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ABSTRACT
Ultraﬁltration membranes are widely used for the treatment of papermaking wastewater. The antifouling performance of polyvinylidene
ﬂuoride (PVDF) ultraﬁltration membranes can be improved by changing the hydrophilicity. Here, a novel amphiphilic copolymer material,
PVDF grafted with N-isobutoxy methacrylamide (PVDF-g-IBMA), was prepared using ultraviolet-induced Cu(II)-mediated reversible deactivation radical polymerization. The amphipathic copolymer was used to prepare ultraﬁltration membrane via NIPS. The prepared PVDF-g-IBMA
ultraﬁltration membrane was estimated using 1H NMR, FT-IR, and DSC. The contact angle, casting viscosity, and the permeation performance
of the PVDF-g-IBMA ultraﬁltration membrane were also determined. The pure water ﬂux, bovine serum albumin removal rate, and pure water
ﬂux recovery rate of the PVDF-g-IBMA ultraﬁltration membrane were 432.8 L·m2·h1, 88.4%, and 90.8%, respectively. Furthermore, for the
treatment of actual papermaking wastewater, the chemical oxygen demand and turbidity removal rates of the membrane were 61.5% and
92.8%, respectively. The PVDF-g-IBMA amphiphilic copolymer ultraﬁltration membrane exhibited good hydrophilicity and antifouling properties, indicating its potential for treating papermaking wastewater.
Key words: antifouling, papermaking wastewater, ultraﬁltration membrane, UV-induced Cu(II)-mediated RDRP
HIGHLIGHTS

•
•
•
•

A novel amphiphilic copolymer PVDF-g-IBMA prepared by UV-induced RDRP.
Good hydrophilic and anti-fouling properties of PVDF-g-IBMA copolymer UF membrane.
The MWCO, BSA rejection rate and pure water recovery ratio were 43.7 kDa, 88.4% and 90.8%, respectively.
For treating actual papermaking wastewater, the COD removal rate reached 61.5%.

NOMENCLATURE
J
V
A
Δt
R
Cp
Cf
FRR
Jr
Jw
COD

Membrane permeation ﬂux, L·m2·h1
Volume of pure water permeated through the membrane, L
Effective surface area of the membrane, m2
Permeation time, h
BSA rejection rate, %
Protein concentrations in the permeate, g·L1
Protein concentrations in the feed, g·L1
Pure water recovery ratio, %
Original pure water ﬂux, L·m2·h1
Recovered water ﬂux, L·m2·h1
Chemical oxygen demand, mg·L1

1. INTRODUCTION
Water shortage is a major crisis affecting human health and sustainable economic and social development. Ultraﬁltration
membrane (UF) technology is used for the treatment of papermaking wastewater to comprehensively remove impurities
from wastewater (Gönder et al. 2012; Toczyłowska-Mamiń ska 2017; Haq et al. 2020). Particularly, high-performance UF
This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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membranes are important for water puriﬁcation. The materials used for preparing UF membranes determine the efﬁciency of
separation technology (Shen et al. 2020; Sun et al. 2020; Zhang et al. 2020). Commercial polyvinylidene ﬂuoride (PVDF)
membranes exhibit a low surface energy and high hydrophobicity, which facilitates the adsorption of proteins or organics
on the pores and surface of membranes (Gao et al. 2011; Gao et al. 2019; Chen et al. 2021). Then, the signiﬁcantly low permeation ﬂux of fouling PVDF membranes owing to their high ﬁltration resistance has restricted their further application . In
addition, the issues associated with cleaning PVDF membranes affect their application cost and reduce their service life (Sri
Abirami Saraswathi et al. 2018; Sierke & Ellis 2019). Thus, it is important to improve the hydrophilic properties of PVDF UF
membranes to extend their application.
PVDF membranes containing materials with hydrophilic groups exhibit a higher water transfer rate and lower ﬁltration
resistance than pure PVDF membranes, indicating their potential as high-performance separation membranes (Liu et al.
2011; Park et al. 2018; Matyjaszewski 2020). Amphiphilic polymers are branched macromolecules with branching periodicity
and structural symmetry (Zhang & Dai 2019). These monodisperse branched macromolecules have numerous terminal
groups on their surfaces, which increase their surface functionality and reactivity. During the phase inversion of membranes
prepared using the homopolymer obtained by grafting an amphiphilic copolymer with PVDF, the hydrophilic chains of the
amphiphilic copolymer migrate to the membrane surface, thus minimizing the interface free energy of the membrane. This is
because the hydrophobic chains of amphiphilic copolymers are compatible with the main body of PVDF, whereas the hydrophilic chains achieve hydrophilicity through self-assembly and surface migration. Zhao et al. (2019) prepared
polyacryloylmorpholine-b-poly(methyl methacrylate)-b-polyacryloylmorpholine (PAMA) using the reversible addition–
fragmentation chain transfer polymerization method to fabricate a PVDF/PAMA UF membrane. The water ﬂux, bovine
serum albumin (BSA) retention, and recovery rate of the PVDF/PAMA membrane were 236 L·m2·h1, 98.3%, and
98.1%, respectively. Minehara et al. (2014) blended PVDF, methyl methacrylate, and polyethylene glycol methyl methacrylate
copolymer (PMMA-g-PEO) to prepare a PVDF/PMMA-g-PEO membrane using the non-solvent induced phase separation
(NIPS) method. The ﬂux and rejection rate of polystyrene latex with a PVDF/PMMA-g-PEO membrane diameter of 88 nm
were 29–50 L·m2·h1 and .96%, respectively. Wu et al. (2019) blended PVDF-grafted poly(ethylene glycol) methyl ether
methacrylate (PEGMA) to prepare a PVDF/PVDF-g-PEGMA membrane. The ﬂux, alginate rejection rate, and water ﬂux
recovery rate of the membrane were 700 L·m2·h1, 87%–100%, respectively, indicating the good antifouling of the membrane. These ﬁndings indicate that amphiphilic polymers can be used to improve the hydrophilic properties of PVDF UF
membranes.
Ultraviolet (UV)-induced Cu(II)-mediated reversible deactivation radical polymerization (RDRP) is an environmentally
friendly synthesis technology which combines UV stimulation and Cu(II)-mediated RDRP (Chuang et al. 2014; Hu et al.
2018a, 2018b). UV-induced Cu(II)-mediated RDRP can be used to modify pure PVDF membranes as it enables a more compact combination of hydrophobic and hydrophilic chains to ensure that the hydrophilic chain is ﬁxed on the surface of the
PVDF membranes (Cui et al. 2019; Zou et al. 2020; Li et al. 2021). Therefore, the addition of amphiphilic copolymers to
PVDF membranes can improve the hydrophilicity and antifouling properties. In addition, the self-assembly capability of
amphiphilic copolymers endows pure PVDF membranes with a higher permeation ﬂux and narrow membrane pore size distribution (Guillen et al. 2011). Lei et al. (2018) used PVDF and tetrahydrofurfuryl methacrylate as raw materials to develop a
new amphiphilic polymer membrane (THFMA, PVDF-g-THFMA) through photoinduced Cu(II)-mediated RDRP. The water
ﬂux and BSA rejection rate of the PVDF-g-THFMA copolymer UF membrane were 293.9 L·m2·h1 and 91.3%, respectively.
Tong et al. (2020) prepare a novel amphiphilic copolymer of PVDF grafted with 1-Methyl-2-pyrrolidone (NMA, PVDF-gNMA) using the same method. The water ﬂux and BSA rejection rate of the PVDF-g-NMA copolymer UF membrane were
272.1 L·m2·h1 and 92.6%, respectively.
Papermaking wastewater has a complex composition and contains a large amount of lignin, hemicellulose, sugars, and
other dissolved substances with high suspended solids, turbidity, and chemical oxygen demand (COD), which affect the survival of aquatic organisms. Generally, papermaking wastewater is treated using a combination of physical (e.g., PVDF UF
using the membrane), chemical, and biological methods. The Ministry of Environmental Protection has recently stipulated
that COD emissions are 80–100 mg/L, and the special emission limit is less than 50 mg/L. The papermaking enterprises
are required to increase their efforts in the treatment of papermaking wastewater. Although previous studies have successfully
improved the hydrophilicity of PVDF UF membranes, these membranes have not been applied in actual wastewater systems.
N-Isobutoxy methacrylamide (IBMA) is a new energy-saving and environmentally friendly crosslinking monomer that can be
used to improve the adhesion of polar substrates under UV radiation. In this work, we propose to prepare PVDF-g-IBMA
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Figure 1 | The structure illustration of the PVDF-g-IBMA copolymer UF membrane.

copolymer by UV-induced Cu(II)-mediated RDRP using IBMA as a monomer as showed in Figure 1. We suppose the novel
developed PVDF-g-IBMA membrane exhibits better hydrophilicity and antifouling properties than PVDF UF membranes,
indicating its prospect for the treatment of papermaking wastewater.

2. EXPERIMENTAL SECTION
2.1. Chemicals
PVDF (Solef105, Mw 5,700,000–600,000) was obtained from Solvay Specialty Polymers (Shanghai, China). IBMA THFMA,
dextran (Mw 10,000, 40,000, 70,000, and 500,000 Da), Me6-Tre, and BSA (Mw 67,000 Da) were bought from Sigma-Aldrich
(Shanghai, China). CuCl2, KCl, NaCl, Na2HPO4·12H2O, and KH2PO4, and NMP was procured from Aladdin Industrial
Corporation (Shanghai, China).
2.2. Preparation of the PVDF-g-IBMA ultraﬁltration membrane
PVDF (1.5 g), NMP (10 mL), and CuCl2 (0.02 g) were added to a quartz reactor equipped with a rotor. The solution was purged
with argon under stirring for 1 h to remove dissolved oxygen, after which Me6-Tren (0.1 mL) and IBMA solution (4.5 mL) were
added to the solution (Figure 2). The obtained solution was polymerized by placing the solution in a UV reactor supplying
365 nm irradiation and protected under an argon atmosphere for 6 h. Subsequently, the obtained precipitate was washed with
DI water three times to remove unreacted monomers. The obtained PVDF-g-IBMA was kept in an oven at 60 °C for further use.
PVDF-g-IBMA copolymer UF membranes were prepared using the NIPS method. The dried PVDF-g-IBMA copolymer was
dissolved in a certain proportion of NMP solution in the three-necked ﬂask (Table 1). The resulting casting solution was stirred in a 60 °C water bath with a mechanical stirrer with a speed of 0.2 kr/min for 4 h. The method of preparing the membrane

Figure 2 | Schematic diagram of grafting procedure between PVDF and IBMA.
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Table 1 | Membrane prepared with different ratios
Membrane

PVDF (wt.%)

PVDF-g-IBMA (wt.%)

NMP (wt.%)

P15

15

/

85

P20

20

/

80

P25

25

/

75

I15

/

15

85

I20

/

20

80

I25

/

25

75

is the same as previously reported. The viscosity of the UF membrane casting solution was tested by selecting a suitable rotor
and rotation speed.
2.3. Characterization of PVDF-g-IBMA copolymer UF membrane
The grafting reaction of the PVDF-g-IBMA copolymer was investigated using 1H nuclear magnetic resonance (NMR,
AVANCE AV-300, Bruker, Switzerland) spectroscopy. 1H NMR spectroscopy sample was prepared by dissolving the
PVDF-g-IBMA copolymer in deuterated dimethyl sulfoxide. The mass and molar fractions of IBMA in the PVDF-g-IBMA
copolymer were calculated using Equations (1) and (2), respectively.

ww (IBMA) ¼

wm(IBMA)  MIBMA
wm(IBMA)  MIBMA þ (1  wm(IBMA) )  MPVDF(unit)

1
(Ia þ Ib þ Ic þ Id þ Ie þ If )
15
wm (IBMA) ¼
,
1
1
(Ia þ Ib þ Ic þ Id þ Ie þ If ) þ (Ia(hh) þ Ia(ht) )
15
2

(1)

(2)

where ww (IBMA) and wm (IBMA) are the mass and mole fractions of IBMA in PVDF-g-IBMA, respectively; IX is the area of
the corresponding peak in the 1H NMR spectrum; and MIBMA and MPVDF(unit) are the molecular weights of IBMA and PVDF,
respectively.
The Fourier-transform infrared Spectrometer (FTIR) of the UF membranes were analyzed using a FTIR spectrometer
(Cary660, Agilent, Australia) by attenuated total reﬂectance in the wavelength range of 4,000–500 cm1. The melting points
of the PVDF and PVDF-g-IBMA copolymers were measured using differential scanning calorimetry (DSC, STA449F3,
NETZSCH, Germany). SEM images of all the PVDF-g-IBMA UF membranes were attained using a scanning electron
microscopy (SEM, Hitachi S4800, Japan) instrument. To examine the chemical compositions of copolymer membranes, the distributions of oxygen, carbon, and ﬂuorine in the membrane were recorded using SEM equipped with an energy-dispersive X-ray
spectrometer. The dynamic contact angles (DWCA) of the UF membranes were analyzed using a contact angle measuring
instrument (DSA 100, Kruss, Germany). The WCAs were tested by placing a 3.0 μL DI water droplet on the membrane surfaces.
2.4. Separation performance
The pure water ﬂuxes of the PVDF homopolymer and PVDF-g-IBMA copolymer UF membranes with an effective area
(4.1 cm2) were measured using an UF apparatus (Amicon 8400). For the analysis, ﬁrst, the membranes were pre-compacted
at 0.15 MPa for 20 min. Subsequently, the pure water ﬂuxes of the UF membranes were recorded at 0.1 MPa for 5 min. The
pure water ﬂuxes of the UF membranes were calculated using Equation (3).
J¼

V
A Dt

(3)

where V is the volume of pure water permeated through the membrane (L), A is the effective surface area of the membrane
(m2), and Δt is the permeation time (h).
To determine the retention performance of the modiﬁed membrane, dextran solution was used as the ﬁlter medium by the
method reported previously (Tong et al. 2020). Molecular weight cutoff (MWCO) is the membrane’s retention rate of 90% for
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dextran solution. Gel chromatography is used to analyze the molecular weight distribution of the solution on the feed side
and the permeate side.
The antifouling performance of the PVDF homopolymer and PVDF-g-IBMA copolymer membranes was measured using
the apparatus at 0.1 MPa for 60 min (Tong et al. 2020). The protein fouling potential of the PVDF-g-IBMA UF membranes
was evaluated using a BSA solution. To prepare the BSA solution, ﬁrst, PBS solution (pH 7.4) was prepared by adding
NaCl (8.0 g), Na2HPO4·12H2O (3.63 g), KCl (0.2 g), and KH2PO4 (0.24 g) to DI water (1.0 L). Subsequently, BSA (0.5 g)
was mixed with the above solution to a concentration of 0.5 g/L.
The BSA rejection rate (R) of the prepared UF membranes was calculated using Equation (4).

R(%) ¼

1

Cp
Cf


 100%,

(4)

where R is the BSA rejection rate, and Cp and Cf are the protein concentrations in the permeate and feed (g/L), respectively.
The Cp and Cf values were resolved using a Ultraviolet-visible Spectrophotometer (UV-6000, Shanghai Yuanyi Apparatus Co.,
Ltd, China) in the wavelength of 280 nm. The calibration curve of BSA concentration was consistent with those in previous
reports (Tong et al. 2020).
The tested membranes were rinsed repeatedly with deionized water. Subsequently, the pure water recovery ratios of the
prepared UF membranes were calculated using Equation (5).
FRR(%) ¼

Jr
 100%
Jw

(5)

where FRR (%) is the pure water recovery ratio, and Jr and Jw are the original pure and recovered water ﬂuxes (L·m2·h1)
after the washing procedure, respectively.
2.5. Performance of membrane separation industrial papermaking wastewater
The industrial wastewater was obtained from reverse osmosis concentrated water from a paper mill in Suzhou. The wastewater is tested for pH, COD, turbidity, conductivity, and various anions and cations (Table 2).
The laboratory self-made cross-ﬂow device was used for reverse osmosis (RO) concentrated water ﬁltration experiments.
PVDF UF membrane and PVDF-g-IBMA UF membrane were selected to test their performance. The pressure was set to
0.1 MPa. The effective area of the device is 2.83 cm2.The experimental measurement time was set to 120 min.

3. RESULTS AND DISCUSSION
3.1. Characterization of PVDF-g-IBMA copolymer UF membrane
3.1.1. 1H NMR
The structures of the PVDF homopolymer and PVDF-g-IBMA copolymer were veriﬁed using 1H NMR spectroscopy (Figure 3
and Table 3). The peaks observed at 2.25 and 2.89 ppm in the 1H NMR spectra of the copolymers corresponded to the –
CF2CH2CH2CF2– (head-to-head, hh) and –CH2CF2CH2CF2– (head-to-tail, ht) of PVDF, respectively. In addition, the
Table 2 | RO concentrated water quality monitoring
Parameter

Unit

Value

Parameter

Unit

Value

COD

mg/L

720

Cu2þ

mg/L

79.7

Turbidity

NTU

1.68

Kþ

mg/L

0

2þ

Conductivity

ms/cm

4.74

Ca

mg/L

626.8

pH

/

7.20

Naþ

mg/L

1,367.0

2þ

SO2
4

mg/L

464.7

Fe

mg/L

0.1

Cl

mg/L

973.2

Al3þ

mg/L

0

mg/L

168.4

NO
3

mg/L
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Figure 3 | The 1H NMR spectra of the PVDF homopolymer and PVDF-g-IBMA copolymer.

Table 3 | The peak area of PVDF-g-IBMA copolymer in 1H NMR spectra
IX

Ia

Ib

Ic

Id

Ie

If

Ihh

Iht

1.00

0.18

0.29

0.47

0.55

0.17

0.58

3.84

characteristic peaks of methyl, methane, and N–H were observed at δ ¼ 0.91 ppm (a), δ ¼ 1.24 ppm (b), and δ ¼ 8.82 ppm (f),
respectively. The remaining peaks observed in the 1H NMR spectra were the peaks of CH2. Furthermore, extra resonances
were inspected in the 1H NMR spectrum of the PVDF-g-IBMA copolymer, which corresponded to the protons in IBMA, verifying the existence of IBMA in the PVDF-g-IBMA copolymers. In addition, the molar and mass fractions of IBMA were
7.43% and 16.47%, respectively.
3.1.2. FTIR spectroscopy
FTIR spectroscopy was carried out to verify the synthesis of PVDF-g-IMBA copolymer UF membrane. Several peaks were
observed in the FTIR of the PVDF-g-IMBA UF membrane compared with that of the PVDF UF membrane (Figure 4). The
peaks observed at 1,541 and 1,667 cm1 could be ascribed to the bending vibrations of C–N–H and C ¼ O, respectively,
whereas those at 2,830–2,940 cm1 could be assigned to the stretching vibrations of CH2 and CH3. These observations conﬁrmed the successful synthesis of PVDF-g-IBMA copolymer.
3.1.3. DSC analysis
The melting point of the PVDF-g-IBMA copolymer was analyzed using DSC analysis. The melting point of the PVDF-g-IBMA
copolymer was 174.2 °C, which was higher than that of the PVDF homopolymer (170.2 °C) (Figure 5). The increase in the
melting point of PVDF corresponded to the change in the crystal form of the PVDF-g-IBMA copolymer. Thermogravimetric
analysis further conﬁrmed the successful grafting of IBMA onto PVDF.
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Figure 4 | FT-IR/ATR spectra of PVDF homopolymer and PVDF-g-IBMA copolymer UF membrane.

Figure 5 | DSC analysis of PVDF homopolymer and PVDF-g-IBMA copolymer UF membrane.

3.1.4. Casting solution viscosity
As shown in Figure 6, the viscosity of PVDF-g-IBMA UF casting membrane solution increased with an increase in the amount
of the PVDF-g-IBMA copolymer in the casting solution, in the order of I15 , I20 , I25. In addition, the viscosity of PVDF-gIBMA copolymer casting solution was higher than that of pure PVDF homopolymer casting solution with the same polymer
concentration. An increase in the viscosity of the membrane casting solution hindered the exchange of the solvent and nonsolvent during UF membrane formation and affected phase separation. However, the PVDF-g-IBMA copolymer contained a
hydrophilic amide group (–NHCO–) that increased the phase rate of its membrane formation. These results indicated that the
viscosity and hydrophilic chains of the casting solution affected the phase conversion rate during membrane formation, thus
affecting the structure and performance of the prepared membrane owing to the competition between the two factors.
3.1.5. Membrane hydrophilicity
To illustrate the surface wettability of the PVDF-g-IBMA copolymer UF membrane, the DWCAs of the PVDF-g-IBMA UF
membranes were measured and compared with those of the pure PVDF UF membranes (Figure 7). Within 180 s, the CA
of the PVDF-g-IBMA copolymer membrane surface decreased. This was because penetration is a dynamic process, and
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Figure 6 | Casting solution viscosity of the PVDF homopolymer and PVDF-g-IBMA copolymer casting solution.

Figure 7 | DCA of the PVDF homopolymer and PVDF-g-IBMA copolymer UF membrane.

the CA of the membrane surface changed over time. In addition, the initial CAs of the pure PVDF UF membranes were larger
than those of the PVDF-g-IBMA UF membrane. After 180 s, the stable CAs of I15, I20, and I25 were 60.3°, 68.1°, and 73.8°,
respectively, which were less than those of the pure PVDF UF membranes. This indicated that the PVDF-g-IBMA UF membranes exhibited better hydrophilic performance than the PVDF membranes. Moreover, the surface of the PVDF-g-IBMA UF
membrane was rich in IBMA hydrophilic chains. The hydrophilic amide groups in IBMA formed hydrogen bonds with H2O
molecules and formed a water layer, which isolated pollutants. The addition of hydrophilic groups changes the hydrophilic
properties of the membrane. However, as the concentration of hydrophilic substances increases, the migration resistance
became larger. As a result, there are more hydrophilic groups on the surface of the membrane at lower concentration,
which leads to the decrease of the contact angle.
3.1.6. SEM analysis
As shown in Figure 8, the surface and cross-sectional morphologies images of the PVDF-g-IBMA copolymer UF membranes
were investigated using SEM. The surface morphology characteristics of the PVDF-g-IBMA UF membranes were similar to
those of the pure PVDF UF membranes (Tong et al. 2020). As the concentration of the membrane casting solution increased,
the number of pores on the surface of the formed UF membrane decreased. Consequently, the surface of I15 had the most
abundant pores. In addition, notable pore structures and sponge layers were observed in the cross-sectional morphology
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Figure 8 | SEM images of the surface and cross-section morphologies of the PVDF-g-IBMA copolymer UF membrane and the PVDF
homopolymer.

of the PVDF-g-IBMA UF membranes. Because the casting solution of I15 had the lowest viscosity, it exhibited the highest
phase inversion rate during phase inversion, which resulted in the formation of notable ﬁnger-like macroporous structures.
As the concentration of casting solution increased, the number of ﬁnger-like pores gradually decreased, and the area of the
sponge layer gradually increased. Moreover, the SEM image revealed the successful formation of membranes with ﬁnger-like
macropores due to the rapid exchange rate of the solvent and non-solvent.
3.1.7. EDX analysis
The distribution of elements in the cross-section of the PVDF-g-IBMA copolymer UF membrane is shown in Figure 9. After
scanning the cross-sectional energy spectrum, in addition to the carbon and ﬂuorine atoms of PVDF, the oxygen and nitrogen
atoms of IBMA were observed, conﬁrming the successful synthesis of the PVDF-g-IBMA copolymer. Notable pore structures
and sponge layers were observed at the upper and lower parts of the cross-section, respectively. However, the distribution
ratio of nitrogen atoms in the upper and lower parts of the cross-section was 1:1, indicating that the hydrophilic chains of
IBMA migrated to surface of pores (Oikonomoua et al. 2017).
3.1.8. AFM analysis
The AFM images of the membrane surface on a scanning area of 5 μm by 5 μm are shown in Figure 10. The average roughness
of the PVDF-g-IBMA membrane is much lower than that of the PVDF membrane (P15 ¼ 147 nm, P20 ¼ 267 nm,
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Figure 9 | EDX mapping of the PVDF-g-IBMA copolymer UF membrane.

P25 ¼ 129 nm) (Tong et al. 2020). The surface roughness of I20 is 39.8 nm, while it is 147 nm for P15. Therefore, the PVDF-gIBMA membrane with a smoother surface may have greater antifouling ability.
3.1.9. Mechanical properties
In order to investigate the mechanical properties of PVDF and PVDF-g-IBMA membrane, the tensile strength and elongation
at break values were tested. As listed in Table 4, compared with the PVDF membrane, the tensile strength and elongation at
break of PVDF-g-IBMA membrane were reduced. It indicated that the mechanical properties of the PVDF-g-IBMA membrane reduced a little.
3.2. Membrane performance
3.2.1. Pure water ﬂux and MWCO
The pure water ﬂuxes of the PVDF and PVDF-g-IBMA copolymer UF membranes are shown in Figure 11. As the concentration of casting solution increased, the pure water ﬂuxes of the UF membranes decreased. The pure water ﬂuxes of the
PVDF-g-IBMA UF membranes were signiﬁcantly higher than those of the pure PVDF UF membranes. The pure water ﬂux
of I15 was 432.8 L·m2·h1, which was higher than those of the other PVDF-g-IBMA UF membranes and 7.5 times higher
than that of P15. The pure water ﬂuxes of I20 and I25 were 7.4 and 23.8 times higher than those of P20 and P25, respectively.
These results indicated that the PVDF-g-IBMA membranes had denser pores than the pure PVDF UF membranes, and the
migration effect of hydrophilic chains to the surface of the PVDF-g-IBMA UF membranes was more notable.
The MWCO values of I15, I20, and I25 were 43.7, 23.2, and 16.6 kDa, respectively. The MWCO values of the PVDF-gIBMA UF membranes were higher than those of the pure PVDF UF membranes of the same concentration. These results
were consistent with the microporous structure and higher pure water ﬂuxes of the PVDF-g-IBMA UF membranes.
3.2.2. Anti-fouling performance of the PVDF-g-IBMA copolymer UF membrane
The BSA rejection and ﬂux recovery rates of the PVDF-g-IBMA copolymer UF membranes are listed in Table 5. The BSA
rejection rates of the PVDF-g-IBMA UF membranes were higher than those of the PVDF UF membranes. The BSA rejection
rate of I15 (88.4%) was higher than that of P15 (85.7%). As the concentration of the casting solution for the PVDF-g-IBMA
membranes increased, the BSA rejection rate of the copolymer UF membranes increased. Consequently, I25 had the highest
BSA rejection rate (92.7%). Furthermore, the pure water ﬂux recovery rates of the PVDF-g-IBMA UF membranes were higher
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Figure 10 | 3D AFM images of the PVDF and PVDF-g-IBMA membrane surfaces.

than those of the pure PVDF UF membranes. The pure water ﬂux recovery rate of I25 was 89.5%, which was signiﬁcantly
higher than that of the pure PVDF UF membrane (P20, 78.0%).
As the concentration of the copolymer casting solution increased, the BSA initial and stable ﬂuxes of the PVDF-g-IBMA
UF membranes decreased (Figure 12). The stable ﬂuxes of the PVDF-g-IBMA UF membranes were higher than those of the
pure PVDF UF membranes. The stable ﬂux of I15 (164.6 L·m2·h1) was signiﬁcantly higher than that of P15 (27.8
L·m2·h1). The stable ﬂuxes of I20 and 125 were signiﬁcantly higher than those of P20 and P25. These results corresponded to the improved antifouling of the PVDF-g-IBMA UF membranes compared with those of the PVDF
membranes (Tong et al. 2020).
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Table 4 | Mechanical properties of PVDF and PVDF-g-IBMA membrane
Elongation at break values (%)

Tensile strength (MPa)

P15

18.31

1.94

P20

20.04

2.42

P25

32.31

3.74

I15

15.30

1.44

I20

18.75

1.90

I25

26.11

3.13

Figure 11 | Pure water ﬂux and MWCO of the PVDF-g-IBMA copolymer UF membrane.

Table 5 | BSA rejection and FRR of the PVDF-g-IBMA copolymer UF membrane
Membrane code

BSA rejection(%)

FRR(%)

I15

88.4 + 2.7

90.8 + 3.1

I20

90.5 + 3.8

92.3 + 2.6

I25

92.7 + 1.6

89.5 + 2.5

P15 (Tong et al. 2020)

85.7 + 3.4

79.0 + 2.1

P20 (Tong et al. 2020)

86.4 + 2.2

82.9 + 2.4

P25 (Tong et al. 2020)

88.9 + 2.6

78.0 + 3.6

Compared with published modiﬁed PVDF membranes, including PVDF-g-NMA, PVDF-g-PEGMA, PVDF-g-POEM, PVDFg-PMABS, PVDF-g-(PAMCO-PAA), The pure water ﬂux of I15 (432.8 L·m2·h1) was signiﬁcantly higher than those of the
previously modiﬁed copolymer membranes (Table 6).
3.3. Treatment of RO-concentrated water using the PVDF-g-IBMA copolymer ultraﬁltration membrane
The performances of the pure PVDF and PVDF-g-IBMA UF membranes for the treatment of RO-concentrated water are
shown in Table 7 and Figure 13. The COD and turbidity removal rates of the PVDF-g-IBMA UF membranes were signiﬁcantly
improved compared with those of the pure PVDF UF membranes. Under the same casting solution concentration, the actual
wastewater treatment effect of the PVDF-g-IBMA copolymer UF membranes was stronger than those of the PVDF UF membranes. The COD and turbidity removal rates of I25 were 61.5% and 92.8%, respectively, which were higher than those of the
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Figure 12 | Time-dependent BSA solution ﬂux of the PVDF-g-IBMA copolymer UF membrane.

Table 6 | Comparison with the results of literatures
Membrane

Operating conditions

Pure water (L·m

1

2

1

·h

)

Rejection (%)

References

PVDF-g-NMA

0.1 MPa, 1.0 g·L BSA

272

93.7

Tong et al. (2020)

PVDF-g-PMABS

0.1 MPa, 1.0 g·L1BSA

136

98.6

Chen et al. (2018)

1

PVDF-g-(PAMCO-PAA)

0.1 MPa, 1.0 g·L BSA

130

96.3

Xu et al. (2017)

PVDF-g-PEGMA

0.1 MPa, 1.0 wt.% BSA

116

66.3

Hashim et al. (2009)
Moghareh Abed et al. (2013)

1

PVDF-g-POEM

0.1 MPa, 1.0 g·L BSA

130

83.5

This work

0.1 MPa, 1.0 g·L1BSA

432

88.4

Table 7 | Water quality of liquid penetration after ﬁltering RO concentrated water with PVDF-g-IBMA copolymer UF membrane
Membrane

Permeate side COD (mg/L)

COD removal rate (%)

Permeate turbidity (NTU)

Turbidity removal rate (%)

P15

600

16.7

0.176

89.5

P20

510

29.2

0.161

90.4

P25

470

34.7

0.159

90.5

I15

419

41.8

0.165

90.2

I20

365

49.3

0.140

91.7

I25

277

61.5

0.121

92.8

other samples. The RO concentrated water ﬂux of the membranes decreased over time. The hydrophilicity of the PVDF-gIBMA copolymer UF membranes was better than that of the PVDF UF membranes. Consequently, the initial and stable
ﬂuxes of the PVDF-g-IBMA copolymer UF membranes were signiﬁcantly higher than those of the PVDF UF membranes.

4. CONCLUSION
A novel PVDF-g-IBMA amphiphilic copolymer was successfully synthesized via ultraviolet-induced Cu(II)-mediated RDRP
and used to fabricate a UF membrane using the NIPS method. 1H NMR, FTIR spectroscopy, and DSC analysis conﬁrmed
the successful synthesis of the PVDF-g-IBMA copolymer. The hydrophilicity and antifouling performance of the prepared
PVDF-g-IBMA copolymer UF membranes were improved compared with those of the pure PVDF UF membranes. The contact angle of the UF membrane reduced to 60.3° after 180 s, and the pure water ﬂux of the UF membrane was
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Figure 13 | Time-dependent RO concentrated water ﬂuxes of PVDF homopolymer UF membrane and PVDF-g-IBMA copolymer UF
membrane.

432.8 L·m2·h1, which was 7.5 times higher than that of the pure PVDF UF membrane. The MWCO, BSA rejection rate, and
pure water ﬂux of the UF membrane were 43.7 kDa, 88.4%, and 90.8%, respectively. The stable ﬂux of the PVDF-g-IBMA UF
membrane for ﬁltrating BSA solution was 164.6 L·m2·h1, which was higher than that of the pure PVDF UF membrane
(27.8 L·m2·h1).
For the treatment of papermaking wastewater, the COD was reduced from 720 to 277 mg/L with a removal rate of 61.5%.
The turbidity decreased from 1.68 to 0.12 NTU with a removal rate of 92.8%. And the initial and stable ﬂuxes of the PVDF-gIBMA copolymer UF membranes were signiﬁcantly higher than those of the pure PVDF UF membranes, indicating the potential of prepared membrane for treating papermaking wastewater.
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