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ABSTRACT

There are various methods to introduce functional groups into the membrane

surface to get oil–water separation performance, but most of them involve

complicated reaction conditions and processes. Inspired by click chemistry, we

developed a simple method to fabricate click chemistry-modified membranes.

Firstly, polyacrylonitrile and c-mercaptopropyltriethoxysilane were mixed

together to prepare nanofiber membrane by electrostatic spinning method.

Secondly, 3-[N,N-dimethyl-[2-(2-methylprop-2-enoyloxy)ethyl]ammo-

nium]propane-1-sulfonate inner salt was grafted onto the membrane surface by

thiol-ene click chemistry. The obtained modified membrane displays

hydrophilicity and underwater oleophobicity. Driven by gravity at 1 kPa, the

pure water flux of the membrane reached 787 L/(m2�h). Importantly, it also

demonstrates good antifouling properties with a flux recovery rate of 94%,

which is superior to the properties of most relative research. Therefore, this

work provides a new idea to prepare hydrophilic nanofiber membrane that can

be used in the field of oil–water separation.

Introduction

In recent decades, offshore oil spills, industrial

wastewater and domestic sewage discharge have

caused serious environmental pollution and even

affected people’s physical and mental health [1–3]. In

the face of the increasingly severe wastewater pol-

lution, it is particularly important to explore more

efficient wastewater treatment methods. Generally,

there are methods contain gravity separation [4],

centrifugation [5], adsorption [6], flocculation [7],

biodegradation [8], etc. However, these methods

have certain limitations, including poor oil–water

separation effect and susceptibility to secondary

pollution, etc [9, 10]. Hence, the development of a

new oil–water separation treatment method with
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economical preparation, high separation efficiency

and stable repetitive utilization performance is an

urgent need at present [11].

Aim to the oil–water separation issue, the mem-

brane separation technology has been widely used

due to its higher separation efficiency, lower cost and

suitability for large scale production [12–14]. Many

studies have been devoted to preparing oil–water

separation membrane with high efficiency [15].

Among them, nanofiber membrane has proven to be

beneficial for good oil–water separation with the

advantages of large specific surface area, high

porosity and small pore size [16]. The application of

electrospun nanofiber membranes in the field of oil–

water separation has been extremely progressive.

However, there is an obvious contamination phe-

nomenon during the use of separation membranes.

This is due to the adsorption of pollutants on the

membrane surface and in the pores during the sep-

aration process, resulting in a gradually reduction of

the membrane flux as the use time increases, thus

affecting the oil–water separation efficiency of the

membrane and reducing the service life of the

membrane [17–20]. Therefore, the exploration of

superhydrophilic/underwater superoleophobic

materials has attracted people’s attention because of

their good antifouling properties. For example,

Wahid et al. [21] used a method of mixing nanofibers

and silica particles, and modified the membrane

surface with polydopamine to obtain a superhy-

drophilic/underwater superoleophobic separation

membrane with a separation efficiency of up to

99.9%. Xie et al. [22] used a non-solvent induced

phase separation method to graft [2-(methacryloy-

loxy) ethyl] dimethyl-(3-sulfopropyl) ammonium

hydroxide (DMAPS) onto the surface of PVC mem-

brane to improve its fouling resistance. The mem-

brane has excellent membrane performance, and its

flux recovery rate was as high as 86.4% after 7 h of

fouling test, having an obvious improvement of

fouling resistance compared with the conventional

membrane. Cao et al. [23] had successfully prepared

PA6-rGO nanofiber membranes by electrospinning

and electrospray technology. The membrane has

good separation performance for emulsions by

gravity, and it is the emulsion flux can reach 765.4 L/

(m2�h), with an interception rate of 99.6%, which can

realize the preliminary separation of heavy oily

sewage. To date, a variety of polymers such as PVDF

[24], polysulfone [25], polypropylene [26] and

polyacrylonitrile [27] has been prepared by electro-

static spinning processes to produce nanofiber

membranes for oil–water separation.

Polyacrylonitrile (PAN) is one kind of polymer

with acrylonitrile as the repeating unit. PAN fibers

have been widely used in the preparation of separa-

tion membranes because of their chemical stability,

thermal stability and excellent water wettability.

Although PAN itself has a certain degree of

hydrophilicity, its antifouling performance cannot

meet the requirements, especially in the practical

applications. Therefore, it is necessary to make fur-

ther hydrophilic modification to achieve the goal of

hydrophilicity and antifouling performance [28]. It is

well known that hydrophilic modification can be

carried out by physical and chemical methods. The

physical methods include surface coating and

blending, which has the problems of uneven modi-

fication or poor service life. The chemical methods

involve hydrophilic grafting to polymers through

chemical graft. After the successful modification, the

oil–water emulsion can be readily separated since a

large number of water molecules will form a hydra-

tion layer on the surface of the membrane, which will

prevent the adsorption and accumulation of oily

substances, thereby improving the antifouling per-

formance of the membrane. Shen et al. [29] used a

chemical grafting method to graft hydrophilic short-

chain arginine molecules to the surface of polyacry-

lonitrile/polyacrylonitrile-polyglycidyl methacrylate,

and the surface of the modified membrane was

hydrophilic. The oil-repellent rate of the membrane is

as high as 99.2%, and the flux recovery rate of the

membrane still reaches 88.8% after the two-cycle fil-

tration of pure water and oil–water emulsion.

Compared with other methods, surface grafting is

easily conducted to endow the membrane with long-

term hydrophilicity and antifouling properties. Sur-

face grafting includes plasma induction, free radical

graft polymerization, and atom transfer radical

polymerization (ATRP) and click chemistry. Among

them, click chemistry is a controllable and efficient

synthesis reaction, and it can be realized with high

efficiency under common conditions [30, 31]. Thiol-

ene click chemistry was discovered by Posner in 1905.

In this reaction, the addition reaction of thiol and

double bond occurs through photoinitiation or ther-

mal initiation [32, 33]. The reaction conditions are

simple, the reaction rate is fast, and the product yield

is high. Thus, it has been extensively applied to
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surface grafting nowadays in biological and medical

fields, while in the nanofiber membrane modification

is seldom reported. For example, Fang et al. [34]

introduced mercaptopropyltriethoxysilane into

superhydrophobic fabrics to obtain mercaptans. The

fabric was grafted with methacryloxypropy-

ltrimethoxysilane modified silica@ Fe3O4 nanoparti-

cles by UV light-initiated thiol-ene click chemistry,

the modified fabric exhibits excellent superhy-

drophobicity, high separation efficiency, high per-

meation flux and excellent recyclability. We propose

here that the successful utilization of thiol-ene click

chemistry in this topic will lead to new ideas for the

surface functionalization of nanofiber membranes.

In this work, PAN and c-mercaptopropyltri-

ethoxysilane (MPTES) are firstly blended and then

electrospun into a nanofiber membrane containing

sulfhydryl groups, and these embedded seeds will

react with 3-[N,N- Dimethyl-[2-(2-methylprop-2-

enoyloxy)ethyl]ammonium]propane-1-sulfonic acid

inner salt (SPE) in the following step to produce

functional nanofiber membrane with robust hydro-

philic performance, and the whole preparation pro-

cess is shown in Fig. 1. The surface morphology of

the membrane before and after modification was

observed, the surface wettability of the membrane

was measured by the contact angle. The experiment

was performed by applying a pressure of 1 kPa

under the action of gravity to evaluate the separation

performance and antifouling performance of the

membrane. We hope that this work can provide new

ideas and insights for further development in the

field of oil–water separation.

Experimental

Materials

DI water was used throughout the experiment.

Polyacrylonitrile (PAN, 150000Mw) was provided by

China National Pharmaceutical Group Co., Ltd. c-

mercaptopropyltriethoxysilane (KH580) was sup-

plied by China National Pharmaceutical Group Co.,

Ltd. N, N-Dimethylformamide was purchased from

Wendong (Shanghai) Chemical Co., Ltd. Triethy-

lamine was purchased from China National Phar-

maceutical Group Co., Ltd. Ethanol was purchased

from China National Pharmaceutical Group Co., Ltd.

3-[N, N- Dimethyl-[2-(2-methylprop-2-enoy-

loxy)ethyl]ammonium]propane-1-sulfonate was pur-

chased from Wendong (Shanghai) Chemical Co., Ltd.

Sodium dodecyl sulfate was purchased from Beijing

Yinuokai Technology Co., Ltd. All the above chemi-

cals can be used directly without further purification.

Figure 1 Schematic diagram of MPTES-PAN electrospun membrane preparation process based on click chemistry.
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Preparation of nanofiber membrane MPTES-
PAN

Generally, 1 g of polyacrylonitrile powder was added

to 9 g of N, N-dimethylformamide (DMF) solution

and then stirred under magnetic stirring for 12 h

until the polyacrylonitrile was completely dissolved

in the solvent, and then 10 wt% of MPTES were

added and stirred for a period of time and then

ultrasonically dispersed until MPTES was completely

dispersed in the solution. Subsequently, the electro-

static spinning solution was loaded into a syringe

with a 19 G stainless steel needle. The solution was

advanced at a constant speed of 1 ml/h. The receiv-

ing distance was fixed at 18 cm, the working voltage

was constant at 15 kV and the constant speed of the

rotating collector was 150 rpm. The atmospheric

temperature and humidity were about 18 �C and

50%, respectively. PAN membranes were prepared

under the same process conditions.

Preparation of treatment solution

First, 5 ml of deionized water and 5 ml of anhydrous

ethanol were mixed, and then 10 wt% of 3-[N,

N-Dimethyl-[2-(2-methylprop-2-enoyloxy)ethyl]am-

monium]propane-1 -sulfonate was added and stirred

for 10 min until it was completely dissolved. Next, 2

wt% of triethylamine was added to the solution and

was ultrasonically dispersed for 60 min.

Preparation of modified membrane

The MPTES-PAN membrane was immersed in the

solution and treated at 70 �C for 40 min. After the

reaction, it was washed several times with deionized

water until the unreacted materials on the membrane

surface were washed away, and then was placed in

an oven to dry for later use. The reaction principle is

shown in Fig. 1.

Characterization

The morphology of the membrane samples was per-

formed by scanning electron microscopy (SEM, TM-

1000, Hitachi, Japan). The functional groups were

analyzed by Fourier-transform infrared spectroscopy

(Nicolet 6700, Thermo Fisher, America). Detection of

sulfhydryl peaks of samples by Raman tester (inVia-

Reflexc). The hydrophilicity of the membrane was

measured by contact Angle measuring instrument

(Kruss DSA30, Germany). The permeability of the

membrane was tested by water management tester

(MMT), according to the AATCC test method

195-2009. The thermal properties of the membrane

were analyzed by thermogravimetric analyzer

(TG209F1). A total organic carbon analyzer (Multi

N/C 3100) was used to analyze the oil concentration

in the filtrate. An ultra-deep field 3D microscope

(VHX-6000) was used to observe the oil droplet dis-

tribution of emulsions and filtrates. The particle size

and distribution of the oil droplets are tested by a

laser particle size analyzer (LS13320, Beckman Coul-

ter). Analysis of the elemental composition of the

membrane surface by X-ray photoelectron spec-

troscopy (XPS, Escalab 250Xi, USA).

Membrane water flux test

The pure water flux was measured by a glass sand

core filter device. The membrane was placed on the

filter and deionized water was added to the filter

until the liquid level reaches 10 cm. At this time, the

pressure on the membrane is 1 kPa. The membrane

pressure was kept constant during the test. The

membrane permeate flux over 5 min was calculated

by the following equation:

J ¼ V

A � Dt ð1Þ

Among them, J is the permeation flux L/(m2�h),

V is the volume of permeated water (L), A is the

effective membrane area (m2), and Dt is the mea-

surement time (h).

Separation experiment of oil-in-water
emulsion

Petroleum ether, edible oil, n-hexane and toluene

were used as contaminants, which were added to

deionized water to prepare oil-in-water emulsions

with and without surfactant to measure the separa-

tion efficiency, and sodium dodecyl sulfate was used

as surfactant. In the oil-in-water emulsion, the oil was

mixed with deionized water at a ratio of 1:99 (v/v),

and the concentration of sodium dodecyl sulfate was

about 0.1 mg/ml. The mixture was stirred at a high

speed of 10,000 rpm for 1 min with a high-speed

disperser internal cutting homogenizer, and then the

mixture was dispersed ultrasonically for 5 h until the
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emulsion was stable. The same preparation process

was adopted for the preparation of emulsion without

surfactant. A glass sand core filter device is used for

oil–water separation. The membrane was placed on a

filter with an effective area of 11.95 cm2, the mem-

brane was wetted with deionized water, and then the

emulsion was introduced into the filter until the liq-

uid level reached 10 cm, and the liquid level was

maintained during the separation process. The

amount of water collected in 5 min was calculated as

the permeate flux. The separation efficiency was

calculated by the following equation:

R ¼ 1 � C1

C0

� �
� 100% ð2Þ

Among them, the oil retention rate at R, C1 and C0

is the oil concentration of the penetrating emulsion

and the original emulsion, respectively. The experi-

ment was carried out at room temperature.

Membrane antifouling test

The membrane was fixed in the filter device, and then

pure water was poured into the device. After the

water was filtered, the surfactant-free emulsions were

poured into the device and filtered. After filtration,

the membrane was cleaned by deionized water, and

then the pure water flux was measured again under

the same pressure, and the water flux recovery rate

(FR) was calculated according to the following

equation:

FR ¼ JX
J0

� 100% ð3Þ

where J0 and JX are the pure water fluxes before and

after membrane fouling, respectively.

Results and discussion

Membrane morphology and thermal
properties

MPTES-PAN nanofiber membranes were success-

fully prepared by electrospinning PAN/MPTES/N,

N-dimethylformamide solution. The addition of

MPTES to the spinning solution allows the spinning

of PAN fiber membranes containing thiol groups for

the subsequent click chemistry reactions. The SEM

photograph and fiber diameter distribution of the

PAN nanofiber membrane are shown in Fig. 2. It can

be clearly observed that the average diameter of PAN

fibers in the three pictures does not change signifi-

cantly, and the fiber diameter is mainly distributed

around 300 nm [35]. The fiber diameter is not affected

by the addition of the silane coupling agent, but there

are beads on the fiber in Fig. 2(b). This is due to the

presence of MPTES increases the surface tension of

the solvent in the electrospinning jet, which tends to

form a spherical shape on the fiber [14, 36]. After

clicking the chemical reaction, the beads on the fiber

are reduced, and the fiber itself has no effect. Com-

pared with the original PAN membrane, the color

and appearance of the modified film did not change

significantly.

The thermal stability of the polyacrylonitrile fiber

membrane before and after modification was ana-

lyzed by TG test [37, 38], the heating rate was 10 �C/

min, the test was carried out in an air environment,

and the temperature rose to 600 �C. As shown in

Fig. 2d. The first weight loss stage of polyacrylonitrile

occurs at 250–330 �C. There is only a small mass loss

at this stage, which is mainly low molecular weight

toxic gas released by the cleavage and decomposition

of polyacrylonitrile side groups and end groups. The

weight loss rate of PAN fiber membrane before and

after modification is not much different. With the

increase of temperature, the second weight loss phase

was entered. As can be seen, the weight loss of

MPTES-PAN was much higher than that of PAN and

SPE-PAN, it is due to the early degradation of MPTES

resulting in a lower initial degradation temperature

of MPTES-PAN fiber membrane than that of PAN.

Compared with MPTES-PAN membrane, the weight

loss of SPE-PAN membrane was reduced, but still

higher than PAN membrane due to the sulfonic acid

group on SPE decomposes with increasing tempera-

ture to produce acid, which inhibits the thermal

decomposition of PAN membrane. In summary, the

thermal stability of the blended modified PAN

membrane is lower than that of the original PAN

membrane, but it still has good thermal stability, and

the thermal stability below 200 �C is similar, indi-

cating there will be no significant impact on daily use.

Chemical structure of membranes

In order to further prove the existence of sulfhydryl

groups, Fourier infrared spectroscopy was used for

analysis. In Fig. 3a, the characteristic peak of -SH was
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not displayed. The reason is the content of sulfhydryl

groups on the membrane is too small to be observed.

In order to characterize it, we measured it with a

Raman tester. It can be seen from Fig. 3b that there

are sulfhydryl groups on the blended MPTES-PAN

membrane, but there are no sulfhydryl groups on the

modified SPE-PAN membrane. At the same time, the

membrane was tested with Elman’s reagent. As

shown in Fig. 3b1-2, the MPTES-PAN membrane has

an obvious yellow color, and the SPE-PAN mem-

brane has no yellow color, which proves that the

sulfhydryl group and PAN blend successfully.

To further demonstrate the completion of the

reaction, the SPE-PAN membrane was characterized

by XPS and the corresponding plots are shown in

Fig. 3c, d. Figure 3c shows that the SPE-PAN mem-

brane contains S, Si and other elements. The presence

of C–S/C–O bond at 286.4 eV and the presence of

C=O bond at 288 eV can be seen in Fig. 3d. Because

of the presence of ester groups on the SPE molecule,

the thiol-ene click chemistry proved to be successful.

Wettability of membrane surface

The wettability of the membrane surface is a key

factor for separating oil–water emulsions. The oleo-

phobicity and separation efficiency of the membrane

mainly depend on the wettability of the membrane

surface [39, 40]. The number of hydrophilic groups

on the surface of the fiber affects the wetting perfor-

mance of the fiber. With the increase of the hydro-

philic groups, the rate of wetting of the fiber on the

surface of the membrane also increases. Since SPE is a

molecule containing zwitterions and can be dissolved

in water, when grafted onto the surface of the fiber,

the hydrophilicity of the fiber has a dramatically

improvement, and the droplets can wet the fiber

faster at the same time. The wettability of the PAN

membrane before and after the modification was

Figure 2 a–c Scanning electron microscopy images of the

polyacrylonitrile membrane before and after modification at

50009 magnification. The insets in a–c show the fiber diameter

distribution of polyacrylonitrile fibers before and after

modification. d TG curves of polyacrylonitrile membranes

before and after modification.
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evaluated by the water contact angle [41]. PAN itself

has low hydrophilic, with a water contact angle

(WAC) of less than 90� and only 78� at room tem-

perature, as can be seen in Fig. 4a, the water droplets

start with a droplet-like appearance on the membrane

surface, followed by complete wetting within 7 s. The

blending of PAN and MPTES improved the

hydrophilicity of PAN membrane to some extent, and

the water contact angle of the blended PAN mem-

brane was reduced to 39�, water droplets completely

wetted the MPTES-PAN film within 3 s (Fig. 4a).

Then the zwitterions are grafted by click chemistry

method to greatly improve the hydrophilicity of the

SPE-PAN membrane. As shown in Fig. 4c, the contact

angle could reach 23�, and the time for the membrane

to be wetted was reduced to within 1 s. This means

that the modified membrane has better hydrophilic-

ity and can better separate oil–water emulsions.

The underwater oleophobicity of the membrane is

also an important factor in measuring its oil–water

separation performance. Figure 4b shows the under-

water oleophobicity of the membrane, where the oil

droplets do not spread out on the membrane surface

and do not wet the membrane surface. The under-

water oil contact angles (UOCAs) measured over a

period of time are shown in Fig. 4d. The UOCAs

measured on the fiber membranes were all above

130�, and the underwater oil repellency of the SPE-

PAN membranes was further demonstrated.

Figure 3 a Infrared spectra of polyacrylonitrile membranes before

and after modification. b Raman spectrogram of modified

membrane. (b1), (b2) Elman’s reagent test chart for MPTES-

PAN and SPE-PAN membranes. c XPS full spectrum of SPE-PAN

membrane. d High resolution C1s image of SPE-PAN membrane.
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Permeability of membranes

The permeability of the membrane was evaluated by

using the moisture absorption level of the membrane,

in which the dynamic response of liquid moisture

within 2 min was recorded [42]. The MMT results in

Table 1 summarize the differences in the performance

of the samples in terms of wetting time (WT),

absorption rate (AR), spreading speed (SS), maxi-

mum wetting radius (MWR) and unidirectional

transport capacity (OWTC) on the top and bottom

surfaces of the membranes. Comparing the data in

the table, it can be seen that the wettability of the

blended MPTES-PAN membrane has a large

improvement compared with the original PAN

membrane, and the membrane can be directly wetted

within 0.324 s. In addition, the modified SPE-PAN

membrane has improved unidirectional transport

ability compared with MPTES-PAN, and the wetting

time is the same with it, this can be more intuitively

seen through Fig. 5a. This shows that compared with

the pristine PAN membrane, MPTES-PAN and SPE-

PAN have a great improvement in the wetting speed,

and the wetting time is shortened, and the liquid

moisture can penetrate from one side to the other side

in the shortest time, which indicates that the wetting

property of the blended and modified PAN mem-

brane is greatly enhanced. The above MMT test

Figure 4 a Water droplet

wetting time graph on PAN

membrane before and after

modification. b Underwater

oleophobic diagram of

dichloroethane droplets (dyed

with oil red). c Modified

anterior and posterior

membrane contact angle.

d Underwater oil contact angle

of SPE-PAN membrane in

0–24 h.
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results show that the modified PAN membrane has

good water management performance and meets the

requirements in oil–water separation.

Water flux analysis

After five cycles of measurement, the pure water flux

results of the membranes before and after modifica-

tion are shown in Fig. 5b. It can be seen that the water

Table 1 Liquid moisture

management properties of

polyacrylonitrile fiber

membranes before and after

modification

Samples WT (s) AR (%/s)

Top Bottom Top Bottom

PAN 2.820 ± 0.001 4.926 ± 0.002 32.13 ± 0.01 11.08 ± 0.02

MPTES-PAN 0.324 ± 0.001 0.324 ± 0.001 24.49 ± 0.01 24.45 ± 0.02

SPE-PAN 0.324 ± 0.001 0.324 ± 0.001 20.24 ± 0.01 50.09 ± 0.01

Samples MWR (mm) SS (mm/s) OWTC

Top Bottom Top Bottom

PAN 10.00 ± 0.01 10.00 ± 0.01 1.745 ± 0.00 1.073 ± 0.00 253.9 ± 0.21

MPTES-PAN 30.00 ± 0.02 30.00 ± 0.02 14.15 ± 0.01 13.71 ± 0.01 85.40 ± 0.12

SPE-PAN 30.00 ± 0.02 30.00 ± 0.02 15.49 ± 0.01 15.41 ± 0.01 147.5 ± 0.17

Figure 5 a PAN membrane, MPTES-PAN membrane, SPE-PAN

membrane Schematic diagram of top and bottom water content.

b Pure water flux of PAN membrane before and after modification.

c Separation test by SPE-PAN membrane. d UOCAs of SPE-PAN

membrane in different environments.
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flux of the modified SPE-PAN membrane is signifi-

cantly increased compared with the MPTES-PAN

membrane and the PAN membrane. Because of the

hydrophilicity of the membrane, water can quickly

penetrate the membrane under the drive of gravity. It

can be clearly seen that the water flux of the blended

MPTES-PAN membrane is only 542.6 L/(m2�h). The

low flux may also be caused by the reduced pore size

of the MPTES-PAN membrane. The pore size of the

membrane is one of the factors affecting the mem-

brane performance [43, 44]. However, the pore size of

the membrane did not change much before and after

the modification as measured by capillary flow

porosimetry. This is because the pore size of the fiber

membrane has not changed, but the introduction of

hydrophilic groups greatly increases the hydrophilic

properties of the membrane, so water molecules can

penetrate the membrane faster.

Durability test

The durability of the membrane was characterized by

subjecting it to a harsh environment for 24 h and

measuring the change in its underwater oleophobic

angle. The membranes were immersed in

hydrochloric acid (pH = 1), sodium hydroxide solu-

tion (pH = 14) and toluene organic solution for 24 h,

respectively. Subsequently, its underwater oil contact

angle was measured, and it can be seen from Fig. 5d

that the UOCAs of the membrane were not affected

and remained at a high level even under the harsh

environment, which shows that the membrane has

good durability.

Considering the problem of clogging of the filter

during use, the durability of the filter was also tested.

Before the penetration test, the amount of pure water

passing through the filter within 1 min was 91.6 ml.

Subsequently, the membrane was used for the

emulsion separation test. After each separation, the

filter was cleaned. After five cycles, the amount of

pure water passing through the filter in 1 min was

measured to be 90.1 ml. It can be seen that the filter

also has good durability.

Separation performance of oil-in-water
emulsion

SPE-PAN membrane has extremely strong hydro-

philic properties and great application prospects in

the field of oil–water separation. As shown in Fig. 5c,

water can pass through the SPE-PAN membrane,

while the oil stays on the surface of the membrane,

and the oil (dyed with oil red) on the membrane still

cannot penetrate down even if the pressure increases.

Eight different oil-in-water emulsions were prepared

by using petroleum ether, edible oil, n-hexane and

toluene, respectively, while classified into surfactant-

stabilized and surfactant-free classes. The filtrates

obtained by separation are shown in Fig. 6. Taking

the surfactant-free emulsions as an example, their

particle size and distribution are displayed in Fig. 6.

We can see that the particle size distribution of edible

oil emulsion is mainly around 1 micron, while the

particle size of organic solvent emulsion is relatively

larger. The droplets before and after the separation

can also be observed through a super-depth of field

three-dimensional microscope. It can be seen that

there are a large number of oil droplets in the four

emulsions, and there are only a small amount of oil

droplets in the filtrate, which shows that the modified

membrane has a good separation effect.

The separation of the above various emulsions

yielded the following results, as shown in Fig. 7a. It

can be seen that the separation of emulsions surfac-

tant-free has a good permeate flux, which is due to

the presence of surfactants that adsorb oil droplets on

the hydrated layer, which leads to a decrease in

permeate flux. Moreover, after several cycles of sep-

aration tests, the SPE-PAN membrane still has good

separation efficiency, as shown in Fig. 7b. The carbon

content of the emulsions and filtrates were tested by

TOC, and it can be seen from Fig. 7c that the sepa-

ration efficiency of edible oil emulsion is the lowest.

This is because the particle size of edible oil emulsion

is mainly distributed below 1 micron compared with

other emulsions, and more oil droplets permeate out

through the membrane pores.

Antifouling performance of SPE-PAN
membrane

Compared with the traditional membrane separation

process, the gravity-driven microfiltration membrane

not only saves energy, but also reduces the mem-

brane fouling caused by the clogging of the mem-

brane pores [45]. During the filtration process, the

surface of the SPE-PAN membrane exhibits strong

hydrophilicity, which can capture water molecules,

form a hydration layer on the membrane surface,

while repelling the oil droplets on the membrane
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surface, and therefore, have a good oil–water sepa-

ration performance. Due to the phenomenon of

electrostatic adsorption during gravity driving, a

small amount of oil droplets will pass through the

porous membrane, which will affect the efficiency of

oil–water separation [46].

Emulsions using sodium dodecyl sulfate as a sur-

factant was used to study the antifouling

performance of SPE-PAN membrane. Since the

hydration layer formed by zwitterions adsorbing

water molecules on the surface of the fiber membrane

will prevent the contaminants from adhering to the

fiber, the SPE-PAN membrane has achieved antipol-

lution effect [47]. As a result, the oil droplets accu-

mulated on the membrane surface are easily washed

away by water. Therefore, the flux recovery rate can

Figure 6 Ultra-depth three-dimensional micrographs of emulsion (a1–d1) and filtrate (a3–d3). a2–d2 The droplet size and distribution of

the emulsion.
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reach up to 94%, due to the low separation efficiency

of the edible oil emulsion, the flux recovery rate is

also relatively low, as shown in Fig. 7d. The result

indicates that the PAN electrospun membrane pre-

pared by thiol-ene click chemistry has an excellent

separation efficiency with good cycling stability.

Conclusions

In summary, we have proposed a simple and efficient

method to prepare hydrophilic modified PAN

membranes. In this study, by blending PAN and

MPTES, the electrospun microfiber membrane is rich

in sulfhydryl groups, so that SPE can be grafted by

click chemistry to give the fiber membrane excellent

hydrophilicity. The hydrophilic performance of the

modified PAN membrane is significantly improved,

with a lower water contact angle and a higher

underwater oil contact angle, and the pure water flux

is 787.2 L/(m2�h). At the same time, the membrane

shows good separation efficiency and good antifoul-

ing performance, which is the bottleneck problem of

most hydrophilic membrane. Therefore, we can see

the introduction of thiol-ene click chemistry can

effectively solve this problem and provide a new idea

for the design of efficient oil–water separation

membranes.

Figure 7 a Flux of membrane before and after modification with

and without surfactant. b Flux of membrane with the surfactant-

free emulsions. c Separation efficiency of SPE-PAN membrane for

different emulsions. d Flux recovery rates of SPE-PAN

membranes for different emulsions.
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