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In the present study, polyoxyethylene (20) sorbitan monolaurate (Tween-20) was employed as a surface

coating agent for hydrophilic modification of poly(vinylidene fluoride) microfiltration membranes. The

optimized parameters for membrane preparation (i.e., coating temperature, coating concentration,

coating time and drying time) were systematically investigated. Contact angle and transmembrane

pressure were employed to evaluate the efficiency of the modified membranes, and the optimized

parameters were proposed. The removal of chemical oxygen demand (COD) and suspended solids (SS),

as well as fouling control performance, was further evaluated. The results showed that the optimized

parameters were 40 �C, 4.5 mmol L�1, 45 min and 45 min for coating temperature, coating

concentration, coating time and drying time, respectively. Under these conditions, a hydration layer on

the surface was formed, resulting in a more hydrophilic membrane surface. During domestic wastewater

treatment in membrane bioreactor (MBR), the Tween-20 modified membrane exhibited better

performance with rejection efficiencies of 94.56% and 97.53% for COD and SS, respectively. Tween-20

coating could mitigate the increase of transmembrane pressure and reduce the concentration of

proteins accumulated on the membrane surface, which was effective for membrane fouling control.

Simultaneously, the operation time of MBR was extended from 25 to 46 days. Furthermore, the stability

of Tween-20 coated PVDF membrane was also verified. The results indicated that surface coating with

Tween-20 is efficient and easy to be carried out, showing a great potential for application in MBR during

wastewater treatment.
1. Introduction

With the aggravation of environmental pollution and gradual
improvement of sewage discharge standards,1–5 membrane
technology has been increasingly used for drinking water
production, wastewater treatment, agro-food, biotechnological
and biomedical markets due to its low energy consumption,
high process efficiency, easy scale-up and negligible environ-
mental impact.6–10 Among various membrane techniques,
membrane bioreactors (MBRs) have been widely applied in
wastewater treatment, whereas membrane fouling is still a crit-
ical impediment limiting their further widespread applica-
tion.11,12 The development and promotion of MBR technology is
inseparable from the development of membrane material.
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hemistry 2019
Usually, a hydration layer is easily formed on the surface of
a hydrophilic membrane, which could prevent the deposition
and adsorption of pollutants on the membrane surface, thereby
reducing the fouling of the membrane.13–15 Poly(vinylidene
uoride) (PVDF) has been widely used to produce micro-
ltration and ultraltration membranes due to its excellent
chemical resistance, thermal stability, processability and
mechanical properties.16–19 However, PVDF has fairly low resin
surface energy and extremely strong hydrophobicity, leading to
serious adsorption fouling, as well as reduced membrane ux
and service life. Consequently, increasing the resistance of
pollutants adsorption and service life of membrane using the
method of hydrophilic modication has become a hotspot in
the eld of membrane materials.

In general, hydrophilic modication of PVDF membrane
includes two methods, i.e., membrane intrinsic and surface
modication. The essence of membrane modication is to mix
membrane material with hydrophilic polymer or inorganic
nano-materials, which can bring in a hydrophilic layer to the
surface of PVDF membrane and prevent its contact with
RSC Adv., 2019, 9, 20035–20043 | 20035
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pollutants.20 Surface modication of membrane includes
surface coating and gra modication.21 With respect to the
coating modication, physical reaction is used to x hydro-
philic layers to the surface of membrane, which will not change
the chemical constituents of PVDF membrane and operate
simply. Boributh et al.22 used 1.0% (mass fraction) chitosan and
three different adding modes to modify a 0.22 mm PVDF at
sheet membrane. The results showed that the pure water
contact angle of modied membranes obviously decreased,
indicating that the hydrophilicity of modied membranes
signicantly increased. Zhang et al.23 modied PVDF
membranes with tannin coating using a simple dip-coating
method. The result indicated that the modied membranes
exhibited prominent separation performance for emulsion and
excellent antifouling property. Surface gra modication24 is
another method to improve the surface hydrophilicity by
graing hydrophilic monomers or inorganic nanoparticles onto
the PVDF membrane surface. In the study of Liu et al.,25 surface
graing modication was performed by the following method.
Firstly, PVDF membranes were pre-irradiated by electron beam
in vacuum, and then the hydrophilic sulfonated groups were
introduced by the single step graing method with binary
monomer solution of acrylic acid and sodium 4-styrenesulfo-
nate. Finally, the water contact angle of the membrane surface
signicantly decreased, indicating the improvement of the
surface hydrophilicity.

The surfactant ordinarily combines at least two kinds of
functional groups which have signicantly different polarity
medium tendency. With the inuence of functional groups,
the conterminous interface will form directional selection
adsorption, hence changing the state and nature of interface.
Since an ionic surfactant is charged, membrane pollutants
with the same charge can be excluded by electrostatic inter-
action, thus reducing interface absorption during water
treatment. Non-ionic surfactant reduces pollutants deposi-
tion mainly through forming dense hydrophilic layers on the
surface. To the best of our knowledge, it is still lack of
systematic studies about the effect of coating non-ionic
surfactant on the performance of PVDF microltration
during wastewater treatment. Polyoxyethylene (20) sorbitan
monolaurate (Tween-20) is one of the typical non-ionic
surfactants, which was usually used as a pore forming
agent in membrane preparation.26,27 In comparison with
ionic surfactants, non-ionic surfactants represented by
Tween-20 are more stable in the water and less susceptible to
acid and alkaline solutions, which could be much safer and
cheaper for membrane hydrophilic modication. Xie et al.28

modied polypropylene membrane by adsorption of various
Tween surfactants, i.e., Tween-20, Tween-40, Tween-60,
Tween-80 and Tween-85. The results indicated that Tween-
20 exhibited certain advantages over other surfactants for
decreasing contact angle, and showed much higher adsorp-
tion amount at low concentration. To this end, Tween-20 was
chosen as one of the typical non-ionic surfactants for
hydrophilic modication of PVDF microltration membrane.
In comparison with blending modication, surface coating is
easier to perform, which can be directly used on the surface
20036 | RSC Adv., 2019, 9, 20035–20043
of commercially available membranes. As far as we know,
very limited work on the fabrication of Tween-20 coated PVDF
microltration membrane has been reported, especially for
the optimization of preparation parameters. This work aims
at preparing hydrophilic antifouling membranes for waste-
water treatment, which oriented the design of preparation
parameters.

In the present study, Tween-20 was introduced to coat PVDF
microltration membrane, and the preparation parameters
(i.e., coating temperature, coating concentration, coating time
and drying time) were systematically investigated and opti-
mized. Then, the removal performance of Tween-20 coated
PVDF membrane and original membrane on COD and SS
during wastewater treatment were evaluated. The fouling
control performance were further studied by testing the
increase of transmembrane pressure and accumulation of
proteins onmembrane surface. Finally, the stability of modied
membrane was investigated. The results were expected to
demonstrate the feasibility of surface coating with Tween-20 to
simultaneously improve the performance of pollutants removal
and membrane fouling control.
2. Materials and methods
2.1 Materials

In this study, a PVDF hollow ber microltration membrane
provided by Tianjin Motimo Membrane Technology Co., Ltd
was employed, and the characteristics of membrane are shown
in Table S1.† Tween-20 supplied by BioFroxx (Einhausen, Hes-
sen, Germany) was used as a typical non-ionic surfactant. The
chemical structural formula of Tween-20 is shown in Fig. S1.†
The quality of raw wastewater in this study is shown in Table
S2.†
2.2 Preparation of Tween-20 coated PVDF membrane

To prepare Tween-20 coated PVDF membrane, the virgin
membrane was rstly immersed in ultrapure water for 48 h to
remove conservation reagents and impurities on membrane
surface. Then, the membrane was immersed in Tween-20
solutions with different concentrations under various coating
temperatures and times, followed by drying in an oven with
different drying times. Finally, the Tween-20 coated PVDF
membrane was obtained. The detail parameters used to prepare
the membrane are shown as follows:

(1) Coating temperature is the required temperature of
drying oven, expressed as T. The experimental levels were 40 �C,
80 �C and 120 �C, respectively.

(2) Coating concentration is the loading mass of Tween-20,
expressed as CC. The experimental levels were 1.8, 4.5, 9.0
and 18.0 mmol L�1, respectively.

(3) Coating time is the soaking duration in Tween-20 solu-
tion. The experimental levels were 10, 15, 25 and 45 min,
respectively.

(4) Drying time is the duration in the drying oven. The
experimental levels were 30, 45, 90 and 120 min, respectively.
This journal is © The Royal Society of Chemistry 2019
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2.3 Experimental setup of MBR

The schematic diagram of the experimental setup for MBR is
shown in Fig. 1, and the photo of the device is illustrated in
Fig. S2.† As seen in Fig. 1, the experimental setup was composed
of raw water tank, inlet water pipe, balance tank, bioreactor,
membrane module, outlet water pipe, aeration system, and
pressure measuring pipe. Raw water owed into the balance
tank from the raw water tank by gravity, and the balance tank
controlled the level of the bioreactor by the oat valve. Raw
water entering the balance tank was evenly distributed into the
bioreactor through the outlet pipe at the bottom of the tank.
The bioreactor was a plexiglass column with a diameter of 0.2 m
and an effective water depth of 0.75 m. The bioreactor provided
dissolved oxygen for microorganisms in the aeration tank by
sand lter aerator and produced cross-ow uid which scour
the membrane surface. The aeration rate was controlled by gas
rotor owmeter. The height difference between the surface of
the reactor and the effluent provided the driving force for the
effluent water, and the effluent water quantity was adjusted by
the rotor owmeter. In order to monitor the condition of
membrane fouling, a pressure meter was made according to the
principle of communicator, and the liquid level of the pressure
tube reected the variation of transmembrane pressure.
2.4 Analytical methods

2.4.1 The measurement of contact angle. A JY-82 contact
angle goniometer (range of contact angle measurement: 0–180�;
test accuracy: 1 degree) was used to test the contact angle of
membrane surface with deionized water. It was noted that
contact angle reected the invasion of water to membrane
surface, and a bigger contact angle value indicated less
membrane surface hydrophilicity.29 In the measurement of
contact angle, ve measurements at different locations of
Fig. 1 Schematic diagram of MBR experimental setup for wastewater
treatment.

This journal is © The Royal Society of Chemistry 2019
membrane surface were carried out and the average value was
obtained.

2.4.2 The extracting of extracellular polymeric substances
(EPS). The deposited cake layer was scraped from a certain area
of membrane surface, and dissolved in 50 mL phosphate buff-
ered saline with pH of 7.4 (10.0 mmol L�1 Na2HPO4, 2.0 mmol
L�1 KH2PO4, 137.0 mmol L�1 NaCl, and 2.7 mmol L�1 KCl).
Then, EPS was extracted by heating the solution at 80 �C for
30 min, followed by ultrasound at 120 W for 5 min and centri-
fuging at 10 000g for 20 min.30 The supernatants were collected
to analyze the concentration of proteins according to the
method proposed by Lowry et al.31

2.4.3 Other analytical methods. The chemical oxygen
demand (COD) and suspended solids (SS) were determined by
using standard method.32 All experiments were performed in
duplicate, and the averages were recorded with deviations of
less than 5%. The surface morphologies of original and modi-
ed membranes were observed using a scanning electron
microscope (SEM, JSM-7610F, JEOL, Japan). The operating
conditions of the SEM instrument are shown as follows: accel-
erating voltage ¼ 5.0 kV, emission current ¼ 55 mA, work
distance ¼ 6.6 mm. To prepare SEM samples, the membranes
were rstly dried in a desiccator (45 �C) for 72 h and xed on
a copper sheet, then coated with gold by a precision etching
coating system (JEC-3000FC, JEOL, Japan). An atomic force
microscopy (AFM, Bioscope, Veeco, USA) was employed to
characterize the roughness of membrane surface. The func-
tional groups of membrane surfaces were identied using an
attenuated total reectance Fourier transform infrared (ATR-
FTIR) spectroscope (Nicolet6700, Thermo Scientic, USA).

3. Results and discussion
3.1 Optimization of preparation parameters

3.1.1 Coating temperature. Coating temperature is an
important factor inuencing the preparation of Tween-20
coated PVDF membrane. The inuence of coating tempera-
ture on the apparent appearance of the membrane was inves-
tigated and the surface morphologies under different coating
temperatures are shown in Fig. 2. Fig. 2(a) illustrates that
membrane pores could be seen clearly on the surface of the
original membrane. Aer coating under various temperatures,
the modied membranes exhibited different surface morphol-
ogies due to the presence of Tween-20 coating on membrane
surfaces. To be specic, the surface of modied membrane at
40 �C was smoother and some large pores could be observed on
membrane surface (Fig. 2(b)). When the coating temperature
was increased to 80 �C, the membrane surface became rougher
and less elastic because of the reinforcement between
membrane surface and non-ionic surfactant (Fig. 2(c)). As
shown in Fig. 2(d), the modied membrane exhibited greatest
surface roughness at 120 �C and the pores could not be seen
clearly. Since the distortion temperature and melting point of
PVDF materials are 112–145 �C and 172 �C, respectively, the
deformation of PVDF materials occurred when the temperature
was higher than 112 �C, resulting in a compact and rough
surface morphology. Sun et al.19 modied PVDFmembrane with
RSC Adv., 2019, 9, 20035–20043 | 20037
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Fig. 2 SEM images of the original membrane (a) and Tween-20 coated membranes under the coating temperature of 40 �C (b), 80 �C (c) and
120 �C (d).
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monoethanolamine, and found that the modied membranes
at a higher temperature were more hydrophilic. This was
because that an increase in the temperature increased the
reaction rate and more uorine was eliminated from the poly-
mer backbones. However, the PVDF membranes treated by
monoethanolamine solutions at 80 �C for 24 h became very
fragile.

AFM was further employed to characterize membrane
surface roughness, and the results are shown in Fig. 3. The
Fig. 3 AFM images of the original membrane (a) and Tween-20 coated
120 �C (d).

20038 | RSC Adv., 2019, 9, 20035–20043
average plane roughness (Ra) value for the original membrane
was 7.4 nm. By contrast, the modied membrane prepared at
40 �C was the smoothest with Ra of 5.8 nm, and the roughness
increased with the increase of coating temperature. Under the
coating temperature of 80 �C and 120 �C, the Ra values were
increased to 8.6 and 10.5 nm, respectively. Note that the
increased roughness was likely attributed to the deformation of
PVDF material, showing a negative effect on membrane contact
angle and hydrophilicity. In addition, reducing surface
membranes under the coating temperature of 40 �C (b), 80 �C (c) and

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03549d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
1:

53
:2

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
roughness could decrease the accumulation of foulants on the
valleys of membrane surface, thus contributing to membrane
fouling control.33 To this end, taking the energy conversation
into consideration, 40 �C was chosen as the optimized coating
temperature in this study.

3.1.2 Coating concentration. The effect of coating concen-
tration (CC) on surface modication is illustrated in Fig. 4. As
shown in Fig. 4(a), the contact angles of PVDF microltration
membranes were all less than 90� and showed hydrophilic
behavior aer coated by Tween-20. It was noteworthy that the
effect of hydrophilic modication was more obvious with CC of
4.5 mmol L�1, and the contact angle decreased from 105� to 70�.
The effectiveness of modication was evaluated by the changes
of contact angle and transmembrane pressure. Contact angle
could reect the hydrophilic property of modied
membranes.29 The decrease of contact angle indicated the
increase of the hydrophilicity of membrane.34–38 As illustrated in
Fig. 4(b), the increasing rate of transmembrane pressure even
exceeded the original membrane with CC of 1.8 and 18.0 mmol
L�1, respectively. With CC of 4.5 mmol L�1, the transmembrane
pressure changed from 0.7 kPa to 10.7 kPa with effluent ow
rate increased from 2.5 L h�1 to 11.5 L h�1. By contrast, with the
effluent ow rate increased from 2.5 L h�1 to 11.5 L h�1, the
transmembrane pressure changed from 0.9 kPa to 12.4 kPa
under CC of 9.0 mmol L�1. It was noted that the changes of
transmembrane pressure reected membrane ux. Specically,
lower transmembrane pressure of modied membrane than
original membrane under the same ow rate indicated excellent
Fig. 4 Effect of coating concentration (CC) of Tween-20 on
membrane modification: (a) membrane contact angle, (b) trans-
membrane pressure. Experimental conditions: T¼ 40 �C, coating time
¼ 15 min, drying time ¼ 45 min.

This journal is © The Royal Society of Chemistry 2019
modication result.39 Considering the inuence of Tween-20
concentration on contact angle, 4.5 mmol L�1 was more
appropriate for surface modication. The result was similar
with the study of Lu et al.,40 which reported that the higher of
Tween-20 concentration, the faster the ux decreased, and the
appropriate CC for surface modication of polysulfone ultra-
ltration membrane was 1.0 g L�1 (the lowest CC).

3.1.3 Coating time. The inuence of coating time on
surface modication is shown in Fig. 5. The contact angle
changed obviously when the coating time varied from 10 min to
45 min. With the coating time of 45 min, the hydrophilicity of
membrane was signicantly improved with the contact angle of
70�. With respect to the transmembrane pressure curve, it
seemed that the coating time of 10min exhibited little inuence
on the increase of transmembrane pressure, and the curve of
modied membrane nearly overlapped with origin membrane.
It was speculated that a stable hydration layer could not be
formed between non-ionic surfactant and membrane surface in
10 min, resulting in the detachment of non-ionic surfactant
with the increase of effluent velocity, and a slightly greater
transmembrane pressure than the original membrane. Under
the coating times of 15, 25 and 45 min, the rising trend of
transmembrane pressure for the modied membrane was well
controlled, and the best performance was achieved at the
longest coating time (45 min). This was likely because the
surfactant could be more tightly attached to the membrane
surface with the increase of coating time, forming a stable
hydration layer. Through comprehensive evaluation of contact
angle and transmembrane pressure, 45 min was more
Fig. 5 Effect of coating time on membrane modification: (a)
membrane contact angle, (b) transmembrane pressure. Experimental
conditions: T ¼ 40 �C, CC ¼ 4.5 mmol L�1, drying time ¼ 45 min.

RSC Adv., 2019, 9, 20035–20043 | 20039
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appropriate for surface coating. Under this condition, a stable
water layer was formed. Similarly, Lu et al.40 also considered
that the appropriate coating time was more than 30 min when
using Tween-20 as a surface modication material for poly-
sulfone ultraltration membrane, by which a stable hydration
layer can be obtained.

3.1.4 Drying time. Drying time is a key factor inuencing
the attachment of Tween-20 coating on membrane surface. The
inuence curve of drying time on membrane modication is
illustrated in Fig. 6. As seen in Fig. 6(a), the contact angle
decreased from 77� to 70� with the drying time increased from
30 min to 45 min. However, when the drying time extended
more (i.e., 90 min, 120 min), the contact angle increased
consequently. As shown in Fig. 6(b), compared with the original
membrane, the increase rate of transmembrane pressure was
signicantly decreased under the drying times of 30 min and
45 min, indicating excellent fouling control performance.
However, the drying times of 90 min and 120 min even accel-
erated the increase of transmembrane pressure. When the
effluent ow rate increased from 2.5 L h�1 to 11.5 L h�1, the
transmembrane pressure increased from 0.2 kPa to 5.2 kPa, 3.9
kPa, 14.7 kPa, and 17.7 kPa under the drying times of 30 min,
45 min, 90 min, and 120 min, respectively. This was because
that the process of drying can reinforce the stability between the
membrane surface and non-ionic surfactant at certain temper-
ature. The original membrane structure might be destroyed
when the drying time exceeded 45 min. An appropriate drying
time could signicantly increase the hydrophilicity of
membrane, thus decreasing the contact angle. While the lowest
Fig. 6 Effect of drying time onmembranemodification: (a) membrane
contact angle, (b) transmembrane pressure. Experimental conditions:
T ¼ 40 �C, CC ¼ 4.5 mmol L�1, coating time ¼ 25 min.

20040 | RSC Adv., 2019, 9, 20035–20043
contact angle was obtained with the drying time of 45 min,
showing the best hydrophilic modication result. Accordingly,
45 min was appropriate and chosen as the optimized drying
time in this study.

3.2 Removal performance of Tween-20 coated PVDF
membrane

The removal performance of COD and SS by original and
modied membranes (under the optimized preparation
parameters) were comparably investigated during wastewater
treatment inMBR, and the results are shown in Fig. 7. It seemed
that both original and modied membranes exhibited efficient
removal effect for COD and SS at initial period (0–5 d). Then, the
rejection efficiency of SS kept stable within the whole operation
period (i.e., the average SS rejection rate of the original
membrane was 97.38%, while for the modied membrane was
97.53%). Nevertheless, the rejection rate of COD for original
membrane was rapidly decreased aer 20 days (i.e., from
92.77% to 86.28%), while modied membrane still showed
a stable ability on the removal of COD. Furthermore, the
modied membrane can keep in efficient operation (e.g., the
average COD rejection rate was 94.56%) for about 46 days.
Comparably, the original membrane kept stable operation for
only about 25 days. The results indicated that hydrophilic
modication of membrane surface can effectively improve the
removal efficiency and prolong its service life. It was noteworthy
that the better COD rejection rate for modied membrane was
likely due to the fact that the modied membrane had better
Fig. 7 Rejection efficiency of COD (a) and SS (b) by Tween-20 coated
PVDF membrane during wastewater treatment. Experimental condi-
tions: T ¼ 40 �C, CC ¼ 4.5 mmol L�1, coating time ¼ 45 min, drying
time ¼ 45 min.

This journal is © The Royal Society of Chemistry 2019
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hydration speciality.41 The above results demonstrated the
feasibility of surface coating with Tween-20 to improve the
removal performance of pollutants (i.e., COD and SS) and
prolong the operation time during domestic wastewater
treatment.
Fig. 8 Membrane fouling control of Tween-20 coated PVDF
membrane during wastewater treatment: (a) increase of trans-
membrane pressure, (b) accumulation of proteins on membrane
surface, (c) correlation between protein concentration and trans-
membrane pressure.
3.3 Fouling control performance of Tween-20 coated PVDF
membrane

The antifouling performance of Tween-20 coated PVDF
membrane in MBR was investigated during wastewater treat-
ment, and the results are shown in Fig. 8. As seen in Fig. 8(a),
the transmembrane pressure of the original membrane
increased from 1.3 kPa to 4.8 kPa with a growth rate of 233%
during 25 days operation. With respect to the modied
membrane, the transmembrane pressure increased from 1.6
kPa to 5.9 kPa during 46 days operation with a growth rate of
260%. When the growth rate was approximately the same, the
MBR with original membrane as the core component only ran
for 25 days, while the modied membrane ran for 46 days.
Membrane surface modication extended the operation time by
20 days, which was very economical for saving the cleaning cost.
It was noted that due to the free surfactant on membrane
surface in the initial period, the transmembrane pressure
increased in the rst 5 days, and then decreased from the 6th
day aer washing away free surfactant. To this end, from the
standpoint of transmembrane pressure, surface coating modi-
cation with Tween-20 was effective for membrane fouling
control.

During wastewater treatment, membrane fouling of MBR
was mainly caused by EPS.42 The main components of EPS were
proteins and polysaccharides, etc.43,44 The higher the protein
contents in EPS, the stronger the hydrophobicity of wastewater.
At the same time, the electrical property of proteins affected the
surface charge of the ocs, possibly because positively charged
and non-polar amino acids were dominant in proteins.45

Therefore, the effect of protein on membrane fouling was more
direct. It should be noted that proteins are hydrophobic
substances, which tend to deposit on membrane surface. Under
the action of high-speed shear force on the membrane surface,
secondary adsorption was formed on the membrane pore wall,
resulting in smaller and blockedmembrane pores and chemical
pollution. Fig. 8(b) shows the accumulation of proteins on
membrane surface. The concentration of proteins accumulated
on the original membrane surface increased from 0.20 g m�2 to
87.30 g m�2 aer 25 days operation, while for the modied
membrane the concentration was increased to 37.85 g m�2 aer
46 days operation. It seemed that surface modication
dramatically reduced the concentration of proteins accumu-
lated on membrane surface, indicating that hydrophilic modi-
cation with Tween-20 was efficient for reducing protein
accumulation.

The relationship between protein concentration and trans-
membrane pressure was also investigated in this study, and the
result is illustrated in Fig. 8(c). It seemed that for both original
and modied membranes, the transmembrane pressure
increased with an exponential function as the increase of
This journal is © The Royal Society of Chemistry 2019
protein concentration (R2 ¼ 0.7238 and 0.6236 for original and
modied membrane, respectively). The results indicated that
both transmembrane pressure and protein concentration could
closely reect the condition of membrane fouling, and hydro-
philic modication with Tween-20 has a great potential for
mitigating membrane fouling during wastewater treatment.
RSC Adv., 2019, 9, 20035–20043 | 20041
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3.4 Stability of Tween-20 coated PVDF membrane

To verify the stability of Tween-20 modied membrane, an
immersion test lasted for 20 days was carried out with ultrapure
water, 0.4% HCl and 0.4% NaOH, respectively. The values of
contact angle under different immersion conditions were
investigated and the results are shown in Fig. 9. It seemed that
the contact angle changed little aer immersing for 20 days in
all the solutions, indicating that Tween-20 was remained on
membrane surface without signicant loss during immersion
test. The experimental result veried the stability of Tween-20
coating to some extent.

As shown in Fig. S3,† the spectrum of the virgin membrane
presented the typical spectrum of corresponding polymers for
PVDF. To be specic, the absorption peak at 1401 cm�1 repre-
sents CH2 wagging, while the peak at 1170 cm�1 results from
–CF2 stretching.46 With respect to the Tween-20 modied PVDF
membrane, peaks at 1713 and 1100 cm�1 are attributed to the
carbonyl group (C]O) and C–O–C asymmetric stretching
vibration in the ester bond (O–C]O) in Tween-20, respec-
tively.47 Aer immersion in 0.4% NaOH for 20 days, the spec-
trum of modied membrane changed little, suggesting that
Tween-20 coating layer was still attached on membrane
surface. The results of FTIR spectra indicated the stability of
Tween-20 modied membrane from the standpoint of surface
functional groups. In addition, the excellent stability of Tween-
20 coating was also reported by Xie et al.48 They modied
polypropylene microporous membranes by the adsorption of
Tween-20, and found that Tween-20 was still remained on
membrane surface aer running for 12 days in a MBR, followed
by physical and chemical cleaning.

Overall, it should be noted that the removal and antifouling
performance of Tween-20 coated PVDF membrane were inves-
tigated in a lab-scale MBR system, and the obtained results
might not be very relevant for full-scale applications due to the
smaller scale and short operation time. Further pilot or full-
scale studies should be carried out to advocate its practical
applications. In addition, the durability of Tween-20 coated
PVDF membrane still needs to be further veried during long-
term full-scale operation.
Fig. 9 Effect of immersion with ultrapure water, HCl and NaOH on the
contact angle of Tween-20 coated membrane.

20042 | RSC Adv., 2019, 9, 20035–20043
4. Conclusion

In this study, Tween-20 coated PVDF membranes were prepared
and the optimized preparation parameters (i.e., coating
temperature, coating concentration, coating time and drying
time) were investigated. The removal and membrane fouling
control performance were further evaluated, and the following
conclusions can be drawn:

(1) The optimized preparation parameters for Tween-20
coated PVDF microltration membrane are as follows: coating
temperature of 40 �C, coating concentration of 4.5 mmol L�1,
coating time of 45 min, and drying time of 45 min.

(2) The contact angle of PVDF microltration membrane
decreased from 105� to 70� under the best modication
conditions, indicating an efficient hydrophilic modication
effect.

(3) The coating modication of PVDF microltration
membrane is simple and practical, which effectively improved
pollutants removal in MBR during domestic wastewater treat-
ment with rejection efficiencies of 94.56% and 97.53% for COD
and SS, respectively.

(4) Surface coatingmodication with Tween-20 mitigated the
increase of transmembrane pressure and reduced the concen-
tration of proteins accumulated on membrane surface, which
was effective for membrane fouling control and extending the
operation time of MBR from 25 to 46 days.

(5) Tween-20 coating was stable and remained on membrane
surface without signicant loss aer immersion in 0.4% NaOH
for 20 days.
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