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ABSTRACT

A new polydimethylsiloxane (PDMS) pervaporation membrane which filled hydroxy-terminated
silicone oil modified nano-silica was prepared. Firstly, we used hydroxy-terminated silicone oil to
modify nano-silica (OMNS); OMNS was used as a physical cross-linking agent to modify PDMS
through blending OMNS into PDMS (OMNS-PDMS). OMNS particles were tested by Fourier-
transform infrared spectroscopy and sedimentation experiments. It was found that the hydroxyl
group in the silicone oil could condense with the carboxyl group on the surface of nano-silica (NS)
to realize hydrophobic modification. Then, the OMNS-PDMS membrane morphology and ten-
sile strength were investigated by scanning electron microscope and mechanical property tests.
The OMNS-PDMS membrane showed significant advantages in flux and separation compared
with the unfilled PDMS membrane. When the content of OMNS was 10 wt.%, the flow rate was
7 L/min, the permeate side was maintained at a vacuum pressure of 0.82 bar, and the feed etha-
nol concentration was 15 wt.%, the flux reached 682 g/(m>h), and the pervaporation separation
index reached 7099.74 g/(m*h). Therefore, this work provides an excellent candidate method
for pervaporation separation of dilute ethanol/water.

Keywords: Pervaporation; Hydroxy-terminated silicone oil; Nano-silica; Polydimethylsiloxane;
Ethanol-water

1. Introduction

As one of the most promising energy-saving tech-
nologies, membrane separation technology has attracted
more and more attention due to its environmental friend-
liness [1-8]. Pervaporation (PV) is a membrane separation
technology used to separate organic/water systems and
organic/organic systems [9,10]. Due to its broad applica-
tion prospects in biochemical engineering, food industry,

* Corresponding authors.

environmental engineering, power electronics, and other
fields [11,12]. As early as the 1950s, pervaporation of eth-
anol/water solution by membrane has been studied [13].
The introduction of PV technology in the alcohol fermenta-
tion process can improve the disadvantages of high energy
consumption and low yield of the traditional approach.
In the pervaporation process, the diffusion rate of water
is often higher than that of ethanol [14,15]. Therefore,
increasing the diffusion rate of alcohol in polymer mem-
branes is one of the effective methods to improve PV
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performance. Among the main PV membrane polymers
materials, such as polydimethylsiloxane (PDMS), polyether
block amides (PEBA), cross-linked poly(acrylate-co-acrylic
acid), and polyvinylidene fluoride (PVDF) [16-23], PDMS
has good flexibility due to its amorphous molecular struc-
ture and rubber state at ambient temperature. At the same
time, it has higher flux for organics (such as acetone and
ethyl acetate), stability, mechanical properties, chemical
resistance, and thermal stability than other polymer mem-
branes. It was also found that the unique free rotation of
the Si-O bond improved the ethanol selectivity of PDMS
membrane [24].

However, due to the low flux, traditional PDMS mem-
branes are often unsatisfactory in practical industrial
production. Liu et al. [25] prepared a polydimethylsilox-
ane-poly|[(3,3,3-trifluoropropyl)methylsiloxane] (PDMS-PTEF-
PMS) block copolymer membrane to process ethanol/water
mixtures, which can arrived 11.3 of ethanol separation fac-
tor and 1,149 g/m*h of total flux for pervaporation recov-
ery of 5 wt.% ethanol/water solution at 60°C. Cao et al. [26]
prepared a polyhedral oligomeric silsesquioxane-graphene
oxide/polydimethylsiloxane (POSS-GO/PDMS) membrane,
the flux could reach 1346.9 g/m*h with a separation fac-
tor of 11.2 when recovery of ethanol from 5 wt.% ethanol/
water mixture.

Based on other scholars’ studies, pervaporation requires
at least a separation factor of 10.3 and a total flux of 150 g/
m?2h to reach the market standard [27]. Therefore, it is essen-
tial to modify PDMS to improve the separation performance
of ethanol/water. It has been reported that the properties
of polymer membranes could be enhanced by introducing
inorganic additives in the polymer solution [28,29]. Nano-
silica filled polymer matrix composites have been received
considerable attention in the past few years. It has been
reported that nano-silica filled polymer matrix composites
show a significant improvement in some respects, such as
tensile strength, hardness, thermal properties, wear resis-
tance, abrasion, and scratch resistance and opacity reduc-
ing [30]. Guo et al. [31] prepared a novel polyvinyl alcohol
(PVA)-silica nanocomposite membrane using an in-situ
sol-gel technique for pervaporative separation of water-eth-
ylene glycol (EG) mixtures. Liu et al. [32] synthesized
three-layer sandwich composite pervaporation membranes:
the first layer next to the non-woven polyester fabric was
PVA acetal. The middle layer was polyacrylamide (PAA)-
Co-AN/SiO,, and the surface layer was also PVA acetal.
Zhao et al. proposed a novel method for fabricating poly-
electrolyte complexes (PEC)-based nanohybrid membranes
filled with SiO, [33]. The covalent and hydrogen bond
between the silica particles and polymer chains increased
their compatibility and cross-linking, which significantly
enhanced the thermal stability and mechanical stability
of the membranes [34]. But these composite membranes
filled with SiO, mainly were used to water permeation.

In this study, we prepared functionalized silica nanopar-
ticles via grafting method with hydroxy-terminated sili-
cone oil (OH-TSO, modifier) and then PDMS composite
membranes with different compositions of the hydroxy-
terminated silicone o0il modified nano-silica (OMNS) addi-
tive(OMNS-PDMS) for the ethanol pervaporation were
prepared by solution casting method and the schematic

diagram of OMNS-PDMS membrane is shown in Fig. 1.
The physical morphology, tensile strength, and thermal
resistant performance of the OMNS-PDMS were systemat-
ically investigated. The effects of OMNS content and feed
concentration were discussed for the pervaporation of dilute
ethanol aqueous mixtures.

2. Experiment
2.1. Materials

PET non-woven fabrics as membrane support lay-
ers were obtained from Changzhou Haoxin Insulation
Material Co., Ltd., (China). PDMS (Silicone Rubber 107,
M 5000), cross-linking agent ethyl silicate, and curing
agent dibutyltin dilaurate were purchased from Shanghai
Resin Company (China). Hydroxy-terminated silicone oil,
nano-silica (95.68 m*g, 50 nm), and reagent grade n-hep-
tane were obtained from Shanghai Ruen Jie Chemical
Reagent Company (China). Commercially supplied ethanol
was used for pervaporation experiments without further
purification.

2.2. Synthesis of OMNS

The synthesis mechanism of OMNS is shown in
Fig. 2. Hydroxy-terminated silicone oil can be hydro-
lyzed into small molecules under acidic conditions. The
hydrolyzed products react with the hydroxyl groups on
the surface of SiO, changing SiO, from hydrophilic to
hydrophobic [35]. The specific synthesis method is as fol-
lows: 3.64 g of nano-silica (NS) was first mixed in 150 mL
of n-heptane under stirring for 30 min at room tempera-
ture. Then 12 wt.% concentrated sulfuric acid was added
to adjust the pH to 4.7 and then 0.53 g hydroxy-terminated
silicone o0il was dropped in the mixture. The mixture was
stirred by magnetic force for 30 min, heated in a 98°C oil
bath for 60 min, and then aged naturally for 110 min. The
mixture was filtered and dried at 60°C in a fume hood for
24 h to obtain the OMNS white powder.

2.3. Preparation of the unfilled PDMS membrane

The unfilled PDMS membranes were prepared by solu-
tion casting method. The casting solution was prepared
by dissolving PDMS, cross-linker (ethyl silicate), and cur-
ing agent (dibutyltin dilaurate) in the solvent (n-heptane)
with a ratio of 10:1:0.5 (in weight). The solution was then
stirred for about 3 h to get homogeneous. After the prepa-
ration of the PDMS casting solution, it was poured onto the
surface of PET non-woven fabric. Dried in a sterile room
at room temperature for 24 h, the cross-linked unfilled
PDMS flat sheet composite membrane was prepared.
The total membrane thickness was about 130.0 + 10 um
determined by a micrometer.

2.4. Preparation of the OMNS-PDMS membranes

The preparation process of the OMNS-PDMS mem-
branes was carried out in the same way as in the case of the
unfilled membrane (Section 2.3 — Preparation of the unfilled
PDMS membrane). As shown in Fig. 3, after preparing the
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unfilled PDMS casting solution, OMNS was evenly dis-
persed under stirring for 3 h before being treated with ultra-
sonic wave for 0.5 h. Then the OMNS filled PDMS casting
solution was poured onto the PET non-woven fabric surface
and stayed there for 15 s. Lastly, the OMNS filled PDMS
coated flat sheet membrane was dried in the sterile room at
room temperature for 24 h. The total membrane thickness
was about 130.0 + 10 pm determined by a micrometer.

To investigate the effect of OMNS on the characterization
and pervaporation performance of the PDMS membranes,
the OMNS filled PDMS composite membranes with dif-
ferent content of OMNS were prepared. For simplicity,
according to the OMNS content, membrane samples were
designed as 5.0% OMNS-PDMS, 10.0% OMNS-PDMS,
20.0% OMNS-PDMS, 30.0% OMNS-PDMS. To study the
influence of OMNS on the mechanical strength and thermal
stability of the filled membranes, both unfilled and filled
PDMS membranes without PET support were also prepared.

2.5. Characterization of OMNS and membranes
2.5.1. Surface hydroxyl number

0.4g OMNS, 5 mL absolute ethanol, and 15 mL 20 wt.%
NaCl solution was dropped in a 100 mL beaker under stir-
ring, then drop the pH value to 4.0 with 0.1 mol/L NaOH
solution or 0.1 mol/L HCl. After that, 0.1 mol/L NaOH
solution was added slowly to make the pH value rise
to 9.0 and keep the pH value unchanged. According to
Eq. (1), the number of hydroxyl groups (N) per square
nanometer surface area of silica was calculated [37].

_CVN, x10°
MS

N @™

where C is the concentration of NaOH, 0.1 mol/L, Vis the vol-
ume (mL) of NaOH consumed, N, is the Avogadro constant,
M is the mass of nano-silica (that is 0.4), and S is the spe-
cific surface area of OMNS measured by Brunauer—-Emmett—
Teller (BET), nm?/g.

2.5.2. Settlement experiment

0.10 g ordinary nano-silica and 0.10 g modified nano-sil-
ica were put in two clean and dry test tubes, then 10 mL
deionized water was injected and shaked. Then the tubes
were put in an ultrasonic dispersing instrument for 30 min
to disperse the nanoparticles and observe the settlement
phenomenon.

2.5.3. Nitrogen adsorption

To detect the change of the specific surface area of OMNS,
a nitrogen physical adsorption analysis experiment was car-
ried out on OMNS samples. The pore size distribution of
the OMNS was obtained by BJH (Barrett-Joyner-Halenda)
model. In this experiment, TriStar II 3020 automatic spe-
cific surface and pore analyzer of American Micromeritics
Company was used to measure the samples at 77 K. To
eliminate the influence of impurities in the sample on the

experimental results, the sample is dried at 75°C for 10 h under
the condition of the experimental instrument before the test.

2.5.4. Fourier-transform infrared spectroscopy

The samples’ Fourier-transform infrared spectroscopy
(FT-IR) spectra were recorded in the 500—4,000 cm™ range
using a Nicolet-560 spectrometer (Nicolet, America).

2.5.5. X-ray diffraction

X-ray diffraction spectra of the OMNS were obtained at
room temperature using a D-MAXIIA X-ray diffractometer
(RIGAKU, Japan). The diffractograms were measured at a
scanning speed of 10°/min in the 20 range of 5°-60° using
a tube voltage of 40 kV and a tube current of 30 mA.

2.5.6. Scanning electron microscope characterization

The membrane samples were fractured in liquid nitro-
gen and then coated with gold to observe the surface and
cross-section structures using scanning electron microscope
(SEM; JEOL Model JSM-5600 LV, Japan).

2.5.7. Mechanical strength

To characterize the mechanical strength of OMNS filled
PDMS membranes, the tensile strength measurements were
performed on WSM25 KN Stress Testing System (Changchun
Intelligent Instrument and Equipment Co., Ltd.,).

2.5.8. Water contact angle measurement

The contact angle of water was measured by the
JC2000D1 contact angle instrument (CA-D type, Shanghai
Zhongcheng Digital Technology Instrument Co., Ltd,,
China). Water droplets (about 2 uL in volume) were placed
on the membrane, and the water contact angle of the droplets
was measured by system software.

2.6. Pervaporation performances

Fig. 4 shows the schematic diagram of the homemade
pervaporation apparatus used in this case. PV experiments
were conducted using a cross-flow laboratory scale mem-
brane unit with a relatively small effective membrane area
of 5.5 x 10° m% Coupled with a large feed tank (V =3 L), it
allowed the determination of the PV fluxes at almost con-
stant feed concentration. 15 wt.% ethanol/water solution
was used as feed keeping in the feed tank circulated by a
circulation pump. The feed solution was pumped into the
membrane cell with a high flow rate of 50 L/h to minimize
the effect of concentration polarization. The feed tank was
kept at a temperature of 60°C in a water bath. The perme-
ate side was maintained at a vacuum pressure of 0.82 bar
by vacuum pump. After the operation reached a steady
state (about 1 h after starting), the permeate vapor samples
were collected in a cold trap using liquid nitrogen. Then the
sample was weighed and analyzed by gas chromatogra-
phy with a thermal conductivity detector (TCD) (Techcomp
LTD, GC7890). The calculation of the permeation flux (J),
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Fig. 4. Schematic diagram of pervaporation apparatus.

separation factor (o) and pervaporation separation index
(PSI) is defined as:

@)

o (yam / Yuses j 3)

xalcohol / xwatcr

PSI=(a-1)-] 4)

where m is the total amount of permeate collected during the
experimental time interval At of 1 h at steady state, A is the
effective membrane area, x and y represent the mole fraction
of a component in the permeate and the feed, respectively.

3. Result and discussion
3.1. Performance and characterization of OMNS nanoparticles
3.1.1. FT-IR spectra of OMNS

As shown in Fig. 5, 467 cm™ is the characteristic absorp-
tion peak of Si-O bond, and 803 cm™ was asymmetric
stretching vibration peak of (S5i-O-Si) bond; characteristic
absorption peak of (5i-O-Si) bond at 1,100 cm™, the absorp-
tion peak of bound water at 1,630 cm™, the absorption peak
at 3,420-3,450 cm™ was the stretching vibrations of (Si-OH)
bond. The weak band at 2,970 cm™ was attributed to stretch-
ing vibration of Si-CH, and C-H group [36]. Compared
with the infrared spectrum of NS, the intensity of peak at
3,430 cm™ was decrease on the spectrum of OMNS, how-
ever, the intensity of peak at 2,970 cm™ was increased, which
was indicated that hydroxy silicone oil is grafted onto silica
surfaces through reaction [38].

Transmittance
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Fig. 5. FT-IR spectra of OMNS.

3.1.2. Nitrogen adsorption

Fig. 6a shows the isothermal nitrogen adsorption
desorption curve of OMNS. In the relatively low pressure
region of 0-0.1, there are a few micropores (less than 2 nm),
there is an obvious hysteresis ring at 0.8, and the adsorption
capacity increases sharply in the relatively high pressure
region of 0.9-1.0, indicating that it has large mesoporous
and macroporous structures (specific surface reached
95.68 m?/g). According to Eq. (1), the number of hydroxyl
groups (N) of NS are 8.07 x 10"%/g and OMNS 5.22 x 10%/g,
which is proved that hydrophobic modification was suc-
cessful for NS. Fig. 6b shows the pore volume and pore size
distribution of OMNS. A small amount of distribution in
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the near microporous area is less than 2 nm, while there
is a large amount of distribution in the mesoporous and
near mesoporous areas.

It shows the multi-level layered pore structure trend,
reflecting the typical characteristics of mesoporous
materials. Therefore, it can be predicted that the ability
of OMNS to adsorb ethanol will be enhanced.

3.1.3. OMNS sedimentation experiment

In Fig. 7, A-1 represents the mixture of NS and deion-
ized water, and A-2 represents the mixture of OMNS and
deionized water. It can be seen in Fig. 7 that when the NS
is added to water, it slowly sinks in the water. Due to many
hydrophilic hydroxyl groups, nano-silica (NS) dispersed
into water to form a white suspension. The nano-silicamod-
ified by silicone oil (OMNS) showed an unexpected effect.
The interface layer between the OMNS and deionized water
was obvious, and the OMNS was completely incompati-
ble with water, which proved the success of hydrophobic
modification. In addition, we also performed anhydrous
ethanol precipitation experiments on NS (B-1) and OMNS
(B-2). The results are shown in Fig. 7. Unmodified nano-
silica is agglomerated, and it quickly sinks into the ethanol
to cause insignificant delamination, while OMNS is compat-
ible with the ethanol, and no agglomerated particles appear.

N
(4]
o

‘ —=— OMNS Adsorption
+— OMNS Desorption

[+

[=]

o
T

(a)

%

(4]

o
T

[43]
o

T

I L

00 02 04 06 08 10
Relative Pressure (P/Po)

o
T

Quantity Adsorbed (cm3/g)
o
o

Fig. 6. BET analysis of OMNS.

Set without layering, but mix with the ethanol evenly.
It can be seen that OMNS has lipophilicity.

3.2. OMNS-PDMS membrane characterization
3.2.1. FT-IR analysis

Fig. 8 shows the FT-IR spectra of OMNS-PDMS mem-
branes. As shown in Fig. 8, in the range of 500 to 4,000 cm™,
the spectral peaks of all membranes are very similar,
and the position of the characteristic peaks changes very
little. The absorption peaks at 1,072 and 1,009 cm™ repre-
sent the stretching vibration of the Si-O-5i group, the peak
of 803 cm™ represents the asymmetric stretching vibration
of siloxane groups. And the peaks at 1,255 and 1,415 cm™
represent the deformation vibration of two (-CH,) groups
on Si. The stretching vibration (Si-C) and (C-H) shows char-
acteristic peaks in 2,850-2,970 cm™. Compared PDMS mem-
brane with OMNS-PDMS membranes, there are no other
new absorption peaks can be observed, which indicated that
there was only a simple physical blending between OMNS
and PDMS matrix during the filling process.

3.2.2. Water contact angle

Table 1 shows the surface water contact angle values
for OMNS-PDMS membrane with different OMNS content.
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Fig. 7. Settlement experiments of OMNS.
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Table 1
Water contact angle for OMNS filled PDMS membranes

Membranes Contact angle
0.0% OMNS-PDMS 98.5°
5.0% OMNS-PDMS 103.7°
10.0% OMNS-PDMS 108.7°
20.0% OMNS-PDMS 110.9°
30.0% OMNS-PDMS 114.3°
A B

0.0% OMNS-PDMS

5% OMNS-PDMS

10pum

10% OMNS-PDMS

10% OMNS-PDMS

~

10pm

When the OMNS content increases from 0% to 30%, the con-
tact angle of the composite membranes surface increases
from 98.5° to 114.3° because of the addition of hydropho-
bicity OMNS. The more OMNS filled, the stronger the
hydrophobicity of the OMNS-PDMS membrane.

3.2.3. SEM analysis

To investigate the distribution of OMNS in the filled
membranes, SEM characterization of the filled and unfilled
membrane has been carried out. As a comparison, the
PDMS membrane was filled with 20% unmodified nano-
silica. As shown in Fig. 9, due to the good compatibility of the
organic OMNS particles with the PDMS matrix, the OMNS
was uniformly dispersed in the PDMS matrix. Therefore, no
non-selective defect voids were found, and with the increase
of OMNS, there were more and more OMNS particles on
the surface of the OMNS-PDMS membrane. But for PDMS
membrane filled with unmodified nano-silica, nano-silica
agglomerated on the surface and in the cross-section.

3.2.4. X-ray diffraction analysis

Fig. 10 shows the X-ray diffraction (XRD) spectra of
OMNS and OMNS-PDMS membranes. 17.6° and 22.9° dif-
fraction peaks are amorphous peaks of non-woven fab-
rics [39]. The OMNS showed typical amorphous peaks at
22.59°-27.85° and the unfilled PDMS substrate membrane
showed typical amorphous peaks at 11.91° and 25.47°. For
filled PDMS membrane, with the increase of OMNS, the
strength of the 25.47° amorphous peak is weakly enhanced
which caused by the increase of crystallinity caused by the
increase of OMNS in the PDMS membrane (Fig. 9).

20%.0MNS-PDMS

20% OMNS-PDMS

Fig. 9. SEM photographs of (A) top surface (5,000x) and (B) cross-section (400x) of the OMNS-PDMS composite membranes

with different OMNS contents.
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3.3. PV performance

The effect of different OMNS addition on the total flux,
separation factor, and permeate separate index of PDMS
composite membranes are shown in Fig. 11. All PDMS
composite membranes filled with OMNS can offer signif-
icant advantages over unfilled PDMS membranes in flux
and separation. Therefore, the proper filling of OMNS
can increase the PV performance. As shown in Fig. 11a,
with the increase of OMNS, the total flux of the compos-
ite membrane increased first and then decreased. This is
mainly because OMNS is lipophilic, and more ethanol
molecules can be preferentially adsorbed and diffused in
the membrane. Therefore, the total flux of the membrane is
increased. However, we also found that the flux decreased
when the filling amount of OMNS was more significant
than 10 wt.%. The reason is that the large OMNS with the
specific surface area and mesoporous structure make water
molecules and ethanol molecules penetrate through the
membrane through a long and tortuous path, resulting in
the decrease of the total flux. 10.0% OMNS-PDMS has the
most significant total permeation flux, reaching 673.5 g/

W. Sun et al. / Desalination and Water Treatment 282 (2023) 23-32

(m>h). The separation factor in Fig. 11b also shows the
same trend. The separation factor of the composite mem-
brane first increased then decreased.

When the OMNS content attained 20 wt.%, the separa-
tion factor reached 13.26. It was mainly due to the hydro-
phobicity of OMNS, and more ethanol molecules could be
preferentially adsorbed and diffused in the membrane.
By contrast, most water molecules were blocked out of the
membrane. However, when the OMNS content attained
30 wt.%, the separation factor decreased quickly. This might
be due to the poor compatibility between over-filled OMNS
and PDMS membrane. Small defects in the composite mem-
brane might lead to the low separation factor. Finally, we
introduced PSI to evaluate the separation performance of
the composite membrane, and the best performance was
20% OMNS-PDMS, the value reached 7,099.74 g/(m?>h).

4. Conclusion

A new composite membrane was developed for ethanol/
water mixture pervaporation using PDMS membrane filled
with hydroxyl silicone oil modified nano-silica (OMNS)
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as the top active layer and non-woven fabric as a support
layer. Scanning electron microscopy showed that the OMNS-
PDMS membranes were dense and had no apparent defects.
OMNS was uniformly dispersed in the PDMS matrix. The
FT-IR observation showed that OMNS was a simple physi-
cal blend in the matrix. The pervaporation performance of
the PDMS membrane can be improved by adding OMNS.
At a specific temperature and flow rate of ethanol concen-
tration, 20.0% OMNS-PDMS membrane showed the best
separation performance.
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