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Introduction

Rapid population and economic growth have
increased the demand for clean water [1], which has
exceeded the resource of the earth [2]. Moreover,
hazardous oil pollution as a result of the discharge of
oily effluents aggravated the water scarcity [3, 4].
Therefore, the problem of oily wastewater pollution
must be solved. According to the diameter of oil
droplets in water, oil pollution in water can be divi-
ded into three types, namely free (> 150 um), dis-
persed (20-150 pm) and emulsified oil pollution
(< 20 pm). Given the large droplet size of free and
dispersed oils, they are immiscible with water and
can be easily removed, whereas emulsified oil is
difficult to clean up because it disperses well in water
[5]. Therefore, the separation of oil/water emulsion is
the key for oily wastewater treatment.

Conventional emulsion separation methods
include chemical demulsification, air flotation,
adsorption, biotreatment and so on [6-9]. These tra-
ditional separation methods may have disadvan-
tages, such as complex operation process, low
separation efficiency and high operating cost, so it is
necessary to develop simple and effective approach
for emulsion separation [10]. Studies on membrane
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technology for emulsion separation have been
increasing. As a selective permeation material,
membrane can be acted as a filter to intercept target
pollutants and achieve the purpose of pollutant sep-
aration and purification when contaminated water
flows through the membrane. According to the pore
size, membrane separation methods can be divided
into microfiltration, ultrafiltration, nanofiltration and
reverse osmosis [11-14]. Compared with other con-
ventional treatment methods, membrane separation
shows high separation efficiency, low cost and con-
trollable process [15]. This method is promising for
separating emulsions, although it has several limita-
tions, such as low flux and membrane fouling ten-
dency due to the blockage of oil droplets [16, 17].
Therefore, the preparation of a membrane with a high
separation efficiency, large flux, stable cyclic perfor-
mance and low cost should be studied further.
Nanofiber membrane is a novel membrane sepa-
ration material, of which the separation efficiency
increases with decreasing fiber diameter [18] because
of the large Brunauer-Emmett-Teller (BET) specific
surface area, high porosity and superior fiber uni-
formity [19]. Methods for nanofiber preparation,
including tensile [20], template synthesis [21] and
self-assembly [22], are widely used, but may have
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limitations in terms of equipment requirements,
process controllability, spinnability range, cost, pro-
ductivity or fiber size controllability [23-27]. Thus,
these methods should be further optimized for
preparing highly efficient membrane separation
materials. As a method for preparing nanofibers,
electrospinning has outstanding advantages of con-
tinuous mass production of nanofibers, mild prepa-
ration conditions, wide application range [28], simple
operation process and high production rate [29].
Therefore, electrospinning could be a good choice for
preparing nanofiber membranes as emulsion sepa-
ration material [30].

Several important issues limit the application of
electrospun membranes for emulsion separation. For
example, membrane fouling is an issue of concern,
which could lead to a gradual deterioration of
membrane performance [31, 32]. Efficient oil-in-water
emulsion separation usually requires a hydrophilic/
underwater oleophobic membrane, which can be
achieved by creating a high roughness surface and
high-surface-energy materials. The improvement of
membrane hydrophilicity can reduce the oil fouling
and enhance the water flux [33]. Thus, in the present
study, we composite a hydrophilic electrospun
nanofiber membrane. SiO, is one of the most com-
mon materials used for hydrophilicity modification
[34, 35], with low cost, good thermal and mechanical
stability and mild reactivity [36]. Hence, SiO, is fre-
quently used to composite NFMs to reduce mem-
brane fouling and increase water flux. Shan et al. [37]
used aldehyde benzoxazine as an in situ polymer-
ization monomer to introduce SiO, nanoparticles
onto pristine nanofibers. The gravity-driven water
flux reached 2237 L m 2h™', and the separation
performance was stable in ten cycles. Ge et al. [16]
combined electrospinning with electrostatic spray to
obtain SiO, particles on the fiber surface to enhance
the surface roughness and increase the hydrophilic-
ity. The fluxes of surfactant-free and surfactant-sta-
bilized petroleum ether emulsions reached 6456 and
926 L m > h™', respectively. Tai et al. [38] chose
TEOS as the silicon source and PAN as the carbon
source to fabricate a PAN-5iO, NFM by electrospin-
ning. The PAN-5iO, NFM was further carbonized at
900 °C to obtain a SiO,-carbon composite NFM as an
emulsion separation material. The NFM is resistant to
increased temperature (up to 350 °C) and stable to-
ward a wide range of pH (2—14). Although there
have been many reports on the fabrication of
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composite electrospun nanofiber membranes for
emulsion separation, their practical applications were
limited by the complicated preparation process and
high energy consumption.

The aim of this study is to simplify the preparation
of composite membrane while maintaining excellent
separation performance. A facile sol-gel strategy was
developed to compound amorphous SiO, sheets on
the surface of electrospun NFM. Given its intrinsic
hydrophilicity and stability [39, 40], polyacrylonitrile
(PAN) was used as a substrate to fabricate the pris-
tine NFM. Tetraethyl orthosilicate (TEOS) was selec-
ted as the hydrophilic silicon source, and hydrophilic
510, was derived from hydrolysis and polyconden-
sation of TEOS. A large piece of the compos-
ite membrane can be manufactured under a
moderate condition. The results demonstrated that
PAN@SiO, NFM has excellent oil/water separation
performance, and it may be a promising material for
the separation of various emulsions.

Experimental section
Materials

PAN (Mw = 90,000) was commercially purchased
from Kunshan Hong Yu Plastic Co., Ltd (Suzhou,
China). TEOS (AR, > 28.4%), N,N-dimethylfor-
mamide (DMF, AR, > 99%), ethanol absolute (EtOH,
AR, > 99.7%), ammonium hydroxide (NH,OH, GR,
25%-28%), hydrochloric acid (HCl, AR, 36%-38%),
toluene (AR, > 99.5%), n-hexane (AR, > 97%), xylene
(AR, > 99.0%) and Tween 80 (65.0-80.0 mg-KOH/¢g)
were purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). n-heptane (AR, > 97%)
and paraffin liquid (CP, Taistinate = 300 °C) were
obtained from Tianjin Guangfu Fine Chemical
Research Institute (Tianjin, China).

Preparation of PAN nanofiber membrane

The PAN NFM was fabricated via electrospinning.
First, PAN powder was added to DMF and then
mixed with a stirring speed of 300 r min~" for 6 h at
room temperature to obtain a 10 wt% PAN solution.
The PAN solution was loaded into an injection syr-
inge and fed by an injection pump (LSP01-1A, Longer
Pump, China) with an injection rate of 1 mL h~! for
1 h. Under the action of an electric field, PAN
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nanofibers were received by a sheet of nonwoven
fabric on the collector for support. The voltage
between the nozzle and the collector was 18 kV, and
the distance was 15 cm. The temperature was kept at
25+ 2°C, and the humidity was maintained at
45+ 3% by using a dehumidifier (DH-8138C,
KAWASIMA, China). After electrospinning, the PAN
NFM was plasticized with a plastic machine (G236R-
013, Deli, China) to increase the bonding energy
between the nonwoven fabric and PAN NFM.

Preparation of TEOS-based silica sol

In a typical preparation process, 5.5 mL of TEOS was
dissolved in 2.7 mL of DI water and 14 mL of etha-
nol. To promote the TEOS hydrolysis, 0.2 mL of
diluted acid (HCl:ethanol = 1:49) was mixed with the
solution. Subsequently, the solution was mixed with
a stirring rate of 300 r min~' for 12 h at room tem-
perature to ensure complete hydrolysis of TEOS.
After hydrolysis for 12 h, the silica sol was diluted by
ethanol to obtain solutions with dilution factors of 10,
15, 20 and 30 times. Finally, 0.5 mL of NH,OH was
added to each dilute TEOS-based silica sol solution
and stirred with a speed of 300 r min~" for 0.5 h to
promote TEOS polycondensation.

Preparation of PAN@SiO,
nanofiber membrane

A facile sol-gel strategy was developed to fabricate
the PAN@SiO, NFM, and the preparation process is
shown in Fig. 1. During the sol-gel process of TEOS,
the PAN NFM was immersed in the diluted TEOS sol
on a piece of glass. A glass rod was used to ensure
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that the sol infiltrated the PAN NFM uniformly and
to remove the residual sol. The TEOS sol would
polycondense between the fibers of the PAN NFM. In
the end, the membrane was dried at 60 °C for 2 h to
form a composite membrane. Different dilution fac-
tors of TEOS sol were marked as P@S-1, P@S-2, P@S-3
and P@S-4 corresponding to 10, 15, 20 and 30 times,
respectively.

Preparation of oil-in-water emulsions

Several kinds of oil-in-water emulsions without sur-
factant (SFEs) and with surfactant (SSEs) were pre-
pared to evaluate the separation performance of PAN
and PAN@SiO, NFMs. Oil/water mixtures were
prepared by adding oils (toluene, n-heptane, paraffin
liquid, n-hexane and xylene) to the water in a ratio of
1:100 (v/v). SFEs were obtained by sonicating the oil/
water mixtures under a power of 500 W for 2 h. SSEs
were prepared by adding surfactant Tween 80 to the
oil/water mixtures and then sonicated under a
power of 500 W for 2 h to obtain a milky white
solution. The content of Tween 80 was 0.1 mg mL™".

Characterization

The PAN NFM was fabricated using an electrospin-
ning machine (NEU-01, TongLi, China). Scanning
electron microscope (SEM) images and energy-dis-
persive X-ray spectroscopy (EDX) spectra were
obtained from a field emission SEM (S5-4800, Hitachi,
Japan). The surface roughness was measured with an
atomic force microscope (AFM, MultiMode 8, BRU-
KER Nano Surfaces Business). Fourier transform
infrared (FT-IR) spectra were derived from a Fourier

Photo of the

PAN@SiO, NFM PAN@SiO, NFM

non-woven fabric === PAN nanofiber

Figure 1 Schematic diagram of the preparation of PAN@SiO, NFM.
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transform infrared spectrometer (i510, Thermo Elec-
tron Corporation). Thermogravimetric analysis
(TGA) was tested with a thermal gravimetric ana-
lyzer (TG 209 F3, Netzsch, Germany). Water contact
angle (WCA) and underwater oil contact angle
(UOCA) were measured with a video optical contact
angle measuring device (DSA20, KRUSS, Germany).
Nitrogen adsorption-desorption isotherms were
measured by a high-precision gas/vapor adsorption
measurement instrument (BELSORP-max, Micro-
tracBEL, Japan). BET specific surface area was
obtained by BET model, and mesopore and microp-
ore diameter distribution curves were obtained by
Barrett-Joyner-Halenda (BJH) and Horvath-Kawa-
zoe (HK) models, respectively. The optical micro-
scope images of the toluene emulsions were taken
using a laser confocal Raman spectrometer (LabRAM
Aramis, Horiba, Japan). Tensile stress properties
were measured with a universal testing machine
(KD-II 100 N, KaiQiangLi, China), and the stretching
velocity was controlled at 1 mm min~'. Membrane
pore diameter distribution was analyzed using a
capillary flow porometer (POROMETER 3Gzh,
Quantachrome). Emulsion particle size was mea-
sured through a zeta potential and nano-/submicron
particle size analyzer (ZetaPALS, Malvern, England).

Oil-in-water emulsion separation
performance test

The oil-in-water emulsion separation performance of
PAN and PAN@SiO, NFMs was characterized using
emulsion separation efficiency and membrane flux.

Emulsion separation efficiency (R) was calculated
by the following equation:

V.-V,

R =
Ve

x 100%

where V, presents the total organic carbon (TOC)
concentration of the emulsion and V, is the residual
TOC concentration of the emulsion after separation.

TOC concentration was measured using a TOC
analyzer (dry method, TOC-Vcph, Shimadzu, Japan).
Membrane flux was calculated by the change rate of
water flow, and the tested area of the NFM was 10.2
cm?®. Extremely thin nonwoven fabric with a thick-
ness of 210 pm and average pore size of 647 um was
selected as the supporting material. In evaluating the
cycle performance and stability of the membrane for
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emulsion separation, the tested NFM was rinsed with
ethanol before the next cycle test.

Results and discussion

Surface morphology and chemical
composition of the PAN@SiO, NFM

The surface and cross-sectional morphology of a
typical PAN NFM and PAN@SiO, NFM (P@S-3) was
observed by SEM. PAN nanofibers showed a uniform
distribution of irregular orientation (Fig. 2a;). The
statistical diameter distribution of the PAN nanofi-
bers obtained from SEM image is shown in Fig. 2a,.
The diameter distribution conformed to the Gaussian
distribution, that is, concentrated within 300-400 nm,
indicating the good uniformity of the PAN nanofi-
bers’ diameter. The preparation of PAN@SiO, NFM
was through the condensation of TEOS sol between
the PAN nanofibers to form a composite structure of
amorphous SiO, sheets and PAN nanofibers. After
compounding, amorphous SiO; sheets were dis-
tributed evenly between fibers (Fig.2b; and b,).
Amorphous SiO, sheets were made up of granular
SiO, due to the condensation of TEOS sol. The con-
tent of amorphous SiO, sheets tapered off from P@S-1
to P@S-4 as predicted given the different dilution
factors of TEOS sol (Figs. 2b;, S1, S2 and S3). The
pores of the PAN@SiO, NFM were formed by the
staggered distribution of the PAN nanofibers and the
interspaces between the SiO, sheets (Figs. 2b;, by).
Compared with PAN NFM, the pore diameter of
PAN@SiO, NFM decreased significantly due to the
loading of amorphous SiO, sheets, which laid a
foundation for improving the emulsion separation
efficiency. As illustrated in Fig. 54, influence of dry-
ing temperature on morphology of the amorphous
5i0, sheets were analyzed by SEM image observa-
tion. The results demonstrated that drying tempera-
ture had insignificant effect on the morphology of the
amorphous SiO, sheets. According to the cross-sec-
tional images (Fig. 2c; and ¢), the thickness of the as-
prepared PAN@SIiO, NFM was only about 15 pm.
Amorphous SiO, sheets were evenly distributed
among the fibers.

To better understand the detailed information of
SiO, sheets, the PAN@SiO, NFM was immersed in
DMF to obtain the amorphous SiO, sheets. The
thickness and surface roughness of the SiO, sheets
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Figure 2 a; SEM image, a, fiber diameter distribution of the PAN NFM, b, b, surface and ¢;, ¢, cross-sectional SEM images of the

PAN@SiO, NFM.

were analyzed by cross-sectional SEM and AFM
observation. As shown in Fig. S5, the thickness of
three typical SiO, sheets was 57.5, 67.0 and 67.4 nm,
respectively, and the average thickness was 64.0 nm,
showing the uniformity of the SiO, sheets thickness.
The formation of wrinkles on the AFM image of the
SiO, sheet could be due to the dissolution of PAN
nanofibers, and the average surface roughness (Ra)
was determined to be 5.84 nm (Fig. 56).

The FT-IR spectra are shown in Fig. 3a. The pure
PAN NEFM exhibited a characteristic absorption peak
at 2244 cm™', which is assigned to the stretching
vibration of C=N groups, and the absorption peak at
2921 ecm™!, which is the stretching vibration of C-H
groups. The bending vibration peak of CH, groups
appears at 1453 cm™'. Compared with the PAN
NFM, all the PAN@SIiO, NFMs showed similar
characteristic bands of S5iO,. The absorption peaks at
1080 and 800 cm ™' correspond to the antisymmetric
stretching vibration peak and symmetric stretching
vibration peak of the Si-O-Si groups, respectively.
The absorption peak at 960 cm ™ is the swing vibra-
tion absorption peak of the Si-OH groups. The EDX
spectra of PAN and PAN@SiO, NFMs are shown in
Fig. S7. Given that the constituent elements of PAN
are H, C and N, the EDX analyses of PAN NFM
detected distinct Kal peaks for C and N. PAN@SiO,
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Figure 4 a Nitrogen adsorption—desorption isotherms of PANP (a)
and PAN@SiO, NFMs, b mesopore size distribution of PAN and = 100
PAN@SiO, NFMs obtained by BJH model, ¢ micropore size %
distribution of PAN and PAN@SiO, NFMs obtained by HK ME 801
model, d macropore size distribution of PAN and PAN@SiO, % 60-
NFMs. %

% 40+

£ 201
NFM also had peaks of Si and O, indicating the E & e
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Thermal stability and SiO, composition of the ) ¢.08

PAN@SIiO, NFMs were analyzed by TGA (Fig. 3b). - - P@S-1
For the pure PAN NFM, the desorption of a small E 0.06 1 P@S-2
amount of adsorbed water was observed below ”g ~v-P@S3
280 °C. When the temperature was higher than ~i 0.04- _._;%3'4
280 °C, an evident weight loss occurred due to the 3
oxidation decomposition of PAN NFM, and the g‘ 0.021
gradual weight loss continued till 650 °C, leaving
only 7.1% of the weight. The weightlessness trend of 0.00 —t® ot

the four PAN@SiO, NFMs was similar to that of PAN

. Pore Diameter (nm)
NFM, which decreased from room temperature to

approximately 650 °C. After calcination, white SiO, © 012
powder was obtained, and the residual weights of o101 —— P@S-1
P@S-1, P@S-2, P@S-3 and P@S-4 were 42.2%, 32.9%, g ) ] P@S-2
255% and 20.8%, respectively. The apparent o 0.081 4 — P@S-3
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respectively, corresponding to P@S-1, P@S-2, P@S-3 = 0.02;
and P@S-4. The SiO, content was closely related to . N Sm————

the physical properties and oil-in-water emulsion
separation performance of the PAN@SiO, NFMs.
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Compared with the PAN NFM, the tensile modulus 41
of PAN@SiO, NFMs was significantly improved. It 0 . : ¢
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was found that the tensile modulus of PAN@SiO,
NFMs raised with the increase in SiO, content, but
the fracture strain decreased. The values are listed in
Table S1. As shown in Fig. 2b, amorphous SiO, sheets
interconnected the PAN nanofibers, leading to the
mechanical strength enhancement of the PAN@SiO,

Pore Diameter (um)
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NFMs. Hence, the composite of SiO, could enhance
the mechanical strength of the PAN@SiO, NFMs.

The porous structure of NFMs tested by nitrogen
adsorption—desorption and capillary flow is shown in
Fig. 4, it was found that the PAN@SiO, NFMs
exhibited a hierarchical porous structure. Figure 4a
shows the nitrogen adsorption—desorption isotherms
of the PAN and PAN@SiO, NFMs at 77 K. According
to Fig. 4a, the PAN NFM demonstrated a macrop-
orous structure. However, the PAN@SIiO, NFMs
exhibited type IV isotherms and type H2 hysteretic
loops, which are typical mesoporous structures. The
pore structure of PAN@SiO, NFMs is a mixed type of
slit and ink bottle. The abundant porous structure can
improve the separation performance of PAN@SiO,
NFMs. As can be seen from the mesopore diameter
distribution curves of PAN@SiO, NFMs in Fig. 4b,
the pore size is mainly less than 10 nm. Further, it
was found that the pore size was concentrated below
1 nm according to the micropore diameter distribu-
tion curves of PAN@SiO, NFMs as shown in Fig. 4c.
Compared with the PAN NFM, the pore size of
PAN@SIiO, NFMs decreased significantly. BET
specific surface area and BJH pore volume of
PAN@SIiO, NFMs are much higher than that of the
PAN NEM, which was positively correlated with the
510, content; the specific values are listed in Table 1.
The abundant microporous and mesoporous chan-
nels of PAN@SiO, NFMs could significantly facilitate
the liquid transport driven by the capillary force,
which would be beneficial for enhancing the oil/
water separation performance.

The size of the emulsion droplets that can be
intercepted depends on the macropore size of the
membrane. Thus, the measurement of macropore size
distribution of PAN and PAN@SiO, NFMs is essen-
tial to study the interception behavior of emulsion
droplets during the separation process. The macrop-
ore size distribution of PAN and PAN@SiO, NFMs
are shown in Fig. 4d. It can be seen that the average
macropore size of NFMs decreased with the incre-
ment of SiO, content. The average macropore size of
PAN, P@S-1, P@S-2, P@S-3 and P@S-4 is 3.38, 1.68,

J Mater Sci (2020) 55:16129-16142

1.89, 2.52 and 2.89 pm, respectively. The results
demonstrated that the amorphous SiO; sheets play a
crucial role in reducing the macropore size, which
could improve the oil-in-water emulsion separation
efficiency. The novel hierarchical porous structure of
PAN@SiO, NFMs could be benefit to improve the oil-
in-water emulsion separation performance.

Wetting behavior of the PAN@SiO, NFM

A hydrophilic and underwater oleophobic surface is
required in oil-in-water emulsion separation. In the
separation process, a hydrophilic surface can not only
relieve membrane fouling caused by oil but also
increase the water flux. Water contact angles were
measured to evaluate the wetting behavior of PAN
and PAN@SiO, NFMs.

To analyze the wetting behavior of the PAN and
PAN@SiO, NFMs, the process of water droplet
infiltrating the NFMs surface was recorded by video
(Video S1 and S2). The hydrophilicity of PAN and
PAN@SiO, NFMs was characterized by the change of
WCA over time (Fig. 5a). When 4 pL of water was
dropped on the PAN NFM surface, the WCA
decreased from 130° to 40° in 5 s due to the intrinsic
hydrophilicity of the PAN and then stabilized at a
relatively stable state. As a comparison, the WCA of
the PAN@SiO, NFMs fell rapidly to approximately
10° from WCA of less than 60°, thereby showing
better hydrophilicity than the pure PAN NFM. Given
the hydrophilicity of SiO,, the infiltration time
decreased with the increase in SiO, content. Water is
more likely infiltrated into the PAN@SiO, NFMs,
resulting in increased water flux.

A superior oil-in-water emulsion separation
membrane requires that water can be easily infil-
trated in; however, the oil should be effectively
rejected. Thus, the underwater oleophobicity is
another important factor, which significantly affects
the separation efficiency of oil-in-water emulsion. To
analyze the underwater oleophobicity of the NFMs,
Sudan III-colored CCl, was selected as the tested oil.
The results illustrated that the UOCA increased

Table 1 Specific surface area,

pore volume and average pore PAN P@sS-1 P@s-2 P@S-3 P@s-4
g:;g;gf TI;;[‘:N and Sper (m? g1 8.62 144.32 137.07 110.29 84.89
2 Ve (cm® g7") 0.023 0.152 0.109 0.123 0.101
Average pore diameter (nm) 10.85 4.20 3.19 4.47 4.74
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Figure 5 a Wettability of PAN and PAN@SiO, NFMs, insert
picture was the zoom in figure in 0-7 s of PAN@SiO, NFMs,
b underwater oleophobicity of PAN and PAN@SiO, NFMs.

obviously with the increase in SiO, content. The
increase in SiO, content enhanced the hydrophilicity
and underwater oleophobicity of the PAN@SiO,
NFMs, resulting in the increment of water flux in the
process of oil-in-water emulsion separation. This is
because amorphous SiO, sheets increase the content
of hydrophilic groups, such as Si-OH, on the surface
of the NFMs, leading to an increase in the
hydrophilicity of the material.

Oil/water separation performance
of the PAN@SiO, NFM

The experimental setup for oil-in-water emulsion
separation is shown in Fig. 6a. A homemade auto-
matic liquid filling device was used to maintain the
vertical distance between the level of emulsion and
the membrane was 10 cm, which ensured that the
driving force generated by the gravity of the emul-
sion was constant (1 kPa) during the separation
process. According to optical microscope images and
droplet size distribution of toluene emulsion (Figs. S9
and 510), the droplet size of toluene emulsion is less
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than 10 pm. To clearly illustrate the separation pro-
cess, the oil phase was colored by Sudan III, and a
typical separation process was recorded by video as
shown in Video S3.

Toluene emulsion was prepared as model oil-in-
water emulsion for the test of the separation perfor-
mance of PAN and PAN@SiO, NFMs. The optical
microscopy and digital photographic images of
toluene SFE and SSE are shown in Fig. 6b. Before
separation, numerous visible toluene droplets can be
seen in the optical microscope images. Both milky
white toluene SFE and SSE (uncolored) turned into
transparent and no oil droplets were observed in the
optical microscope images after separating by a
PAN@SiO, NFM, demonstrating the effectiveness of
the material for toluene emulsion separation.

The filtrates of toluene emulsions filtered by the
PAN and PAN@SiO, NFMs were collected, and the
residual TOC concentration was measured to calcu-
late the separation efficiency (Fig. 7a). Both the PAN
and PAN@SiO, NFMs showed excellent separation
performance with low residual TOC concentration
(less than 40 mg L") and high separation efficiency
(> 99.50%). Compared with the PAN NFM, the fluxes
of PAN@SiO, NFMs increased significantly due to
the hydrophilicity of SiO,. With increasing SiO,
content, the fluxes of PAN@SIO, NFMs increased
first because of the hydrophilicity of SiO, and then
decreased because the pore was blocked by the excess
5i0,. Among them, P@S-3 reached the highest value
of 39943 +356.0 Lm >h™', which is 85 times
higher than that of the pure PAN NFM (470 & 29.5
Lm 2h™Y). This result indicated that PAN@SiO,
NFMs could be an efficient membrane for toluene
emulsion separation.

The surfactant contains water-soluble polar groups
and oil-soluble aliphatic chains, which are located at
the oil/water interface and can significantly reduce
the surface energy. The amphiphilic surfactants could
be adsorbed by the membrane, making oil droplet
removal challenging [17]. For the performance of
PAN and PAN@SiO, NFMs for toluene SSE separa-
tion, the results are shown in Fig. 7b. Compared with
the separation of toluene SFE, the fluxes of all NFMs
for SSE emulsion separation decreased by a large -
margin and the residual TOC concentration of the
filtrate increased. The fluxes of PAN@SiO, NFMs for
SSE emulsion separation were still higher than that of
PAN NFM, and the separation efficiency was also
higher than 99.5%. The flux and separation efficiency
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Figure 6 a Photograph of the experimental setup for oil-in-water emulsion separation, b optical microscope and digital photographic
images of the toluene SFE and SSE (colored) before and after separation by a PAN@SiO, NFM.
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Figure 7 Flux and residual TOC concentration of filtrate from:
a toluene SFE and b toluene SSE separated by PAN and
PAN@SiO, NFMs.

of PAN@SiO, NFM for toluene SSE were compared
with other membranes reported in the literature
(Table 2). The PAN@SiO, NFM demonstrated a rel-
atively high flux at a low driving force (1 kPa) com-
pared with other emulsion separation membranes,
indicating the PAN@SiO, NFM is a promising
material for oil-in-water emulsion separation.

@ Springer

For an emulsion separation membrane, handling a
wide variety of emulsions is necessary to make it
universally available. Thus, the performance of the
PAN@SiO, NFM for other emulsion separation was
tested. N-heptane, paraffin liquid, #n-hexane and
xylene oil-in-water SFEs and SSEs were prepared, of
which the ratio of oil to water was same as the
toluene SFE and SSE. In the previous experiments, it
was found that the P@S-3 NFM was the best material
that had the highest flux. Thus, P@S-3 NFM was
chosen as the tested NFM. The residual TOC con-
centrations of the filtrates from other four SFEs were
all below 35 mg L™ (Fig. 8a), and all the separation
efficiency exceeded 99.68%, indicating the excellent
performance of P@S-3 NFM for emulsion separation.
Except for n-heptane and paraffin liquid SFEs, the
flux of P@S-3 NFM for the other three SFE separation
were all higher than 2500 L m 2 h™', suggesting the
as-prepared PAN@SiO, NFMs could be suitable for
rapid emulsion separation. Compared with the SFE
separation, due to the effect of the surfactant, the
fluxes of P@S-3 NFM also decreased by a large -
margin for the different SSE separation and the
residual TOC concentration of the filtrate increased
(Fig. 8b), but the separation efficiency was still high
than 99%. Therefore, it is expected that the
PAN@SiO, NFMs are suitable for the separation of a
variety of oil-in-water emulsions.

Cyclic stability of the PAN@SiO, NFM
for oil/water separation

Considering the inevitable membrane fouling, the
flux and separation efficiency of membrane would
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Table 2 ~Perfomlance of Materials Flux (L m™2 h™" kPa~') Separation efficienc Reference
PAN@SiO, NFM and other P y
ﬁatertfls ;eposr;g n thet. M-PVDF membrane 200 99.9% [17]
fierature for S5k separation PVDF .yt membrane 26 98.5% [41]
TCNC membrane 17 99.9% [42]
CA + SeP/GO membrane 19.1 98% [43]
PAN/HPEI/PDA ENF 17.8 98.5% [44]
GO/SiO, membrane 45.5 99% [34]
Nylon 6/SiO, composite membrane  48.14 99% [35]
PAN@SiO, NFM 269.4 99.5% This work
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Figure 9 Flux of PAN@SiO, NFM for toluene emulsion
(b) 400 80 separation and residual TOC concentration of the filtrate in ten
(] Flux § —- successive cycles testing.
Ny roc a
~ 300 4 . § N . —2 1.1 :
= \ § E approximately 3000 L m™= h™ ", and the residual TOC
E 200 4 § § N § 40 5 concentration of the filtrate remained stable at about
S § § § § ‘2 30 mg L™ in ten cycles. These results demonstrated
Z 100 § § § § 20 5 that the PAN@SiO, NFM has great stability for con-
§ § I§ § e tinuous oil-in-water emulsion separation, indicating
A\ & A\ ! this composite material could be an excellent emul-
& (g

Figure 8 Flux and residual TOC concentration of the filtrate from
different kinds of a SFEs and b SSEs separated by P@S-3 NFM.

gradually decline, limiting the membrane separation
performance. Therefore, cyclic stability is another
important factor to evaluate the membrane separa-
tion performance. To test the performance stability of
the prepared NFMs for oil-in-water separation, the
flux and residual TOC concentration were measured
for ten successive cycles of toluene emulsion sepa-
ration (Fig. 9). It was found that after ten cycles the
decrease in flux and the increment in residual TOC
concentration were insignificant because the hydro-
philic surface could relieve the membrane fouling.
The membrane fluxes were kept stable at

sion separation membrane.

Conclusions

Large flux and high separation efficiency are two key
parameters for excellent emulsion separation mem-
branes. A highly efficient emulsion separation mem-
brane was prepared via a facile sol-gel strategy to
composite amorphous SiO, sheets on a PAN NFM
surface. The as-prepared PAN@SiO, NFMs were
highly efficient for emulsion separation. For toluene
oil-in-water emulsion separation, a high flux of
3994.3 + 3560 Lm > h™' and separation efficiency
(99.50%) were achieved under a very low gravity-
driven pressure of 1 kPa. The changes in flux and
separation efficiency in ten successive cycle tests
were insignificant. For other oil-in-water emulsion

@ Springer
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separation, such as n-heptane, paraffin liquid, n-
hexane and xylene, all the separation efficiency
exceeded 99.68%, indicating that the PAN@SIO,
NFM can be a promising material for the efficient
separation of various kinds of oil-in-water emulsions.
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