite membranes

Total flux (g m >h™ ")

DCB isomer system Unmodified Modified
Single p-DCB 186.6 157.3
0-DCB 48.6 36.0
m-DCB 30.2 21.1
p-/o-DCB p-DCB 129.5 116.7
0-DCB 44.1 33.06
p-/m-DCB p-DCB 105.5 93.5
m-DCB 22.15 16.62

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Separation factors of the DCB isomers through the unmod-
ified and modified silicalite-1/PDMS composite membranes

« (p-/o-DCB) a (p-/m-DCB)
Silicalite-1/PDMS
composite membrane Ideal” Binary Ideal® Binary
Unmodified 3.84 2.93 6.19 4.76
Modified 4.37 3.53 7.46 5.63

“ Ideal factors are calculated from the fluxes of DCB isomers in a single-
isomer system.

DCB isomers. The other one is the distorted expansion of the
silicalite-1 zeolites when contacting aromatic molecules. m-DCB
(molecular size: 0.68 nm) cannot enter the silicate-1 zeolite
pores theoretically due to size exclusion, but there are still very
few fluxes of m-DCB because of the pinholes formed by the
accumulation of particles. Moreover, the fluxes of the DCB
isomers through the modified silicalite-1/PDMS composite
membranes are lower than those through the unmodified
silicalite-1/PDMS composite membranes because of the smaller
pore size of the zeolites and the fewer stacking pinholes after
surface modification. The same phenomenon happens in the
binary-isomer system; however, the fluxes of the DCB isomers
are all lower than those in the single-isomer systems because of
the competitive adsorption between the isomers. The total
fluxes through the modified silicalite-1/PDMS composite
membranes in the p/o-DCB and p/m-DCB systems are 149.76
and 110.12 g m~ 2 h™", respectively.

Table 3 shows the separation factors of the DCB isomers
through the unmodified and modified silicalite-1/PDMS
composite membranes, which are calculated from the total
pervaporation flux results in Table 2. The ideal separation
factors are calculated from the fluxes of the DCB isomers in the
single-isomer systems. The ideal separation factors of p-/o-DCB
and p-/m-DCB through the modified silicalite-1/PDMS
composite membranes are 4.37 and 7.46, respectively. In the
binary system, the separation factors of p-/o-DCB and p-/m-DCB
through the modified silicalite-1/PDMS composite membranes
are 3.53 and 5.63, respectively.

Generally, the modified silicalite-1/PDMS composite
membranes present a higher separation factor of DCB isomers
and show competitive application in this field.

4. Conclusions

In this study, NH;-C3H¢-Si(OC,H;); has been used to modify
pristine silicalite-1 zeolites. The results clearly show that the
modified silicalite-1 zeolite particles have more hydrophobic
surface properties and smaller pore sizes. The silicalite-1/PDMS
zeolite composite membranes have been prepared on porous
PVDF supports. All the membranes have a similar thickness.
The thicknesses of the unmodified and modified silicalite-1/
PDMS composites are about 12 pm. The modified silicalite-1/
PDMS composite membranes present a more homogeneous
morphology and lower accumulation of zeolite particles
because of the more hydrophobic surface. From the results of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pervaporation, the permeation fluxes of the DCB isomers
through the silicalite-1/PDMS composite membranes all
decrease in the order of p-DCB > 0-DCB > m-DCB in both the
single-isomer and binary-isomer systems. Compared with the
unmodified silicalite-1/PDMS composite membranes, the
modified silicalite-1/PDMS composite membranes present
better selective performance for the DCB isomers. The separa-
tion factors of the modified silicalite-1/PDMS composite
membranes for p-/o-DCB and p-/m-DCB are 3.53 and 5.63,
respectively. The total permeation flux of the modified silicalite-
1/PDMS composite membranes in the p-/o-DCB binary system is
149.76 ¢ m 2> h™' and in the p-/m-DCB binary system, it is
110.12 ¢ m~?> h™% It has been confirmed that the surface
modification of zeolites is a very utilitarian way to improve the
performance of silicalite-1/PDMS composite membranes during
pervaporative separation. The modified silicalite-1/PDMS
composite membranes provide a new strategy for the separa-
tion of DCB isomers with low energy consumption and high
efficiency. There is a lot of work left in the future to enhance the
separation factor.
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