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HIGHLIGHTS

e ‘Green’ reaction assisted phase inversion
for PVC membranes modification was
adopted.

e Hydrophilicity, pore size uniformity and
porosity were simultaneously improved.

e 10-fold flux, 27 % BSA rejection, and 55
% anti-fouling ability increase were
obtained.
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ABSTRACT

Hydrophilicity and pore uniformity are the key parameters for ultrafiltration (UF) membranes to avoid fouling
and ensure separation effectiveness. In this paper, a simple ‘green’ in-situ chemical reaction assisted phase
separation method was studied, in which amine molecules bearing hydrophilic hydroxyl groups were grafted
onto polyvinyl chloride (PVC) chains in dissolution process without initiator. The influence of modifier con-
centration on the structure, separation and anti-fouling performance of the PVC membranes was studied. The
results indicated that the robust hydrophilicity, and high pore size uniformity and porosity of were achieved by
properly anchoring preferable amine molecules. The pure water flux of the modified membrane was 261.5
L-m~2h"!, BSA rejection was 99.1 % when 10 wt% SRN was added. Approximately 27 % increase of rejection to
BSA, and 10-fold pure water flux that of the pristine PVC membrane. Due to the stable existence of modifiers in
the membrane, the improved membrane hydrophilicity was maintained through 320 h filtration and acid/alkali
soaking tests. This study provides a simple modification approach to enhance PVC UF membrane hydrophilicity
and pore uniformity.
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1. Introduction

Ultrafiltration (UF) membranes are membranes with pore size be-
tween 2 and 100 nm. It can achieve efficient removal of colloidal
nanoparticles, macromolecules, proteins and microorganisms from
wastewater, and has been extensively employed in municipal and in-
dustrial wastewater treatment, and separation and concentration of
products in various industries [1-4]. State-of-the-art commercial UF
membrane materials mainly include polyvinylidene fluoride (PVDF),
polysulfone (PSF), polyethersulfone (PES) and polyvinyl chloride (PVC).
Compared to PVDF, the cost of PVC material is only 1/7 [5,6]. PVC also
has excellent chemical stability and good mechanical strength, and is a
good candidate for UF membrane fabrication [7-9].

Although there are many advantages of PVC UF membranes
compared with other UF membranes, fouling is a significant issue due to
inherent hydrophobicity of PVC. PVC membrane can be easily fouled
during filtration by the adsorption and deposition of colloidal particles,
proteins or other contaminants on membrane surface and inside mem-
brane pores [10,11]. Moreover, the wide distribution of UF membrane
pore size would allow large contaminants enter membrane pores, and
lead to obstruction of membrane pore channels or passage of contami-
nants, which will cause irreversible fouling and degradation of separa-
tion efficiency [12,13]. Increasing hydrophilicity and narrowing pore
size distribution of UF PVC membranes can alleviate these issues
[14-16].

Surface grafting and coating [17,18], embedding inorganic nano-
particles [19-21] and polymer blending [22-24] have been applied to
mitigate membrane fouling. However, the trade-off between hydrophi-
licity improvement and pore blockage is a challenge for surface grafting
and coating method. Blending method is relatively convenient and
efficient for improvement of membrane hydrophilicity and anti-fouling
performance. By blending silver/titanium dioxide (Ag/TiO,) nano-
particles into PVC materials during non-solvent induced phase separa-
tion (NIPS) process, Haghighat et al. [25] improved the water flux and
antifouling performance of the membrane dramatically. Xie et al. [26]
introduced amphiphilic sulfonated polysulfone (SPSF) into PVC matrix
via NIPS during membrane fabrication, which achieved approximately
96 % flux recovery ratio and tripled pure water flux, compared to the
pristine one. Chen et al. [27] enhanced hydrophilicity and antifouling
performance of PVC UF membrane by incorporating hydrophilic addi-
tives styrene-maleic anhydride (SMA) and polyethylene glycol (PEG).
Hence, it is an effective strategy to improve membrane permeability and
antifouling performance by introducing hydrophilic substances into PVC
substrate. However, the compatibility among materials and leaching of
hydrophilic macromolecules or nanoparticles during filtration process
will affect the membrane stability [28-31].

An in-situ amination of polymer chains during dissolution was
recently applied for membrane modification [32-34]. This approach is
an efficient solution to improved membrane performance and stability
by a simple one-pot method to graft amine molecules onto PVC chains in
polar aprotic solvents. Zhu et al. [35] grafted triethylenetetramine
(TETA) on PVC chains during dissolution process and obtained TETA
modified PVC UF membranes through non-solvent induced phase sep-
aration (NIPS). The permeate flux of the modified membranewas

Table 1
The structure of amine modifiers.

Abbreviation Chemical name Chemical structure

SRN (S) Serinol HO" OH
NH,
THAM (T) Tris(hydroxymethyl)methyl aminomethane o OH
NH, OH
NMG (N) N-methylglucamine
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increased from 137.5 to 171.7 L-m~2h~! with minor decline of rejec-
tion. Qin et al. investigated the influence of the reaction between TETA
and PVC during dissolution process on the membrane structure and
properties, and from which macropores with open structure were
observed [36]. The mean pore size of the modified membranes increased
nearly 2 times, which resulted in 2.3 times flux increase and relative
rejection decline. These investigations demonstrated that the in-situ
amination of PVC chain during dissolution could be an effective way
to improve membrane performance. However, the enhancement of the
hydrophilicity of polymer chains could facilitate the epitaxial “growth”
of the chains towards the coagulation bath during phase separation,
which leads to the increase of mean membrane pore size and wide pore
size distribution [37,38], and compromise high-precision separation of
UF membranes. In addition, conventional aminating agents (such as
ethylenediamine, TETA) are strong alkaline, which would damage
polymer chains and cause decrease in membrane mechanical properties
[39,40]. Due to the above reasons, this method would damage to PVC
chains and reduce mechanical strength of the membranes, the obtained
membrane usually has a relatively large pore size and a wide distribu-
tion. Hence, it is necessary to develop a simple method that could
fabricate robust PVC membranes with good hydrophilicity, and narrow
pore size distribution.

In this paper, the possibility to anchor amine molecules bearing
—OH groups with weak alkalinity onto PVC chains under mild condi-
tions in dissolution process was investigated. Since Serinol (SRN), tris-
(hydroxylmethyl)methyl aminomethane (THAM) and N-methylgluc-
amine (NMG) are not adverse to human health and the environment
according to their Safety Data Sheet [41], they have been selected as
modifiers for this article. Compared to conventional aminating agents,
the amine molecules with weak alkalinity would have less damage to
PVC chains and mechanical strength of the membranes. The —OH
groups could provide both high hydrophilicity and polarity of the PVC
chains, and increase the intermolecular force. Furthermore, the curing
process during phase separation process could also be controlled for the
purpose of narrowing the pore size distribution, based on the structure
and grafting rate of the modifier molecules. In this study, three amine
molecules with different —OH loading were tested to improve persistent
hydrophilicity and pore uniformity of the membrane without compro-
mising membrane stability. Effects of molecular structures of different
modifiers and the dissolution/reaction conditions on the structure and
performance of the PVC membranes were compared.

2. Experimental
2.1. Materials

PVC (S-65, industrial grade, Tianjin Dagu Chemical Co. Ltd., China)
was used for membrane fabrication. N, N-Dimethylacetamide (DMAc,
AR Mitsubishi Chemical Holdings, Japan) was used as solvent. Deion-
ized (DI) water was used as coagulation solution. Serinol (SRN), tris-
(hydroxylmethyl)methyl aminomethane (THAM) and N-methylgluc-
amine (NMG), (AR, Tianjin Kairuisi Fine Chemical Company, China)
were used as amine modifiers. The structures of the amine modifiers
were shown in Table 1. Polyethylene glycol (PEG 400) and polyvinyl-
pyrrolidone (PVP K30, AR, Tianjin Kermel Chemical Reagent Co., Ltd.,
China) were utilized as additives for preparation of PVC membranes for
comparison purpose. Bovine Serum Albumin (BSA, Beijing Puboxin
Biotechnology Co., Ltd., China) was used for challenge of membrane
performance.

2.2. Membrane preparation

PVC UF membranes were prepared by NIPS method. The homoge-
neous casting solution was prepared by mixing PVC powder, amine
modifier or additive (PEG/PVP) and solvent DMAc under constant
stirring for 6 h at 80 °C, stood at the temperature for 2 h, and then was
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Table 2

Composition of the casting solution.
Membrane PVC (wt DMAc (wt SRN (wt THAM (wt NMG (wt
code %) %) %) %) %)
M-0 15.0 85.0 - - -
S-2.5 15.0 82.5 2.5 - -
S-5.0 15.0 80.0 5.0 - -
S-7.5 15.0 77.5 7.5 - -
S$-10.0 15.0 75.0 10.0 - -
T-2.5 15.0 82.5 - 2.5 -
T-5.0 15.0 80.0 - 5.0 -
T-7.5 15.0 77.5 - 7.5 -
T-10.0 15.0 75.0 - 10.0 -
N-2.5 15.0 82.5 - - 2.5
N-5.0 15.0 80.0 - - 5.0
N-7.5 15.0 77.5 - - 7.5
N-10.0 15.0 75.0 - - 10.0

cast at a thickness of 300 pm evenly on a clean glass board with a casting
bar. The film was instantly immersed in DI water at 25 °C. Water-soluble
substances were removed from the membranes by repeatedly washing in
DI water. Table 2 provides the detailed information of the composition
of the casting solutions.

2.3. Characterization of casting solution

Rotational rheometer (NDJ-1F, Shanghai Changji Geological In-
strument Co., Ltd., China) was used to determine the viscosity of the
casting solution. Titration method was used to determine the cloud
points of water/DMAc/PVC/modifier solutions [42]. The phase sepa-
ration rate is determined by the hardness of the casting solution varying
with time [43], which is measured by a digital shore rubber hardness
tester (TH220, Libo Instrument Co., Ltd., China). The curing time of the
membrane was determined by when the hardness would not vary with
time. For each sample, five parallel tests were conducted and the mean
value was reported.

2.4. Membrane characterization

Fourier transform infrared spectrometer (FTIR, Nicolet iS50,
Thermo-Fisher Scientific, USA) and X-ray photoelectron spectroscopy
(XPS, NEXSA, Thermo-Fisher Scientific, USA) were used to determine
the chemical composition of membrane surface [44].

The surface and cross-section structure of the PVC membranes was
characterized via scanning electron microscope (SEM, Gemini500,
ZEISS, Germany). The membrane surface roughness (Ra) was measured
through atomic force microscope (AFM, Icon, Bruker, USA). Capillary
flow pore size meter (Porolux 1000, Porometer, Belgium) was utilized to
determine the membrane pore size distribution [44]. The membrane
porosity (¢) was tested through dry-wet weight method using Eq. (1):
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ee W =Walpw  160q, o)

(Ww = Wa)/pw + Wa/p,

where Wy, Wy, py and p, are the wet membrane weight (g), dry
membrane weight (g), water density (g-cm™>) and polymer density (v,
=1.38 g~cm’3 for PVC) [45].

Membrane hydrophilicity was evaluated with water contact angle
(WCA) of membrane surface measured by a contact angle meter
(DSA30S, KRUSS, Germany), in which 5 pL DI water was dropped onto
the membrane surface and images for WCA measurement were captured
the after the droplet stays on membrane surface for 5 s. The mean value
of WCA of ten measurements at random positions was reported.

The membrane mechanical performance was measured by an elec-
tronic single yarn strength meter (YGO61F, Laizhou Electron Instrument
Co., Ltd., China) [5].

2.5. Membrane performance tests

The pure water flux (PWF) was determined through the device
depicted in Fig. 1. The membrane with an area of 7.07 cm? was pre-
compacted at pressure of 0.20 MPa for 30 min and then the filtration
was conducted at pressure of 0.10 MPa. The PWF @L-m2h™1) was
calculated by Eq. (2):

\%
PWF = 51 2
where V, S and t are volume of permeate liquid (L), effective area of the
membrane (mz) and filtration time (h).

BSA solution (1000 mg-L’l) was used as the feed solution to test the
rejection (R, %) of the membranes was calculated by Eq. (3):

R— (1_%) % 100% 3)

F

where Cpand Cr are the BSA concentration in the permeate and feed
solution (mg~L’1).

The robustness of membrane was challenged by long-term filtration
(320h) and soaking respectively into HCl solution (2 mol-L~!) and NaOH
solution (2 mol-L™1) for 24 h at 25 °C, and validated by PWF, WCA and
rejection to BSA solution (1000 mg-L’l).

The membrane anti-fouling ability (F,) was evaluated by flux decline
during filtration of feed containing1000 mg-L ™! BSA for 150 min.

F = ’7R % 100% )

where Jr and J are the membrane flux (BSA solution) post and prior to
fouling, respectively.

Fig. 1. Schematic of the apparatus for membrane separation performance evaluation. (1. Constant temperature reaction bath, 2. feed tank, 3. pump, 4. valve, 5.
pressure gauge, 6. membrane sample, 7. measuring cup, 8. electronic balance, 9. computer).
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Fig. 2. FTIR spectra of PVC membranes ((a) pristine and SRN modified membranes, (b) pristine and THAM modified membranes, (c) pristine and NMG modi-

fied membranes).
3. Results and discussion

3.1. Effect of in-situ amination on the chemical structure of the
membranes

The chemical compositions of pristine and modified membranes
were characterized by FTIR and XPS displayed respectively in Figs. 2
and 3. From the FTIR spectra (Fig. 2), an absorption peak was observed
at 3300 cm ™! in modified PVC membranes, which belongs to the —OH

stretching vibration in amine modifiers [40]. Compared to the pristine
membrane, C—Cl bond stretching vibration peak at 636 cm ! was not
observed, but the G—N bond absorption peak at 1040 cm ™! was inten-
sified for the modified membranes. This attributes to the in-situ grafting
reaction between amine modifiers and C—Cl sites in PVC molecules,
which indicates the successful grafting of amine molecules onto PVC
[461.

The XPS spectra were shown in Fig. 3. New peaks belonging to N1s
were observed from all modified PVC membranes, as shown in Fig. 3(a),
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Fig. 3. XPS spectra of pristine and modified PVC membranes.
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Fig. 4. Effect of amination on the phase separation process. ((a) Effect of t modifier concentrations on viscosities of casting solutions, (b) Cloud points of various
water/DMAc/PVC/modifier systems, (c) Influence of modifier concentrations on hardening time of casting solutions).

which could further demonstrate the amination reaction between PVC
molecules and modifiers [47]. As shown in Fig. 3b, ¢, d, e and f, the
intensity of C—Cl peak decreased significantly, and the intensity of two
new peaks (C—O and C—N) increased with higher SRN concentration.
The N/C ratio on the membrane surface also increased with the rise of
modifier concentration (Fig. S1). Hence, high modifier concentration
facilitates the amination reaction.

From Fig. 2f, g and h, it can be found that with 10 wt% modifiers in
the casting solutions, C—N intensities of modified membranes are NMG
< THAM < SRN, but C—Cl intensities are NMG > THAM > SRN. Same
trend also have be observed based on the C/N ratio, when varying
modifier concentrations from 2.5 wt% to 7.5 wt% (Fig. S1). Hence, it can
be concluded that the grafting rate between the modifiers and PVC are
SRN > THAM > NMG at the same concentration. The chemical reaction
formula of active amine molecules and PVC was illustrated in Fig. S2.

3.2. Effect of amination on the NIPS process

To investigate the effect of amination on the phase separation pro-
cess, the viscosity, cloud points and hardening time of the casting so-
lutions were studied, and the results are shown in Fig. 4.

As shown in Fig. 4(a), the viscosity of the casting solutions became
greater with increasing modifier concentration due to the enhanced
amination reaction between modifier and PVC chains. The amination
reaction between modifier and PVC would have enhanced the interac-
tion between modified PVC polymer chains [48]. The shear stress of the
casting solution rose as polymer chain migration was further restricted.
Hence, the viscosity of casting solution increased as modifier concen-
tration increased. The increase of the casting solution viscosity would
hinder the mass transfer between the phases, thus affecting the property
and structure of the membranes. The increase rates of viscosity with
concentration are SRN > THAM > NMG, which are corresponding to
grafting rates observed via XPS spectra (Figs. 3 and S1). The viscosities
of SRN, THAM and NMG are 526.0, 502.3 and 345.7 mPa-s respectively,
when the modifier concentrations are 10.0 wt%.

Fig. 4(b) showed the thermodynamic stability of non-solvent (DI
water)/DMAc/PVC/modifier systems tested by a titration method for
cloud points. It shows that as the modifier concentration increases, to
reach the cloud point, the non-solvent concentration will decrease. This
is attributed to the increase in hydrophilic —OH group content in the
casting solution reduces the miscibility of the casting solution with non-
solvent water. Hence, the increase in modifier concentration reduces the
thermodynamic stability of casting solution. The thermodynamic
instability casting solution systems would shorten the delayed demixing
time [49], which is beneficial in obtaining porous membranes via NIPS
[50]. Furthermore, with the same modifier concentrations, the non-
solvent concentrations required to achieve the cloud point were NMG
< THAM < SRN, due to the difference of grafting rates of the modifiers
onto PVC and the —OH group content in modifier molecules (Table S1),
which changed the interaction among the PVC chains and compatibility

of PVC with solvent system.

In Fig. 4(c), the hardening time varying with the modifier concen-
trations is shown. It can be found that the hardening times decreases
initially as the modifier concentrations increase to 2.5 wt%, but starts to
increase as the modifier concentrations become higher. With the mod-
ifier concentration of 10 wt%, the hardening times of PVC modified
respectively by SRN, THAM and NMG are 77.7, 68.0 and 38.0 s. Due to
the presence of hydrophilic OH— groups in the modifiers, the diffusion
rate between the coagulation solution and initial casting films can be
promoted [36], which accelerated the precipitation process. However,
the viscosity increase of the casting solution would hinder the mass
diffusion across different phases. Therefore, when the mass diffusion is
not dominated by viscosity, the decreasing thermodynamic stability of
casting solution systems with higher modifier concentration (<2.5 wt%)
could reduce the hardening time. However, with increasing modifier
concentration (>2.5 wt%), the hindering of viscosity suppresses the
promoting of —OH groups on mass diffusion, which increase the hard-
ening time. From Fig. 4a and b, it can be found that both the thermo-
dynamic stability and viscosity of the NMG modified PVC casting
solution was lowest, compared with that of SRN and THAM modified
PVC casting solutions. Hence, the shortest hardening time is observed in
Fig. 4(c).

3.3. Effect of in-situ amination on membrane characteristics

3.3.1. Morphology of the membranes

In Fig. 5, the SEM images of membrane surfaces and cross sections
were shown. It can be seen from Fig. 5a that with the increase of mod-
ifier concentration, the surface of the membrane became rougher, which
is also proved by the AFM scanning as shown in Fig. 6.

The morphology of channels/voids of the membrane also varied with
the modifier concentration as shown in Fig. 5b. As the content of mod-
ifiers increased, the size of the channels/voids became greater. How-
ever, when the modifier concentration increased to 10 wt%, the visible
number of channels/voids reduced dramatically and the transition
layers between the smallest and largest sizes of channels/voids become
much thinner than that of with lower modifier concentrations.

These phenomena could be attributed to the influence of hydrophi-
licity and viscosity of the casting solutions on the precipitation rate, and
the exchange rate between the coagulation solution and the upper sur-
face. The increase in modifiers concentration reduces the thermody-
namic stability of casting solution. Simultaneously, the addition of
modifiers would enhance the hydrophilicity of the casting solution, and
the exchange rate between the coagulation solution and the upper sur-
face of initial casting films would be accelerated. These two factors
facilitate formation of open pores on membrane surface [51,52]. During
phase transformation process, the accelerated diffusion rate of solvents
and non-solvents would boost formation of “valleys” and “peaks” on the
membrane surface, and increase the surface roughness of the modified
membranes [52]. Viscosity increase with higher modifier concentration
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would reduce the precipitation rate of the polymer and facilitate for-
mation of large channels/voids and the transformation to sponge-like
layer as shown in Fig. 5(b) [53]. Since the viscosity increase with
NMG concentration was much lower than that of SRN and THAM (Fig. 4
(a)), the formation of sponge-like layer is not obviously at high con-
centration (>5 wt%).

3.3.2. Pore size distribution and porosity of the membranes
Fig. 7 illustrates the influence of in-situ amination on membrane pore
size, pore size distribution and porosity. With increase of the modifier

50 0

x50.0k SE(U) 1.00um

1.00um

T
1.00um | 5.0k
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concentration, mean pore sizes of the membranes become smaller and
pore size distributions become narrower However, the porosities (Fig. 7
(d)) of membranes increase initially and plateau, when the concentra-
tion is >7.5 wt%. When the modifier concentrations arel0 wt%, the
mean pore sizes of three membranes are 31.6 nm (SRN), 30.4 nm
(THAM) and 36.9 nm (NMG), and the porosities are 82.3 % (SRN), 82.1
% (THAM) and 85.1 % (NMG).

As the viscosity of the casting solution increases with greater modi-
fier concentration in casting solution, the phase separation speed will be
reduced, which facilitates formation of pores with small even sizes

(a) SEM images of the membrane surfaces

Fig. 5. SEM images of the membranes.
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(b) SEM images of membrane cross sections

Fig. 5. (continued).
8
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[54,55]. Hence, the mean pore size and pore size distribution were
reduced. More hydrophilic —OH groups presenting in the casting solu-
tions at higher modifier concentrations could enhance the exchange rate
between solvent and non-solvent, which improves the connectivity of
the channels/avoids and membrane porosity [56]. Hence, the
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Fig. 8. WCAs of pristine and modified PVC membranes.

membrane porosity increases with the modifier concentration.

3.3.3. Membrane hydrophilicity

Fig. 8 showed the influence on modifier concentration on membrane
hydrophilicity. It can be found that the WCAs decrease continuously to
60.3° (SRN), 62.3° (THAM) and 64.8° (NMG) respectively, as the
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Fig. 7. Pore size distribution and porosity of the membranes ((a) pore size of pristine and SRN modified PVC membranes, (b) pore size of pristine and THAM
modified PVC membranes, (c) pore size of pristine and NMG modified PVC membranes, (d) porosity of pristine and modified PVC membranes).
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modifier concentrations increase to10 wt%. This is attributed to increase
of —OH groups in membrane materials due to in-situ amination reac-
tion. Meanwhile, the open pores and roughness on membrane surface
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increased obviously as the modifier concentration rose (Figs. 5(a) and
6), which also give help for the membrane hydrophilicity improvement
[57,58].

3.3.4. Membrane mechanical properties

Tensile strength varies with the modifier concentration is shown in
Fig. 9. It can be found that the tensile strength of M-0, S-10.0, T-10.0 and
N-10.0 was 5.7 MPa, 5.7 MPa, 6.7 MPa and 3.0 MPa, respectively. The
tensile strengths did not vary significantly with concentration, when
SRN and THAM were used as modifier. However, when NMG was used
as modifier, the tensile strength of the PVC membrane declined greatly,
when the NMG concentration exceeded 5.0 wt%.

For membranes modified by SRN or THAM, the increase of mem-
brane porosity at higher modifier concentration did not compromise the
tensile strength of PVC membranes. It could be attributed to the for-
mation of thicker sponge-like layer as shown in Fig. 4(b) at high con-
centration [51]. Due to lack of sponge-like structure in the NMG
modified membrane at high modifier concentration (Fig. 4(b)), the
tensile strength of the membrane declined when the modifier concen-
tration was >5 wt% as shown in Fig. 9.

3.4. Membrane separation performance

Fig. 10 showed PWFs of the pristine and modified membranes. It can
be found that the PWF was 19.8 L-m~2-h™! for the pristine membrane,
and increased continuously as the modifier concentrations became
higher, except for NMG. The maximum PWF were 261.5, 201.6 and
169.6 L-m~2-h "1, respectively for $-10.0, T-10.0 and NMG-7.5 modified
membranes, which are about 10-fold the PWF of the pristine membrane.
The boosted fluxes of the modified membranes are due to the increasing
hydrophilicity (Fig. 8), total porosity (Fig. 7(d)), surface pore number
(Table S2) and surface roughness (Fig. 6), when more modifiers were
added into the casting solution [59,60]. Furthermore, the transition
layers (Fig. 5b) could also have significant influence on the PWF by
changing the mass transfer resistance [61]. It can be found in Fig. (5b)
that both the transition layer thicknesses of SRN and THAM modified
membranes reduced with the increasing concentrations, but there was
no significant change of the transition layer thickness of NMG modified
membrane. At low modifier concentration (<5 wt%) where the thick-
ness of the transition layers are similar for all modified membranes
(Fig. 5(b)), the highest flux was achieved by the NMG modified mem-
brane possessing higher porosity in combination with relative larger
mean pore size than those of other modified membranes (Fig. 7).
However, as the modifier concentration increased further (>7.5 wt%),
SRN modified membrane achieved the highest flux, due to drametical
reduction of transition layer thickness.

In Fig. 11, the performance of membranes treating BAS containing
feed is shown. It can be found in Fig. 11(a) that compared to rejection of
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Fig. 11. Performance of membranes treating BSA containing feed (BSA = 1000 mg/L) ((a) rejection to BSA, (b) flux decline with time).
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Fig. 12. Challenge tests for membrane robustness (temperature = 25 °C).

77.6 % to BSA by the pristine membrane, rejections of all modified
membranes to BSA were >98 % and due to the narrowed pore size
distribution and reduced pore size (Fig. 7). When the membrane has
wide pore size distribution, the maximum size could be greater than the
BSA size (90-185 nm in water solution depending on the pH [62]),
which compromises the membrane rejection.

The flux decline with time is shown in Fig. 11(b). Compared to

11

fouling resistance, Fr = 58.8 % of M-0 (from 8.0 to 4.7 L~m’2-h’1) ina
filtration of 150 min, 91.3 %, 90.1 % and 86.1 % of Frs are achieved
respectively by S-10.0 (from 133.0 to 130.9 L-m’2~h’1), T-10.0 (from
103.2 to 95.4 L-m~2h~!) and N-10.0 (from 55.9 to 49.6 L-m~2h™1),
Hence, all the modified membrane showed better resistance to BSA
fouling than that of pristine membrane. Since Hashino, et al. had
confirmed that physicochemical interactions between polymers and BSA
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rather than that between BSA and BSA resulted membrane fouling [63],
the characteristics of the membrane surfaces are the kay factors sup-
pressing sorption and accumulation on the membrane surface. The in-
crease of membrane hydrophilicity could have lowered (Fig. 8) the
interactions between BSA and membrane surfaces. The membrane with
the highest hydrophilicity (S-10.0) also possessed the highest fouling
resistance (Fr). The narrow pore size distribution in combination with
small pore size could also minimize the risk of pore blockage [64].
Hence, it can be found that S-10.0 and T-10.0 with the narrowest pore
distribution and smallest pore size showed the best fouling resistance
performance.

The performance of the membranes prior and post the challenges are
shown in Fig. 12. It can be found after 320 h filtration that PWFs,
rejection and contact angle of the four membranes varied in range of
—21.4%to —37.8 %, —0.1 % to —2.7 % and —1.2 % to 1.2 %. Hence, the
long-term filtration has the most influence on the PWFs due to the
membrane compaction [65], but has minor influence on both contact
angles and rejections related to the surface and pore characteristics. The
acid and alkali soaking challenges only show minor influence (<6.3 %)
on all three studied parameters, in which there is no significant differ-
ence was observed between the pristine and modified membranes, and
more stable than modified membranes via conventional approaches
(Fig. S4). Hence, all the modified membrane showed comparable or even
better performances to the pristine PVC membrane (MO) post the studied
challenges.

4. Conclusion

Modified PVC UF membranes with robust hydrophilicity and narrow
pore size distribution were prepared via in-situ hydrophilization assisted
phase separation process, in which amine molecules bearing —OH
groups were arched on PVC chains through ‘green’ (without initiator)
reaction.

SRN, THAM and NMG were used as amine modifiers in the mem-
brane fabrication. Through the modification, all the membranes achieve
improvement hydrophilicity narrowed pore size distribution and
increased porosity. Under the optimized conditions, 29 % decrease in
WCA, 27 % increase in BSA rejection and 10-fold increase in pure water
flux were achieved. The robustness challenges demonstrated that the
modified membranes have comparable or better performance than that
of the pristine membrane, post the long-term filtration, and acid and
alkali soaking.

CRediT authorship contribution statement

Dr. Haifu Gao was involved in the laboratory work and paper
drafting.

Dr. Jingguo She was involved in the laboratory work and paper
drafting.

Dr. Sihua Liu was involved in supervision and manuscript drafting.

Dr. Le Shi was involved in supervision and manuscript drafting.

Prof. Xiaolong Lu was involved in supervision and manuscript
drafting.

Dr. Jianhua Zhang was the key team member, and involved in the
paper drafting and supervision.

Prof. Chunrui Wu supervised the laboratory work and drafted the
manuscript.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

12

Desalination 568 (2023) 117022

Data availability
No data was used for the research described in the article.
Acknowledgements

This study was supported by National Natural Science Foundation of
China (51978466, 52170047), National Key Research and Development
Program of China (2021YFC330010003-2). We would like to thank the
Analytical & Testing Center of Tiangong University for the membrane
structure analytical works (e.g. FTIR, XPS and FESEM).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.desal.2023.117022.

References
[1] M.A. Shannon, P.W. Bohn, M. Elimelech, J.G. Georgiadis, B.J. Marinas, A.

M. Mayes, Science and technology for water purification in the coming decades,

Nature 452 (2008) 301-310.

Y.L. Luo, W.S. Guo, H.H. Ngo, L.D. Nghiem, F.I. Hai, J. Zhang, S. Liang, X.C.

C. Wang, A review on the occurrence of micropollutants in the aquatic

environment and their fate and removal during wastewater treatment, Sci. Total

Environ. 473 (2014) 619-641.

Y. Feng, Q. Liu, X. Lin, J.Z. Liu, H. Wang, Hydrophilic nanowire modified polymer

ultrafiltration membranes with high water flux, ACS Appl. Mater. Interfaces 6

(2014) 19161-19167.

M. Cran, S. Gray, J. Schmidt, L. Gao, Root cause analysis for membrane system

validation failure at a full-scale recycled water treatment plant, Desalination 523

(2022) 115405.

S. Liu, Y. Chu, C. Tang, S. He, C. Wu, High-performance chlorinated polyvinyl

chloride ultrafiltration membranes prepared by compound additives regulated non-

solvent induced phase separation, J. Membr. Sci. 612 (2020).

T. Ahmad, C. Guria, Progress in the modification of polyvinyl chloride (PVC)

membranes: a performance review for wastewater treatment, J. Water Process Eng.

45 (2022).

M. Safarpour, A. Safikhani, V. Vatanpour, Polyvinyl chloride-based membranes: A

review on fabrication techniques, applications and future perspectives, Sep. Purif.

Technol. 279 (2021).

D. Ghazanfari, D. Bastani, S.A. Mousavi, Preparation and characterization of poly

(vinyl chloride) (PVC) based membrane for wastewater treatment, J. Water Process

Eng. 16 (2017) 98-107.

T. Ahmad, C. Guria, A. Mandal, Optimal synthesis and operation of low-cost

polyvinyl chloride/bentonite ultrafiltration membranes for the purification of

oilfield produced water, J. Membr. Sci. 564 (2018) 859-877.

W.S. Guo, H.H. Ngo, J.X. Li, A mini-review on membrane fouling, Bioresour.

Technol. 122 (2012) 27-34.

X. Shi, G. Tal, N.P. Hankins, V. Gitis, Fouling and cleaning of ultrafiltration

membranes: a review, J. Water Process Eng. 1 (2014) 121-138.

S. Wang, Q. Li, B. He, M. Gao, Y. Ji, Z. Cui, F. Yan, X. Ma, M. Younas, J. Li,

Preparation of small-pore ultrafiltration membranes with high surface porosity by

in situ CO(2) Nanobubble-assisted NIPS, ACS Appl. Mater. Interfaces 14 (2022)

8633-8643.

H.B. Park, J. Kamcev, L.M. Robeson, M. Elimelech, B.D. Freeman, Maximizing the

right stuff: the trade-off between membrane permeability and selectivity, Science

356 (2017) 10.

Y. Zhang, S.R. Zhou, Z.L. Li, H.Q. Zhang, M. Zhang, J. Wang, L.L. Chen, H.

W. Zhang, Effect of pore-forming/hydrophilic additive anchorage on the

mesoporous structure and sieving performance of a blended ultrafiltration (UF)

membrane, J. Membr. Sci. 641 (2022).

W. Gao, H. Liang, J. Ma, M. Han, Z.L. Chen, Z.S. Han, G.B. Li, Membrane fouling

control in ultrafiltration technology for drinking water production: a review,

Desalination 272 (2011) 1-8.

B.S. Lalia, V. Kochkodan, R. Hashaikeh, N. Hilal, A review on membrane

fabrication: structure, properties and performance relationship, Desalination 326

(2013) 77-95.

S.M. Hosseini, S.S. Madaeni, A. Zendehnam, A.R. Moghadassi, A.R. Khodabakhshi,

H. Sanaeepur, Preparation and characterization of PVC based heterogeneous ion

exchange membrane coated with Ag nanoparticles by (thermal-plasma) treatment

assisted surface modification, J. Ind. Eng. Chem. 19 (2013) 854-862.

C. Wu, Z. Wang, S. Liu, Z. Xie, H. Chen, X. Lu, Simultaneous permeability,

selectivity and antibacterial property improvement of PVC ultrafiltration

membranes via in-situ quaternization, J. Membr. Sci. 548 (2018) 50-58.

S.A. Naziri Mehrabani, T. Sadeghi Rad, V. Vatanpour, A. Khataee, M. Kaya,

B. Zeytuncu, I. Koyuncu, CuCr NLDH-Graphene oxide blended polyvinyl chloride

ultrafiltration membrane with improved permeability and antifouling behavior,

Sep. Purif. Technol. 317 (2023).

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]


https://doi.org/10.1016/j.desal.2023.117022
https://doi.org/10.1016/j.desal.2023.117022
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0005
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0005
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0005
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0010
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0010
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0010
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0010
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0015
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0015
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0015
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0020
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0020
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0020
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0025
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0025
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0025
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0030
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0030
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0030
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0035
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0035
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0035
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0040
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0040
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0040
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0045
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0045
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0045
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0050
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0050
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0055
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0055
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0060
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0060
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0060
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0060
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0065
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0065
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0065
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0070
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0070
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0070
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0070
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0075
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0075
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0075
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0080
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0080
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0080
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0085
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0085
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0085
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0085
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0090
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0090
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0090
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0095
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0095
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0095
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0095

H. Gao et al.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[391]

[40]

[41]

Q.F. Alsalhy, F.H. Al-Ani, A.E. Al-Najar, S.I.A. Jabuk, A study of the effect of
embedding ZnO-NPs on PVC membrane performance use in actual hospital
wastewater treatment by membrane bioreactor, Chem. Eng. Process. 130 (2018)
262-274.

G. Mishra, M. Mukhopadhyay, Enhanced antifouling performance of halloysite
nanotubes (HNTs) blended poly(vinyl chloride) (PVC/HNTs) ultrafiltration
membranes: for water treatment, J. Ind. Eng. Chem. 63 (2018) 366-379.

J. Liu, Y. Su, J. Peng, X. Zhao, Y. Zhang, Y. Dong, Z. Jiang, Preparation and
performance of antifouling PVC/CPVC blend ultrafiltration membranes, Ind. Eng.
Chem. Res. 51 (2012) 8308-8314.

L.-F. Fang, S. Jeon, Y. Kakihana, J.-i. Kakehi, B.-K. Zhu, H. Matsuyama, S. Zhao,
Improved antifouling properties of polyvinyl chloride blend membranes by novel
phosphate based-zwitterionic polymer additive, J. Membr. Sci. 528 (2017)
326-335.

B. Diez, A. Sotto, A. Martin, J. Arsuaga, R. Rosal, Poly(vinyl chloride)-
hyperbranched polyamidoamine ultrafiltration membranes with antifouling and
antibiofouling properties, React. Funct. Polym. 154 (2020).

N. Haghighat, V. Vatanpour, M. Sheydaei, Z. Nikjavan, Preparation of a novel
polyvinyl chloride (PVC) ultrafiltration membrane modified with Ag/TiO2
nanoparticle with enhanced hydrophilicity and antibacterial activities, Sep. Purif.
Technol. 237 (2020).

Y.X. Xie, K.K. Wang, W.H. Yu, M.B. Cui, Y.J. Shen, X.Y. Wang, L.F. Fang, B.K. Zhu,
Improved permeability and antifouling properties of polyvinyl chloride
ultrafiltration membrane via blending sulfonated polysulfone, J. Colloid Interface
Sci. 579 (2020) 562-572.

R. Chen, L. Mao, C.N. Matindi, G. Liu, J. He, Z. Cui, X. Ma, K. Fang, B. Wu, B.

B. Mamba, J. Li, Tailoring the micro-structure of PVC/SMA-g-PEG blend
ultrafiltration membrane with simultaneously enhanced hydrophilicity and
toughness by in situ reaction-controlled phase inversion, J. Membr. Sci. 653
(2022).

X. Fan, Y. Su, X. Zhao, Y. Lia, R. Zhang, J. Zhao, Z. Jiang, J. Zhu, Y. Ma, Y. Liu,
Fabrication of polyvinyl chloride ultrafiltration membranes with stable antifouling
property by exploring the pore formation and surface modification capabilities of
polyvinyl formal, J. Membr. Sci. 464 (2014) 100-109.

K.J. Roy, T.V. Anjali, A. Sujith, Asymmetric membranes based on poly(vinyl
chloride) effect of molecular weight of additive and solvent power on the
morphology and performance, J. Mater. Sci. 52 (2017) 5708-5725.

P.T.P. Aryanti, R. Yustiana, R.E.D. Purnama, I.G. Wenten, Performance and
characterization of PEG400 modified PVC ultrafiltration membrane, Membr. Water
Treat. 6 (2015) 379-392.

T. Ahmad, C. Guria, A. Mandal, Optimal synthesis of high fouling-resistant PVC-
based ultrafiltration membranes with tunable surface pore size distribution and
ultralow water contact angle for the treatment of oily wastewater, Sep. Purif.
Technol. 257 (2021) 19.

B. Tang, T. Xu, W. Yang, A novel positively charged asymmetry membranes from
poly(2,6-dimethyl-1,4-phenylene oxide) by benzyl bromination and in situ
amination, J. Membr. Sci. 268 (2006) 123-131.

M. Kumar, M. Ulbricht, Novel antifouling positively charged hybrid ultrafiltration
membranes for protein separation based on blends of carboxylated carbon
nanotubes and aminated poly(arylene ether sulfone), J. Membr. Sci. 448 (2013)
62-73.

Y. Qin, H. Liu, Y. Liu, M. Chen, K. Chen, Y. Huang, C. Xiao, Design of a novel
interfacial enhanced GO-PA/APVC nanofiltration membrane with stripe-like
structure, J. Membr. Sci. 604 (2020).

J. Zhu, Y. Su, X. Zhao, Y. Li, J. Zhao, X. Fan, Z. Jiang, Improved antifouling
properties of poly(vinyl chloride) ultrafiltration membranes via surface
Zwitterionicalization, Ind. Eng. Chem. Res. 53 (2014) 14046-14055.

Y. Qin, H.L. Liu, Y.M. Sun, Q.L. Huang, W. Li, K.K. Chen, W. Shu, C.F. Xiao,
Preparation of the interfacial enhanced PA/APVC nanofiltration membrane based
on the in-situ amination of substrate membrane, Sep. Purif. Technol. 280 (2022)
15.

H. Liu, Y. Liu, Y. Qin, Y. Huang, K. Chen, C. Xiao, Amphiphilic surface construction
and properties of PVC-g-PPEGMA/PTFEMA graft copolymer membrane, Appl. Surf.
Sci. 545 (2021).

Z.Yi, L. Zhu, L. Cheng, B. Zhu, Y. Xu, A readily modified polyethersulfone with
amino-substituted groups: its amphiphilic copolymer synthesis and membrane
application, Polymer 53 (2012) 350-358.

S. Doi, M. Yasukawa, Y. Kakihana, M. Higa, Alkali attack on anion exchange
membranes with PVC backing and binder: effect on performance and correlation
between them, J. Membr. Sci. 573 (2019) 85-96.

W. Garcia-Vasquez, L. Dammak, C. Larche, V. Nikonenko, D. Grande, Effects of
acid-base cleaning procedure on structure and properties of anion-exchange
membranes used in electrodialysis, J. Membr. Sci. 507 (2016) 12-33.

J.B. Zimmerman, P.T. Anastas, H.C. Erythropel, W. Leitner, Designing for a green
chemistry future, Sci. Adv. 367 (2020) 397-400.

13

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Desalination 568 (2023) 117022

C.H. Loh, R. Wang, L. Shi, A.G. Fane, Fabrication of high performance
polyethersulfone UF hollow fiber membranes using amphiphilic Pluronic block
copolymers as pore-forming additives, J. Membr. Sci. 380 (2011) 114-123.

Z.D. Li, X.L. Lu, C.R. Wu, Q.J. Gao, S. Wu, H. Zhang, Study on the interfacial
activation of dual surfactants in the process of forming porous membranes,

J. Membr. Sci. 520 (2016) 823-831.

H. Susanto, N. Stahraa, M. Ulbricht, High performance polyethersulfone
microfiltration membranes having high flux and stable hydrophilic property,

J. Membr. Sci. 342 (2009) 153-164.

X. Kong, G. Shu, X. Lu, C. Wu, Y. Gai, Manipulating membrane surface porosity via
deep insight into surfactants during nonsolvent induced phase separation,

J. Membr. Sci. 611 (2020).

A. Ouerghui, H. Elamari, M. Dardouri, S. Ncib, F. Meganem, C. Girard, Chemical
modifications of poly(vinyl chloride) to poly(vinyl azide) and “clicked” triazole
bearing groups for application in metal cation extraction, React. Funct. Polym. 100
(2016) 191-197.

H. Reinecke, D. Lopez, C. Mijangos, New aminated PVC compounds synthesis and
characterization, J. Appl. Polym. Sci. 74 (1999) 1178-1185.

J. She, H. Gao, Z. Song, L. Shi, J. Li, X. Lu, C. Wu, Improvement of persistent
hydrophilicity and pore uniformity of polyvinyl chloride ultrafiltration membranes
by in-situ crosslinking reaction assisted phase separation, J. Membr. Sci. 684
(2023).

A.J. Reuvers, J.W.A.v.d. Berg, C.A. Smolders, Formation of membranes by means
of immersion precipitation Part I a model to describe mass transfer during
immersion precipitation, J. Membr. Sci. 34 (1987) 45-65.

Y.X. Ma, F.M. Shi, J. Ma, M.N. Wu, J. Zhang, C.J. Gao, Effect of PEG additive on the
morphology and performance of polysulfone ultrafiltration membranes,
Desalination 272 (2011) 51-58.

M.M. Aji, S. Narendren, M.K. Purkait, V. Katiyar, Biopolymer (gum arabic)
incorporation in waste polyvinylchloride membrane for the enhancement of
hydrophilicity and natural organic matter removal in water, J. Water Process Eng.
38 (2020).

A.J. Reuvers, J.W.A.v.d. Berg, C.A. Smolders, Formation of membranes by means
of immersion precipitation, J. Membr. Sci. 34 (1987) 45-65.

J.A. Xu, Z.L. Xu, Poly(vinyl chloride) (PVC) hollow fiber ultrafiltration membranes
prepared from PVC/additives/solvent, J. Membr. Sci. 208 (2002) 203-212.

S. Rangou, K. Buhr, V. Filiz, J.I. Clodt, B. Lademann, J. Hahn, A. Jung, V. Abetz,
Self-organized isoporous membranes with tailored pore sizes, J. Membr. Sci. 451
(2014) 266-275.

H. Rabiee, S.M.S. Shahabadi, A. Mokhtare, H. Rabiei, N. Alvandifar, Enhancement
in permeation and antifouling properties of PVC ultrafiltration membranes with
addition of hydrophilic surfactant additives: Tween-20 and Tween-80, J. Environ.
Chem. Eng. 4 (2016) 4050-4061.

J. Cao, Z. Yuan, X. Li, W. Xu, H. Zhang, Hydrophilic poly (vinylidene fluoride)
porous membrane with well connected ion transport networks for vanadium flow
battery, J. Power Sources 298 (2015) 228-235.

Q. Jiang, Y. Wang, Y. Xie, M. Zhou, Q. Gu, Z. Zhong, W. Xing, Silicon carbide
microfiltration membranes for oil-water separation: pore structure-dependent
wettability matters, Water Res. 216 (2022).

Q. Wu, W. Xie, H. Wu, L. Wang, S. Liang, H. Chang, B. Liu, Effect of volatile solvent
and evaporation time on formation and performance of PVC/PVC-g-PEGMA
blended membranes, RSC Adv. 9 (2019) 34486-34495.

Z. Zhou, S. Rajabzadeh, A.R. Shaikh, Y. Kakihana, W. Ma, H. Matsuyama, Effect of
surface properties on antifouling performance of poly(vinyl chloride-co-poly
(ethylene glycol)methyl ether methacrylate)/PVC blend membrane, J. Membr. Sci.
514 (2016) 537-546.

S. Ayyaru, Y.-H. Ahn, Application of sulfonic acid group functionalized graphene
oxide to improve hydrophilicity, permeability, and antifouling of PVDF
nanocomposite ultrafiltration membranes, J. Membr. Sci. 525 (2017) 210-219.

J. Zhang, J.-D. Li, M. Duke, Z. Xie, S. Gray, Performance of asymmetric hollow fibre
membranes in membrane distillation under various configurations and vacuum
enhancement, J. Membr. Sci. 362 (2010) 517-528.

X. Wang, M. Zhou, X. Meng, L. Wang, D. Huang, Effect of protein on PVDF
ultrafiltration membrane fouling behavior under different pH conditions: interface
adhesion force and XDLVO theory analysis, Front. Environ. Sci. Eng. 10 (2016)
1-11.

M. Hashino, K. Hirami, T. Ishigami, Y. Ohmukai, T. Maruyama, N. Kubota,

H. Matsuyama, Effect of kinds of membrane materials on membrane fouling with
BSA, J. Membr. Sci. 384 (2011) 157-165.

F. Wang, V.V. Tarabara, Pore blocking mechanisms during early stages of
membrane fouling by colloids, J. Colloid Interface Sci. 328 (2008) 464-469.
K.M. Persson, V. Gekas, G. Tragardh, Study of membrane compaction and its
influence on ultrafiltration water permeability, J. Membr. Sci. 100 (1995)
155-162.


http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0100
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0100
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0100
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0100
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0105
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0105
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0105
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0110
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0110
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0110
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0115
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0115
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0115
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0115
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0120
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0120
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0120
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0125
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0125
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0125
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0125
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0130
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0130
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0130
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0130
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0135
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0135
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0135
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0135
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0135
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0140
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0140
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0140
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0140
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0145
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0145
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0145
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0150
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0150
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0150
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0155
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0155
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0155
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0155
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0160
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0160
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0160
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0165
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0165
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0165
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0165
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0170
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0170
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0170
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0175
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0175
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0175
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0180
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0180
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0180
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0180
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0185
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0185
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0185
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0190
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0190
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0190
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0195
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0195
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0195
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0200
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0200
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0200
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0205
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0205
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0210
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0210
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0210
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0215
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0215
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0215
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0220
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0220
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0220
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0225
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0225
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0225
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0230
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0230
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0230
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0230
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0235
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0235
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0240
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0240
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0240
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0240
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0245
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0245
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0245
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0250
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0250
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0250
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0255
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0255
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0255
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0255
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0260
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0260
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0265
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0265
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0270
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0270
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0270
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0275
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0275
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0275
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0275
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0280
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0280
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0280
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0285
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0285
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0285
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0290
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0290
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0290
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0295
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0295
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0295
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0295
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0300
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0300
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0300
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0305
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0305
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0305
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0310
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0310
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0310
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0310
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0315
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0315
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0315
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0320
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0320
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0325
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0325
http://refhub.elsevier.com/S0011-9164(23)00654-9/rf0325

	‘Green’ fabrication of PVC UF membranes with robust hydrophilicity and improved pore uniformity
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Membrane preparation
	2.3 Characterization of casting solution
	2.4 Membrane characterization
	2.5 Membrane performance tests

	3 Results and discussion
	3.1 Effect of in-situ amination on the chemical structure of the membranes
	3.2 Effect of amination on the NIPS process
	3.3 Effect of in-situ amination on membrane characteristics
	3.3.1 Morphology of the membranes
	3.3.2 Pore size distribution and porosity of the membranes
	3.3.3 Membrane hydrophilicity
	3.3.4 Membrane mechanical properties

	3.4 Membrane separation performance

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


