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ABSTRACT: To improve the pervaporation performance of Silicalite-1/PDMS composite membrane by adding a small amount of

Silicalite-1 zeolite, novel Silicalite-1/PDMS surface sieving membranes (SSMs) were prepared by attaching Silicalite-1 particles on the

PDMS membrane surface. The obtained membranes and traditional mixed-matrix membranes (MMMs) were characterized by SEM,

XRD, TGA, FT-IR, and pervaporation separation of ethanol–water mixture. Effects of Silicalite-1 particles content, feed temperatures,

and feed compositions on the separation performance were discussed. From the cross-section view SEM images of SSMs, a two-layer

structure was observed. The thickness of the Silicalite-1 layer was about 300 nm to 2 lm. The TGA analysis indicates that the zeolite

concentration in 3 wt % SSM is lower than 10 wt % MMMs. In the ethanol/water pervaporation experiment, the separation factor of

Silicalite-1/PDMS SSMs increased considerably compared with pure PDMS membrane. When the suspensions concentrations of

Silicalite-1 particles reached 3 wt %, the separation factor was about 217% increase over pure PDMS membrane and 52.9% increase

over 10 wt % Silicalite-1/PDMS MMMs. As the ethanol concentration in the feed increases, the separation factor of SSMs

increases, whereas permeation flux decreases. At the same time, with increasing operating temperature, the permeation flux of SSMs

increased. The stability of SSMs at high temperature is better than the traditional MMMs. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2015, 132, 42460.
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INTRODUCTION

Pervaporation is a membrane process to separate liquid mix-

tures. A heated liquid mixture is fed to the membrane surface

and the permeate vapor is removed from the back of the mem-

brane and collected under low temperature. Unlike distillation

process, which takes advantage of the relative volatility of the

feed components, the pervaporation is based on the difference

in sorption and diffusion properties of the feed components

and permselectivity of the membrane.1–3 Compared with tradi-

tional distillation technology, pervaporation is energy efficient.

During pervaporation, only the permeate was vaporized, which

leads to substantial energy saving. The process has already been

applied to solvent dehydration, separation of dissolved organics

from water, and separation of organic mixtures.4–9

Hydrophobic silicone rubber is considered as a potential mate-

rial for the separation of volatile organic compounds (VOCs)

from water. Polydimethylsiloxane (PDMS) has already been

used for pervaporation of organics/inorganics mixture.10–17

Jadav et al.10 prepared high flux PDMS membranes for separa-

tion of organics from water by pervaporation. The influence of

film thickness on the structure and properties of PDMS mem-

brane was studied. Thinner membrane had a relatively loose

structure, which resulted into low selectivity and high flux.

Zhan et al.11 prepared multilayer PDMS/PVDF composite mem-

branes with an alternative PDMS/PVDF/nonwoven–fiber/PVDF/

PDMS configuration. The composite membrane gave separation

factor of 15 and permeation rate of 0.45 kg.m22.h21 for 5 wt %

ethanol feed at 608C. Liu et al.18 developed c-PDMS/BPPO

composite membrane supported by ceramic tube for pervapora-

tion separation of butanol from water. When the bromide-

substituted ratio was 34 wt %, the composite membrane exhib-

ited a separation factor of 35 and a flux of 0.22 kg.m22.h21 for

5 wt % butanol–water mixture at 408C, and the downstream
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pressure was 0.1 kPa. Niemist€o et al.19 studied the performance

of PDMS membrane with a support layer of polyacrylonitrile

(PAN) for the removal of acetone, butanol, and ethanol from

dilute aqueous model solutions. Results indicated that the tested

membrane has potential to be used in the acetone–butanol–

ethanol fermentation process.

In addition to polymer membranes, there has been an increas-

ing interest in mixed matrix membrane. Mixed-matrix mem-

branes (MMMs), first reported by UOP,20,21 may surpass the

trade-off limit of permeability verse selectivity, by combining

the easy processability and low cost of polymer materials with

the excellent separation properties of inorganic molecular sieves.

Nanoporous molecular sieving materials (like carbon molecular

sieves, zeolites, metal-organic frameworks) are common addi-

tives for mixed-matrix membranes.22–24 At choice of nanopo-

rous molecular sieving materials, studies have been focused of

choosing different nanomaterials or zeolite with special feature

to prepare the PDMS MMMs to enhance the performance of

the membranes.25–27 Hydrophobic Silicalite-1 zeolite was added

into polymer membranes for pervaporation separation of etha-

nol–water mixture.28–33 Yi et al.29 improved the affinity between

Silicalite-1 and PDMS by modifying the Silicalite-1 particles

with vinyltriethoxysilane (VTES). The thermal stability of Silica-

lite-1/PDMS hybrid membrane has been improved. Compared

with the unmodified MMMs, the VTES modified Silicalite-1/

PDMS MMMs effectively improved the pervaporation selectivity

at different Silicalite-1 loading. Despite tremendous research

effort, the traditional MMMs still have many issues to be

solved, like poor interfacial contact, marginal improvement in

performance, and poor mechanical properties. To realize reason-

able performance increase, the zeolite loading usually need to be

at least 30 wt %, which leads to poor mechanical stability.

Recently, Zheng et al.34 proposed a novel surface sieving mem-

brane by attaching zeolite crystals onto polymer membrane sur-

face. The obtained hybrid membranes exhibited 300% increase

in separation factor for methanol–dimethyl carbonate separation

without sacrificing mechanical properties.

The goal of this work was to investigate the possibility of

obtaining novel membranes, surface sieving membranes (SSMs),

with high permeation flux and selectivity. In this work, PDMS

and Silicalite-1 zeolite were used to prepare PDMS pure mem-

brane, Silicalite-1/PDMS MMMs and Silicalite-1/PDMS SSMs.

The membranes performances in terms of permeation flux and

ethanol–water separation factor were evaluated by a custom-

made pervaporation system and the membranes structures and

chemical alterations were characterized by scanning electron

microscope (SEM), X-ray diffraction (XRD), thermogravimetric

analysis (TGA), and Fourier-transform infrared spectroscopy

(FT-IR). Different pervaporation and test conditions on mem-

branes performance were investigated.

EXPERIMENTAL

Materials

Polydimethylsiloxane (PDMS) (Liquid silicone rubber C6-530,

part A & B) was purchased from Dow Corning Corporation,

China. Tetraethyl orthosilicate (TEOS) was obtained from Alad-

din Chemistry Co. Tetrapropylammonium hydroxide (TPAOH,

25 wt %) was supplied by Shanghai Nuotai Chemical Co. Anhy-

drous ethanol and n-hexane were purchased from Shanghai

Richjoint Chemical Reagents Co. All the chemicals were used

without further purification.

Zeolite Preparation

The Silicalite-1 zeolite crystals were prepared by a two-step

microwave-assisted hydrothermal synthesis according to the lit-

erature.35 The gel molar ratio was 1.0SiO2 : 0.4TPAOH :

19.5H2O : 4.0C2H5OH. The mixture was stirred for 24 h at

258C and transferred into a Teflon-lined stainless steel autoclave

for the microwave-assisted hydrothermal treatment. The synthe-

sis parameters were as follows: 808C for 90 min and at 1808C

for 60 min. After cooling down the autoclave, the Silicalite-1

zeolite crystals were centrifuged and washed thoroughly. The

obtained zeolite product was calcined at 6008C for 8 h in air for

template removal.

Membrane Preparation

Preparation of Pure PDMS Membrane. The pure PDMS mem-

brane was prepared by solution casting method. The casting

solution was prepared by dissolving liquid silicone rubber C6–

530 part A and part B (1 : 1 ratio) in a given amount of n-hep-

tane under stirring at room temperature for about 4 h. After

degassing under vacuum, membrane was cast onto a nonporous

polytetrafluoroethylene (PTFE) substrate using a stainless steel

knife. The solution was heated at 508C for 5 h to remove the

solvent and then cured in a vacuum oven at 808C for another

5 h. After peeling off the membrane from the PTFE substrate, a

free-standing PDMS membrane was obtained.

Preparation of Silicalite-1/PDMS Mixed Matrix Membranes.

The calcined Silicalite-1 particles were dried at 2008C for 24 h

in a vacuum oven. First, a desired amount of Silicalite-1 par-

ticles were mixed with a given amount of n-heptane under

ultrasonic dispersion at room temperature for 0.5 h. Then, a

small amount of diluted PDMS solution (5 wt %) was added

and stirred for 1 h until the Silicalite-1 particles were coated by

PDMS. Last, the rest of PDMS solution (50 wt %) was added

(to reach desired Silicalite-1/PDMS ratio) and stirred for 3 h.

The rest operation steps were the same as the preparation of

pure PDMS membrane. After peeling off the membrane from

the PTFE substrate, Silicalite-1/PDMS MMMs were obtained.

Preparation of Silicalite-1/PDMS Surface Sieving Membranes.

The calcined Silicalite-1 particles were dispersed in anhydrous

ethanol to make 0.4–3.0 wt % suspensions. Extensive sonication

was used to disperse the Silicalite-1 particles. Silicalite-1 par-

ticles were deposited onto a nonporous PTFE substrate by dip

coating method. The clean PTFE film was soaked in the zeolite

suspension for 30 s, and then withdrew by a dip coater at a 200

lm/s rate. The dip-coated PTFE was dried at room temperature

for 1 h. Then, PDMS membrane was cast on the PTFE substrate

pre-coated with Silicalite-1 crystals. After peeling off the mem-

brane from the PTFE substrate, Silicalite-1/PDMS SSMs were

obtained.

Characterization

The surface and cross-section of MMMs and SSMs were exam-

ined by a scanning electron microscope (Hitachi S4800). The
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membrane cross-section samples were prepared by freeze-

fracture method. All the samples were coated with gold before

observation.

X-ray diffraction (XRD) patterns of the Silicalite-1 particles,

MMMs, and SSMs were obtained with a Rigaku Ultima IV X-ray

diffractometer (tube voltage: 40 kV and tube current: 40 mA).

Thermal degradation measurements of the MMMs and SSMs

were performed using a thermogravimetric analyzer (TGA)

(NETZSCH, STA 449F3). All samples were tested from room

temperature to 10008C with a heating rate of 108C/min in a

nitrogen flow of 50 mL/min.

Infrared spectra were collected with a Fourier-transform infrared

spectrometer (Thermo Scientific, Nicolet 6700).

Pervaporation Measurements

The separation performance of the MMMs and SSMs were

obtained by a custom-made pervaporation system, as shown in

Figure 1. All experiments were performed for at least three times.

All the membranes were 40 mm in diameter. During the experi-

ments, the feed side pressure was maintained at atmospheric

pressure and the downstream pressure was kept below 200 Pa all

the time. The ethanol concentration in the binary feed solution

was 5 wt % and the feed temperature was kept at 508C.

Before collecting sample, the system was allowed to equilibrate for

3 h to reach a steady state. The permeate sample was collected in a

liquid nitrogen cold trap for 3–6 h (depending on the membrane

flux). The weight of the collected samples were weighed by a bal-

ance and the ethanol concentrations of the feed solution and the

permeate were analyzed by a gas chromatograph (GC).

The fluxes were normalized to a membrane thickness of 100 lm

assuming an inverse proportionality between the total flux and

the membrane thickness. The total flux is defined as follows:

Flux’5 L=100ð Þ •Flux5 L=100ð Þ •W= A•tð Þ (1)

Where W is the weight of the permeate samples collected during

the experiment, A is the effective membrane area (12.6 cm2 for

all membranes), t is the permeation time for sample collection,

and L is the membrane thickness. Moreover, the total mem-

brane thickness was about 85 6 10 lm, as determined by SEM.

The separation factor (a) in this work was calculated using the

following equation:

a5
YEtOH=YH2O

XEtOH=XH2O

(2)

Where Y and X are the weight ratio of ethanol and water in the

permeate and the feed, respectively.

RESULTS AND DISCUSSION

Characterization of Silicalite-1 Particles

Figure 2 shows the X-ray diffraction pattern of Silicalite-1 par-

ticles. It can be seen from Figure 2 that the first two intense

peaks at about 2h 5 7.948 and 8.908 corresponding to [0 1 1]

and [2 0 0] planes, and another intense diffraction peak at

2h 5 23.128 corresponding to [0 5 1] planes, which were the

Figure 1. Schematic diagram of pervaporation apparatus.

Figure 2. XRD patterns of Silicalite-1 (vertical line: standard pattern from

IZA website). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. SEM images of Silicalite-1 particles.
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characteristic peaks of MFI type structure.29 Figure 3 shows the

SEM image of Silicalite-1 particles used in this study. As shown

in Figure 3, the Silicalite-1 crystals exhibited hexagonal prism

morphology, which is typical for MFI zeolite. The crystals have

uniform size distribution with diameter �200 nm and height of

100 nm.

Characterization of Membranes

SEM was used to characterize the distribution of zeolite par-

ticles in the MMMs and SSMs. Figure 4 shows the cross-section

morphologies of MMMs with different Silicalite-1 particles

loadings. The pure PDMS membrane exhibited clean and

smooth cross-section, as shown in Figure 4(a), which is typical

for pure polymer membrane. From the cross-sectional SEM

image of the MMMs, the Silicalite-1 particles were dispersed

uniformly in the PDMS matrix and no particles aggregation was

observed. As shown in the close-up SEM image [Figure 4(f)],

no visible voids were observed at the polymer–zeolite interface.

This indicated that good interfacial contact was realized, which

is important for MMM. The presence of interfacial voids may

lead to the hydrophobic polymer chains from PDMS have good

compatibility with hydrophobic Silicalite-1 crystals and the

Figure 4. Cross-section view SEM images of PDMS and Silicalite-1/PDMS membranes with different Silicalite-1 loading, (a) 0 wt %, (b) 5 wt %, (c) 10

wt %, (d) 20 wt %, (e) 30wt %, and (f) 40 wt %.
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flexible polymer chain packing of rubbery PDMS also contrib-

utes. With the increase of Silicalite-1 particles loading, more

Silicalite-1 particles can be observed from the cross-section

images. Even at 40% loading, no Silicalite-1 particles aggrega-

tion was observed, which indicated good dispersion. The similar

phenomenon was observed by other scholars.26,36–39

Figure 5 shows the top view SEM images of PTFE substrates

dip-coated in Silicalite-1 particles suspensions with different

concentrations. From the top view SEM images of PTFE sub-

strates, the rectangular Silicalite-1 particles can be seen on the

substrate surface and the particles coverage increases as concen-

tration of Silicalite-1 particles suspensions increases. When the

concentration of Silicalite-1 dip-coating suspension reached 3

wt %, full coverage is obtained. From Figure 5(d), it can be

seen that there are more than one layer of crystals on the sub-

strate. However, the thickness of zeolite layer was not checked

by SEM, because the SEM sample preparation is difficult. As

shown in the close-up SEM image in Figure 5(d), these

Silicalite-1 crystals were randomly orientated and the crystals

packing were not tight. We hope we can get the single layer and

closely arranged crystals as described in the literature in the

follow-up studies.40–42

Figure 6 shows the cross-sectional SEM images of SSMs pre-

pared with different concentrations of Silicalite-1 particles

suspensions. Apparently, a two-layer structure was observed,

one layer of clean polymer and one layer of mixed matrix mem-

brane. In the mixed matrix membrane layer, multiple layers of

Silicalite-1 particles were observed. The thickness of the

Silicalite-1 layer increased from �300 nm to 2 lm as the zeolite

concentration in the dip-coating suspensions increased from 0.4

to 3 wt %. The adhesion between the polymer phase and

Silicalite-1 particles was good because no voids and cracks were

present. Compared with traditional MMMs, SSMs has high

loading of Silicalite-1 particles. Based on Figure 6, it seems that

the zeolite crystals coverage is complete even when the concen-

tration of dip-coating suspension is lower than 3 wt %, which

is different with Figure 5 (incomplete coverage when zeolite

concentration is <3 wt %). This might be the result of poor

adhesion between zeolite crystals and Teflon substrate, which

makes sample preparation difficult (long travel between lab and

SEM facility).

Figure 7 shows the XRD patterns of Silicalite-1/PDMS MMMs

prepared with different Silicalite-1 loadings. As illustrated in

Figure 7, the pure Silicalite-1 crystal exhibits characteristic peaks

at about 7.948 and 8.908. For the MMMs, the increase of

Silicalite-1 content leads to the increase in the peak intensities

at about 7.948, 8.908, and 23.128 in comparison with the pure

PDMS membrane.37 Figure 8 shows the XRD patterns of

Figure 5. Top view SEM images of PTFE substrates dip-coated in Silicalite-1 particles suspensions with different concentrations, (a) 0.4 wt %, (b) 1.0 wt

%, (c) 2.0 wt %, and (d) 3.0 wt %.
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Silicalite-1/PDMS SSMs prepared with Silicalite-1 particles sus-

pensions with various concentrations. With the increase of

Silicalite-1 concentrations, the intensity of Silicalite-1 peaks

increase accordingly.

Figure 9 shows the thermal stability of pure PDMS membrane

and Silicalite-1/PDMS MMMs prepared with different Silicalite-

1 loadings. It can be seen from Figure 9 that the addition of

Silicalite-1 particles improves the thermal stability of PDMS

Figure 6. Cross-section morphologies of SSMs with different Silicalite-1 particles suspensions concentrations, (a) 0.4 wt %, (b) 1.0 wt %, (c) 2.0 wt %,

and (d) 3.0 wt %.

Figure 7. XRD patterns of Silicalite-1/PDMS MMMs prepared with differ-

ent Silicalite-1 loadings. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 8. XRD patterns of Silicalite-1/PDMS SSMs prepared with

Silicalite-1 particles suspensions with different concentrations. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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MMMs. The initial decomposition temperature43 increased

from 4408C for the pure PDMS membrane to 4768C for the

40% MMMs. The thermal stability of the MMMs increased

with the Silicalite-1 loadings. The possible explanation was the

presence of Silicalite-1 particles probably helps increase the

adsorption of thermal energy and thus protected PDMS from

thermal attack.44,45 Figure 10 shows the thermal stability of

pure PDMS membrane and Silicalite-1/PDMS SSMs prepared

with different Silicalite-1 particles suspensions concentrations.

Compared with the MMMs, the thermal stability of SSMs is

lower. This is mainly because the concentrations of Silicalite-1

particles in MMMs are higher than those in SSMs. Combined

with Figure 9 and Figure 10, the residue weight of 3 wt %

SSMs is 70.22%. The residue weight of 3 wt % SSMs is between

5 and 10 wt % MMMs. This indicates that the zeolite concen-

tration in 3 wt % SSM is lower than 10 wt % MMMs. However,

SSM also has a pure PDMS layer, which suggests that zeolite

concentration in the separation layer is much higher than the

10 wt % MMM. But the total Silicalite-1 particles content of 3

wt % Silicalite-1/PDMS SSMs is not high, similar to 10 wt %

MMM.

Figures 11 and 12 show the FT-IR spectra of pure PDMS mem-

brane, MMMs, and SSMs. As exhibited in Figure 11, the

adsorption peaks at 3440 and 1110 cm21 correspond to stretch-

ing and asymmetric stretching vibrations of Si-OH on the

Silicalite-1 particles surface, respectively. The peaks at 803 and

467 cm21 represent the asymmetric stretching and bending

vibration of siloxane groups (Si-O-Si), respectively. A weak

band at 2960 cm21 is ascribed to symmetric vibration of the

hydrophobic C–H groups in the FT-IR spectrum of PDMS

membrane.12 As shown in Figures 11 and 12, all MMMs and

SSMs have similar IR spectra between 400 and 4000 cm21.

Compare the spectrums of pure PDMS membrane with that of

the MMMs and SSMs, no new absorption peak could be

Figure 9. TGA of Silicalite-1/PDMS MMMs prepared with different

Silicalite-1 loadings (a) 0 wt %, (b) 5 wt %, (c) 10 wt %, (d) 20 wt %,

(e) 30 wt %, and (f) 40 wt %. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 10. TGA of Silicalite-1/PDMS SSMs prepared with different

Silicalite-1 particles suspensions concentrations (a) 0 wt %, (b) 0.4 wt %,

(c) 1.0 wt %, (d) 2.0 wt %, and (e) 3.0 wt %. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. FT-IR of Silicalite-1/PDMS MMMs prepared with different

Silicalite-1 loadings. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 12. Silicalite-1/PDMS SSMs prepared with different Silicalite-1 par-

ticles suspensions concentrations. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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observed, which demonstrates that Silicalite-1 particles is only

physically dispersed in the MMMs and SSMs.

Pervaporation Performance of MMMs and SSMs

Effect of Silicalite-1 Particles Content. The effect of Silicalite-1

loadings on the performance of Silicalite-1/PDMS MMMs for

pervaporation separation of ethanol–water mixtures is shown in

Figure 13. In all pervaporation separation experiments, a 5.0 wt

% ethanol solution (in water) was used as feed. The fluxes were

normalized to thickness of 100 lm. Pure PDMS membrane had

separation factor of 4.8 and flux of 0.091 kg.m22.h21. As shown

in Figure 13, the permeation flux of the membrane as a func-

tion of the Silicalite-1 loadings is found to reach a minimum at

10 wt %, whereas the separation factor increases as Silicalite-1

loadings increases. With the continued increase of the Silicalite-

1 loadings, there is little change in permeation flux. The

increase of ethanol–water separation factor can be attributed to

the presence of hydrophobic Silicalite-1 crystals, which enhances

the preferential adsorption of hydrophobic ethanol over the

hydrophilic water. With the increase of Silicalite-1 particles con-

tent from 0 to 40 wt %, the separation factor increased from

4.8 to 17.9. These can be explained by the enhanced physical

cross-linking and the restricted plasticization as more Silicalite-1

particles are introduced.27,29 Silicalite-1 particles can yield more

polymer–particle interfacial area, which could effectively restrict

the membrane swelling and plasticization and improve the

membrane separation performance.36

Figure 14 shows the performance of SSMs with different

Silicalite-1 particles suspensions concentrations. As the Silicalite-1

particles suspensions concentrations increased, the separation fac-

tor increased. This trend is similar to MMMs. When the suspen-

sions concentrations of Silicalite-1 particles reached 3 wt %, the

separation factor was 10.4, which was �217% increase over pure

PDMS membrane. This is the result of more selective permeation

through Silicalite-1 particles crystals.

Comparing Figures 13 and 14, we found that the separation fac-

tor of 10 wt % Silicalite-1/PDMS MMMs and 3 wt % Silicalite-

1/PDMS SSMs are 6.8 and 10.4, respectively. The total Silicalite-

1 particles content of 10 wt % Silicalite-1/PDMS MMMs is

more than that of 3 wt % Silicalite-1/PDMS SSMs; however, the

separation factor is only 65% of SSMs.

Effect of Feed Temperature. Temperature is a critical operation

parameter that affects pervaporation performance substantially.

Figure 15 shows the effect of feed temperature on pervaporation

performance of the pure membrane, MMMs and SSMs with 5

wt % ethanol/water as feed. Generally, with the increase of

operating temperature, total flux increases and separation factor

decreases. But in this work, MMMs and SSMs appear that as

the feed temperature increases, the total flux increase and the

separation factor increased to a maximum and then decreased

at 508C. The reason is that Silicalite-1 particles in the mem-

branes made membrane structure changed which makes the

absorption and diffusion of ethanol molecules easier than that

of the water molecules. But when temperature increased from

50 to 808C, the slight increase of ethanol solubility selectivity

and the sharp decrease of ethanol diffusion selectivity caused

the decrease of the separation factor.12 When the temperature

increased to 508C, the separation factor of 40 wt % MMMs and

2 wt % SSMs are 17.9 and 9.4, respectively. From 50 to 808C,

the separation factor of SSM decreased slightly �18% and

MMM exhibited �69% drop. When the operating temperature

Figure 13. Performance of Silicalite-1/PDMS MMMs for pervaporation

separation of ethanol–water mixtures with different Silicalite-1 loadings.

Figure 14. Performance of Silicalite-1/PDMS SSMs for pervaporation sep-

aration of ethanol–water mixtures with different Silicalite-1 particles sus-

pensions concentrations.

Figure 15. Effect of feed temperature on pervaporation performance of

the pure membrane, MMMs, and SSMs at the ethanol concentration of 5

wt %.
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increases, both the vapor pressure difference (activity or driving

force) across the membrane and the free volume of MMMs and

SSMs increase.46 Both are positive for diffusion because that

makes the polymer chains more flexible. From Figure 16, we can

also see that when the temperature increased from 40 to 808C,

the selectivity of SSMs decrease a similar proportion compared

with the PDMS membrane. However, the separation factor of 2

wt % SSMs is higher than that of 40 wt % MMMs at 808C. As

the increase of temperatures, the adhesion between Silicalite-1

particles and PDMS could fall. Therefore, the selective of MMMs

decreased obviously. The increase of temperature leads to an

increase in the driving force although the vapor pressure at the

permeate side is unaffected. Therefore, the increasing diffusion of

both permeating molecules gives a higher flux, whereas the selec-

tivity decreased.36 Because the SSM has a thick layer of PDMS,

the thermal stability of SSM is similar to PDMS membrane.

Effect of Feed Composition. Feed composition has an impor-

tant effect on the solubility and diffusion coefficient of preferen-

tially sorbed component in the membrane.47 The effect of

ethanol feed content on separation factors and total fluxes of

MMMs and SSMs at 508C are depicted in Figure 16. It can be

seen that separation factor decreases and permeation flux

increases with increasing ethanol concentration. In a binary feed

mixture, if the polarity difference between the membrane

material and the target component is lower than the other com-

ponent, the membrane will be more swelled by target component

and shows preferential selectivity to the target component, to

some extent. The polarity of ethanol was more similar to that of

cross-linked PDMS than water. By increasing the ethanol concen-

tration, ethanol in the feed phase had more sorption interaction

with PDMS membrane phase and the sorption of the ethanol

made the PDMS layer more swollen. Thus, segments of the

PDMS polymer had more freedom of volume and mobility. By

increasing the polymer chain mobility, thermal motion of these

segments enhanced the diffusion rate of both permeating compo-

nents.48 Therefore, the total permeation fluxes increased as the

ethanol concentration increased.

Resistance Model for Gas Transport in SSMs. The ethanol and

water flow though the SSMs as described in Figure 17 can also

be analyzed using the resistance model. It is assumed that the

ethanol and water flow is strictly vertical to the surface of the

membrane. No mixing is assumed between these two path-

ways.49 The overall resistance for ethanol is:

REtOH5
½ðR2ÞEtOH1ðR2Þ0EtOH�3½ðR1ÞEtOH1ðR1Þ0EtOH�
½ðR2ÞEtOH1 R2Þ0EtOHð �1½ðR1ÞEtOH1ðR1Þ0EtOH�

(3)

For water:

RH2O5
½ðR2ÞH2O1ðR2Þ0H2O�3½ðR1ÞH2O1ðR1Þ0H2O�
½ðR2ÞH2O1 R2Þ0H2Oð �1½ðR1ÞH2O1ðR1Þ0H2O�

(4)

In the formula (3) and (4),

½ðR2ÞEtOH1ðR2Þ0EtOH�5
rl

mðJSilicalite21ÞEtOH

1
rL

mðJPDMSÞEtOH

(5)

½ðR1ÞEtOH1ðR1Þ0EtOH�5
rðl1LÞ

ð12mÞðJPDMSÞEtOH

(6)

½ðR2ÞH2O1ðR2Þ0H2O�5
rlðaSilicalite21ÞEtOH=H2O

mðJSilicalite21ÞEtOH

1
rLðaPDMSÞEtOH=H2O

mðJPDMSÞEtOH

(7)

½ðR1ÞH2O1ðR1Þ0H2O�5
rðl1LÞðaPDMSÞEtOH=H2O

ð12mÞðJPDMSÞEtOH

(8)

where r is the resistance of Silicalite-1 membrane (1 m 3 1 m

3 1 lm), m is the coverage of Silicalite-1 particles in SSMs, J is

the flux, and a is the separation factor.

Figure 16. Effect of ethanol concentration on pervaporation performance

of MMMs and SSMs.

Figure 17. The resistance model of SSMs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The separation factor of SSMs is:

ðaSSMsÞEtOH
H2 O

5
RH2O

REtOH

5

ð
lðaSilicalite21ÞEtOH=H2O

mðJSilicalite21ÞEtOH
1

LðaPDMSÞEtOH=H2O

mðJPDMSÞEtOH

h i
3

ðl1LÞðaPDMSÞEtOH=H2 O

ð12mÞðJPDMS ÞEtOH

h i

lðaSilicalite21ÞEtOH=H2O

mðJSilicalite21 ÞEtOH
1

LðaPDMS ÞEtOH=H2O

mðJPDMSÞEtOH

h i
1

ðl1LÞðaPDMSÞEtOH=H2O

ð12mÞðJPDMSÞEtOH

h i

ð l
mðJSilicalite21ÞEtOH

1 L
mðJPDMS ÞEtOH

h i
3

ðl1LÞ
ð12mÞðJPDMSÞEtOH

h i

l
mðJSilicalite21 ÞEtOH

1 L
mðJPDMS ÞEtOH

h i
1

ðl1LÞ
ð12mÞðJPDMS ÞEtOH

h i
(9)

From the above comparison, it is obvious that m and l/L has

big impact on the separation factor of SSMs. The increase of

the m and l/L may improve the separation factor of SSMs.

CONCLUSIONS

Surface sieving membranes (SSMs) were successfully prepared

by using Silicalite-1 particles and PDMS. SEM graphs showed

that the adhesion of SSMs between the polymer phase and

Silicalite-1 particles was good because no voids and cracks were

present. The membranes containing Silicalite-1 showed high

selectivity. In the case of the same Silicalite-1 particles content,

the selectivity of SSMs is higher than that of MMMs. Ten per-

centage of Silicalite-1/PDMS MMMs contain more Silicalite-1

particles than 3% Silicalite-1/PDMS SSMs, but the separation

factor is lower than that of SSMs. The separation factor of 10%

Silicalite-1/PDMS MMMs and 3% Silicalite-1/PDMS SSMs are

6.8 and 10.4, respectively. When the temperature increased from

40 to 808C, the selectivity of 2 wt % SSMs changed slightly but

the selectivity of 40 wt % MMMs decreased from 17.9 to 5.6

when the temperature ranged from 40 to 808C. When the tem-

perature reached 808C, the separation factor of 2 wt % SSMs is

higher than that of 40 wt % MMMs.
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