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In order to further improve the performances of fabricated PVC/PVC-graft-poly(ethylene glycol) methyl
ether methacrylate (PVC/PVC-g-PEGMA) blended membranes, we investigated the inner connections
between affecting parameters during preparation and membrane performances. Two parameters
including the composition of casting solutions and the solvent evaporation time were selected. In this
study, PVC/PVC-g-PEGMA blended membranes were prepared by non-solvent induced phase
separation (NIPS) using 1-methyl-2-pyrrolidinone (NMP) and tetrahydrofuran (THF) as mixing solvents.
We found that (1) the membrane morphologies like surface pore size and porosity decreased as the ratio
of THF to NMP increased, which resulted in the decrease in pure water flux and the increase of sodium
alginate (SA) rejection ratio; (2) the presence of THF in the casting solution could significantly lower the
membrane surface roughness compared to only using NMP as a solvent; (3) solvent evaporation for an

appropriate time increased the hydrophilicity of the membrane. Among these findings, we achieved
Received 16th July 2019 b hibiting the highest fl tio of 98.65 + 0.85% with a mixing ratio of 1:9
Accepted 21st October 2019 a membrane exhibiting the highest flux recovery ratio o . .85% with a mixing ratio of 1:

(THF : NMP) at 60 s of evaporation time. High pollutant rejection and high flux recovery ratio were

DOI: 10.1039/c9ra05454e achieved. This study provides more insight into the PVC/PVC-g-PEGMA membrane and a more flexible
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1. Introduction

Among the common polymers used to fabricate ultrafiltration
membranes, poly(vinyl chloride) (PVC) has received attention
owing to its good stiffness, high resistance to bases and acids,
and low cost.* However, PVC membranes exhibit poor antifouling
properties due to their hydrophobicity.” Blending modifications
by blending PVC with an amphiphilic copolymer to enhance the
antifouling properties of PVC membranes have been reported.®”
Polymeric membranes can be fabricated via several routes and
immersion precipitation (immersion in a non-solvent bath) is the
most commonly chosen technique.? The final membrane
morphologies and performances depend on many experimental
parameters, including compositions of the casting solution (like
polymer concentration, type of solvent and non-solvent, co-
solvent/solvent ratio), the solvent evaporation time before
immersion in a coagulation bath, and the composition and
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approach to the application of PVC membranes.

temperature of the coagulation bath.*'® Solvents such as N-
methyl-2-pyrrolidone (NMP) and N,N-dimethylacetamide (DMAc)
were separately used to prepare PVC membranes via the phase
inversion method."*™ Roy et al** investigated the effects of
molecular weight of additive and solvents (NMP and DMAc) on
the performance of PVC-based asymmetric membranes. They
found that compared with DMAc, NMP exhibited better interac-
tion with PVC and the membranes prepared using NMP as
solvent showed better thermal stability, antifouling properties
and mechanical strength.

A volatile solvent like 1,4-dioxane, acetone and tetrahydro-
furan (THF) is often chosen as a co-solvent.'® We selected THF
based on the following reasons. Firstly, we compared the
properties, cost, and environmental impact of the three
common volatile solvents. Secondly, THF is a common solvent
used for membrane synthesis.'®***” Thirdly, during the evapo-
ration before immersion in coagulation bath, THF evaporates
fast, which leads to membranes with a tight active layer.*>'” The
number of macrovoids underneath the top layer decreased as
the evaporation time increased before immersion in coagula-
tion bath.” Especially, when block copolymers are used to
prepare membranes via immersion precipitation, the amount
of THF and the evaporation time before precipitation are critical
parameters for the formation of self-assemble and ordered
structure on the skin layer (Table 1).**"

This journal is © The Royal Society of Chemistry 2019
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Table 1 The parameters of the three common volatile solvents®

Solvents 1,4-Dioxane THF Acetone

Vapor pressure (hPa) at 20 °C 36 217.3 245.3

Boiling point (°C) 100 66 56

Flashing point (°C) 12 -17 -17

Partition coefficient (log Pory) —0.27 0.46 —0.24

Aépss (MPa'?) 6.5 7.6 7

Adgns (MPa'?) 27.4 28.4 27.9

Price (500 ml, AR, CNY) 1623.84 678.66 554.71

Hazards

H225, H303, H319, H333, H335, H413, H351

H225, H302, H313, H316, H318, H335, H336 H225, H319, H336

“ Adpss - polymer/solvent solubility parameter. Adgns — solvent/non-solvent solubility parameter, non-solvent: water. All information of the hazards

of the solvents is according to Regulation (EC) no. 1272/2008.

In our previous work,® we synthesized the amphiphilic

copolymer PVC-g-PEGMA and investigated the effect of the
dosage of PVC-g-PEGMA on PVC/PVC-g-PEGMA blended
membrane properties. We found that PVC-g-PEGMA as an
additive could enhance the antifouling properties and pure
water flux of PVC ultrafiltration membranes. Especially, when
the dosage of PVC-g-PEGMA was 10 wt%, PVC/PVC-g-PEGMA
blended membrane exhibited the best comprehensive perfor-
mance. However, DMAc as the solvent of the membrane
casting solutions resulted in large macrovoids at the bottom
layer of the membrane. Then Xie et al. used the green solvent
dimethyl sulfoxide (DMSO) and traditional solvents as mixing
solvents to prepared PVC/PVC-g-PEGMA blended membranes,
and the blended membrane showed high permeability and
rejection.*®

In this work, we chose NMP (a solvent with stronger inter-
action with PVC but with weaker relative affinity with water
compared to DMAc) as solvent and volatile THF as co-solvent
according to Hansen solubility parameter and investigated the
effects of the addition of THF and evaporation time on the
performance of PVC/PVC-g-PEGMA blended membranes. We
aimed to decrease the macrovoids at the bottom layer of the
membrane and further improve the hydrophilicity and anti-
fouling properties of PVC/PVC-g-PEGMA blended membranes
by mixing common solvents. Moreover, we hoped to provide
more studies for the blended system of PVC/PVC-g-PEGMA
blended membranes.

Table 2 Compositions of the membrane casting solutions®

2. Materials and methods

2.1. Materials

PVC (high molecular weight), PVC-g-PEGMA (synthesized and
verified in our previous work'® based on the method previously
described®), 1-methyl-2-pyrrolidinone (NMP, anhydrous,
99.5%), sodium chloride (NaCl, ACS reagent, =99.0%), sodium
alginate (SA, Halal grade) and tetrahydrofuran (THF, anhy-
drous, =99.9%, inhibitor-free) were purchased from Milli-
poreSigma (St. Louis, MO, USA).

2.2. Membrane preparation

The fabrication of membrane was similar to that of the
previous study.”® The membrane casting solution was
prepared in 125 mL conical flasks according to Table 2 and
stirred at 500 rpm by a stirring hot plate (PC-420D, Corning,
USA) at 60 °C for at least 24 h. After the polymers were
completely dissolved, the solution was degassed without stir-
ring for at least 3 h until gas bubbles were not completely
observed, and then it was cast on a first-grade surface optical
glass using a doctor blade set to a thickness of ~200 um
(Universal blade applicator, Paul N. Gardner Company, Inc.,
Pompano Beach, FL, USA). Before immersed into a coagulation
bath of deionized (DI) water at room temperature for 24 h, the
mirror was exposed in air for different time according to Table
2 to allow the solvent to evaporate. Finally, part of membranes
immersed in ultrapure water were stored at 4 °C for flux and

PVC-g-PEGMA Solvent evaporation PVC-g-PEGMA/PVC
Membrane ID PVC (g) (2) THF (g) NMP (g) time (s) wt/wt (%)
M1 NMP 60 s 12 1.2 — 86.80 60 10
M2T/N=1/90s 12 1.2 8.68 78.12 0 10
M3 T/N=1/9 30 s 12 1.2 8.68 78.12 30 10
M4 T/N = 1/9 60 s 12 1.2 8.68 78.12 60 10
M5 T/N =1/9 90 s 12 1.2 8.68 78.12 90 10
M6 T/N = 3/7 60 s 12 1.2 26.04 60.76 60 10
M7 T/N = 5/5 60 s 12 1.2 43.40 43.40 60 10

¢ At 25 °C, the density of THF is 0.889 g mL™', NMP is 1.028 g mL™". T/N means the weight/weight ratio of THF to NMP.

This journal is © The Royal Society of Chemistry 2019
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fouling tests, and the others were air-dried for the
characterizations.

2.3. Model foulant

Sodium alginate (SA) as a model foulant of extracellular poly-
meric substances (EPS) to assess the anti-fouling properties of
membrane was studied.>?* A 2 g L' SA stock solution was
stored at 4 °C. The SA concentration in the filtration test was
determined by an UV-vis spectrometer (Thermo Orion Aqua-
mate 8000, USA) at a constant wavelength of 210 nm*®

2.4. Membrane characterization

A fourier transform infrared spectroscopy (FTIR) spectrometer
with a germanium ATR attachment (FTIR-ATR) (ALPHA, Bruker,
Germany) was used to analyze the C=0 and the C=C stretching
band to determine whether PVC-g-PEGMA exist on the blended
membrane surfaces. The oxygen, chlorine, and carbon elements
on the near surface of all membranes were measured by X-ray
photoelectron spectroscopy (XPS) (Axis Ultra, Kratos Analytical
Ltd., UK) in the range from 0 to 1100 eV. The morphologies of all
blended membranes were imaged using field-emission scan-
ning electron microscopy (FESEM) (JSM-7500F, JEOL Ltd.,
Tokyo, Japan) at 15 kV accelerating voltage. The hydrophilicity
of the membrane surface was characterized by dynamic water
contact angle measured using a KRUSS DSA 25S measuring
apparatus (KRUSS GmbH, Germany). The surface roughness of
all blended membranes was determined using atomic force
microscopy (AFM) (Multimode 8, Bruker, Germany) at a scan
rate of 0.977 Hz and a scan size of 5 ym x 5 pm.

The membrane bulk porosity was measured by its dry and
wet weights. First, the membrane stored in DI water was
weighed after wiping off the water on the membrane surface
with laboratory wipes. Second, the dry weight was measured
after the wet membrane was dried at 30 °C for at least 24 h in
a vacuum oven. The bulk porosity of the membrane was deter-
mined according to the following eqn (1).>

e(h) = M= Mo

x 100 (1)
where ¢ is the membrane bulk porosity, M,, (g) is the weight of
wet membrane, M, (g) represents the weight of dry membrane,
P,, (g cm™) is the pure water density (4 °C, 1 g cm™>), A, (cm?)
represents the area of the wet membrane, and ¢ (cm) is the
thickness of the wet membrane.

2.5. Ultrafiltration experiments

The membrane filtration test was conducted using a 200 mL
dead-end filtration cell (Amicon 8200, Millipore, USA), and the
filtration cell was connected to a 5.0 L dispensing vessel which
was attached a high-purity nitrogen tank. The effective filtration
area was 28.7 cm®. A Pro Balance (AV8101, Ohaus Adventurer,
USA) was used to weigh the permeate, and the permeate mass
data was recorded every minute using Collect 6.1 software. The
transmembrane pressure (TMP) in all flux tests was 20 psi.
The experimental procedures for evaluating the flux perfor-
mance are described as follows according to previous reports.**
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First, the pure water flux (J,;, L m~> h™ ") of the wet membrane was
measured by filtering DI water for 2 h. Second, the membrane was
conditioned for 2 h using a 10 mM NaCl solution. Then, the
fouling experiment was measured for 7 h by filtering a feed solu-
tion comprising 20 mgL " SA and 10 mM NaCl with stirring at
200 rpm. The flux of the feed solution was denoted as J,, L m2
h™. Finally, the fouled membrane was flushed by DI water for
3 min, and the flux (,, L m~> h™") of the cleaned membrane was
measured. The membrane filtration tests were repeated at least
twice and the average value was reported. The antifouling prop-
erties of the membrane were evaluated with some ratios like the
flux recovery ratio (FRR), the total flux decline ratio (DRy), revers-
ible flux decline ratio (DR;), and irreversible flux decline ratio
(DR;;) which were calculated with the following equations from
some previous literature.”**” Higher FRR and lower DR, indicate
better antifouling properties of the membrane.?®

FRR = % x 100% )
wl
JP
DR, = (1 — =) x 100% (3)
le
DR, = ("“2 JP) x 100% (4)
wl
DR; = (LJ_ 4 Wz) x 100% (5)
wl

3. Results and discussion

3.1. The effects of solvent and nonsolvent on membranes

The relative affinity of solvent with PVC and water is evaluated
using the distance in their Hansen solubility parameter space
(Rusp), which was calculated by following eqn (6).>°

Rysp = \/4((3d| —00) + (091 — 5102)2 + (8m — 02)’ (6)

where the “1” represents solvent, “2” represents polymer or
water, dq, 0p and 0y are the dispersion component, polar
component and hydrogen bonding component of Hansen
solubility parameter (HSP), respectively.

The HSP of PVC, water and solvents, and Rygp values of
solvent-PVC pair and solvent-water pair are listed in Table 3.
The lower Rysp value of solvent-polymer pair indicates the
better dissolving ability of a solvent. A better solvent has
a stronger interaction with the polymer.*® Rygp values of NMP-
PVC, THF-PVC and DMAc-PVC are 4.9 MPa'?, 7.5 MPa'?, and
8.2 MPa'?, respectively, which indicates that the order of
interaction between the three solvents and PVC is NMP > THF >
DMAc. Selection of solvent and non-solvent pair is the key factor
in preparation of membranes fabricated by non-solvent
induced phase separation (NIPS) method.** The lower Rysp
value of water-solvent pair means the better interaction
between them, which leads to faster exchange of water and
solvent during membrane immersion in water.'> The Rysp value
of the THF-water is larger than that of the NMP-water.

This journal is © The Royal Society of Chemistry 2019
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Table 3 Hansen solubility parameter of solvents, water, PVC and their
HSP distance (Rysp)®

Hansen solubility

parameter (MPa'’?) Rusp (MPa*?)
Material 0d Op On Solvent-PVC Solvent-water
THF 16.8 5.7 8 7.5 35.91
NMP 18 12.3 7.2 4.9 35.65
DMAc 16.8 11.5 10.2 8.2 32.52
Water 15.5 16 42.3 — —
PVC 18.7 10 3.1 — —

“ Rysp is calculated by eqn (6). Hansen solubility parameter of
solvents,* water,* PVC.*?

Therefore, in the current system, THF can theoretically prolong
the phase separation, thus suppressing the formation of mac-
rovoids and porous surface layer, which is beneficial to the
formation of dense surface layer.*

3.2. Analysis of near-surface compositions of all blended
membranes

Fig. 1 exhibits FTIR-ATR spectra for the top surface of all
blended membranes prepared at different solvents' mixing ratio
and varied solvent evaporation time, which is used to prove the
presence of PVC-g-PEGMA on the membrane surface. The C=0
stretching band is represented by the vibrational band at
1727 em™*,** and the peak at 1638 cm ™" represents the C=C
stretching band.** As shown in Fig. 1, the characteristic peak at
1727 ecm ™' but no peak at 1638 cm ' was observed on all
membranes, which indicated the existence of amphiphilic
copolymer PVC-g-PEGMA on the surface of all blended
membranes.

In order to analyze the chemical elements on the near
surface of PVC/PVC-g-PEGMA blended ultrafiltration
membranes in more detail, the near-surface chemical compo-
sitions of the membrane were determined by XPS, shown in

M1 NMP 60s 1727 cm™
M2 T/N=1/9 0s |
E

M3 T/N=1/9 30s
N

M4 T/N=1/9 60s

MS5 T/N=1/9 90s

T

4

Transmittance

M6 T/N=3/7 60s

{

M7 T/N=5/5 60s

-/ C=0
4000 3500 3000 2500 200011500 1000
Wavenumber (cm™)

Fig. 1 FTIR-ATR spectra of the blended membranes at different
THF : NMP ratios and different solvent evaporation time. M1, NMP,
60s; M2, T/IN=1:9,0s; M3, T/N=1:9,30s; M4, T/N=1:9,60s;
M5 T/IN=1:9,90s; M6, T/IN=3:7,60s; M7, T/N=5:5,60s.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2. Surface separation commonly occurs in blend systems
with amphiphilic polymer during the NIPS process.*® In this
work, the PEGMA segments of PVC-g-PEGMA tended to migrate
to the membrane surface during the formation of the
membrane, being the only source of oxygen element on the
membrane surface. Therefore, the near-surface oxygen content
of the membrane suggested the migration level of the PEGMA
segments. All prepared membranes were blended PVC with the
same amount of PVC-g-PEGMA (10 wt%). However, the oxygen
content of the membrane surface was different when the
amount of THF and solvent evaporation time were varied, which
meant both amount of THF and solvent evaporation time had
an impact on the migration of PEGMA segments onto the
membrane surface.

As presented in Fig. 2a, d, f and g, the surface of membrane
M1 (prepared with only NMP as solvent) had the most oxygen
content of 14.41%. The near-surface oxygen content of
membranes M4, M6 and M7 was 10.97%, 10.84% and 10.95%,
respectively, which indicated that adding THF as a co-solvent in
the casting solution reduced the oxygen content on the
membrane surface. However, with increasing the amount of
THEF, the near-surface oxygen content was basically the same.
This phenomenon probably could be explained as follows: THF
evaporated selectively during 60 seconds of evaporation, thus
forming the nascent top layer,"” which probably prevented the
migration of PEGMA segments to the membrane surface.
Therefore, when the mixing ratio of THF to NMP was 1 : 9, the
oxygen content on the membrane surface decreased signifi-
cantly from 14.41% to 10.97%. Meanwhile, the solvent evapo-
ration time before immersion in DI water was the same for 60 s,
thus the nascent top layer formed during evaporation had the
same hindrance effect on the migration of PEGMA segments.
Therefore, even though the THF/NMP mixing ratio increased
from 1:9to 5 : 5, the oxygen content on the membrane surface
was almost unchanged.

Fig. 2b-e shows the XPS spectra of the blended membranes
fabricated at different evaporation times under the same THF/
NMP ratio of 1:9. The near-surface oxygen content of
membranes M2, M3, M4 and M5 was 8.42%, 9.08%, 10.97% and
10.46%, respectively. That was to say, the near-surface oxygen
content of the membranes increased with increasing solvent
evaporation time from 0 s to 60 s, but when evaporation time
continued to increase to 90 s, the oxygen content decreased
slightly. This might be because as solvent evaporation time
increased, higher polymer concentration was obtained at the
surface of the casting membrane before immersion in DI water.
Therefore, the exchanging of solvent and DI water was slowed
down, which gave PEGMA segments more time to move to the
membrane surface.’” However, when solvent evaporation time
continued to increase from 60 s to 90 s, the nascent skin layer
formed during evaporation hindered the migration of PEGMA
segments to the membrane surface, hence the oxygen content
decreased slightly. Combined with the analysis of paragraph
above, we speculated that solvent evaporation for 60 s initiates
the formation of a nascent surface layer, which will hinder the
migration of PEGMA segments to the membrane surface during
the phase inversion process.

RSC Adv., 2019, 9, 34486-34495 | 34489


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05454e

Open Access Article. Published on 25 October 2019. Downloaded on 4/8/2026 12:13:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances
a
140000 200000 200000
—— M1 NMP 60s Cls 180000 | L —°— M2 T/N=1/9 0s Cls 180000 |- | —2—M3 T/N=1/9 30s C’,_\_ls
120000 O1s 160000 ! 160000 , ;
100000 | Area% 140000 fazea %o iz 140000F 2(20;9/0
% Cl2p 19.76 « 120000 F Cl2p 2663 .. I « 120000 F p lp 6453 Ols
3 0T s e %1 2 100000f  C s 6495 2 100000} ey
2 : ‘ £ 3 £ 0 1s 9.08
S 60000f O Is 1441 I s o1s 842 | > £
E : i 2 80000 | l | 3 80000
© s0000f 4 © 60000} i | S 60000
: 40000 M T J 40000
20000 20000 L 20000
X ‘ X X — 0 . . n n G | 0 L L " .
]0200 1000 800 600 400 200 0 1200 1000 800 600 400 200 0 1200 1000 800 600 400 200 0
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
d e
140000 — 200000 140000
o000 HINSIREOs [ s 180000 ] [ MSTN=1990s | Cls oo MO TSI 60s | Cls
- Area % 160000 Area % l -
100000 . . 140000 | rea % Cl2 100000 | Area %
) Cl2p 2353 Ols Cl2p ool 122502 o p ) Clap 2367 Ols Cl2p
< 80000} (C)l]s 6133(; l | o0 C Is 64.52 | l 2 80000F ¢ lg 6549 |
g I s 10, ' < [ 0 1s 1046 H s 10.84 i
£ 60000 £ s0000f ! i g 60000F O ls 108 l 'I l
© 40000} O 60000 | | I © 40000 /‘Y'
[ 40000F 4 M <1
20000 g 20000 .
A 20000 ["\F
. —

800 600 400 10200 1000 800

Binding Energy (eV)

0 1
1200 1000 200 0

g

Binding Energy (eV)

0 1 1 1 1
1200 1000 800 600 400
Binding Energy (eV)

600 400

140000
—O— M7 T/N=5/5 60s Cls
120000 - ®
100000 F Area %
. Clzp 2275 Qs
~ 800001 C 1s 6630
E 60000 0 1s 10.95
<
© 40000
20000
0 1 1 Fy 1
1200 1000 800 600 400 200 0

Binding Energy (eV)

Fig.2 XPS spectra of all blended membranes: (a) M1, NMP, 60 s; (b) M2, T/N =1/9, 0's; (c) M3, T/N =1/9, 30 s; (d) M4, T/N = 1/9, 60 s; (e) M5, T/N

=1/990s; (f) M6, T/N = 3/7, 60 s; (g) M7, T/N = 5/5, 60 s.

3.3. Morphologies of all blended membranes

Fig. 3 shows the morphologies of all blended membranes
observed by the SEM. The surface pore size distribution of the
membranes is summarized in Table 4, except for membrane
M7, because its surface pore cannot be observed in the SEM
image. As presented in Fig. 3a, g, k, m and Table 4, the average
diameter (Dayerage), Pore density and porosity of membrane M1
were the largest. After adding THF, the Dyyerage, pore density and
porosity of membranes M4, M6 and M7 were smaller than those
of membrane M1. This was because the rapid evaporation of
THF as a co-solvent during the evaporation stage enriched the
polymer concentration on the surface of the casting membrane,
resulting in a denser or pore-free surface layer.”” Moreover,
compared with membranes M4, M6 and M7, it was found that
the Dayerage, pore density and porosity of the membrane
decreased with increasing the amount of THF. The cross-
section of the fabricated membrane can be divided into three
parts, the dense top layer, the porous finger-like structures, and
macrovoids. As shown in Fig. 3b, h, 1 and n, membranes M1,

34490 | RSC Adv., 2019, 9, 34486-34495

M4, M6 and M7 all exhibited asymmetric structures and large
macrovoids. The heights of the macrovoids of membranes M1,
M4, M6, and M7 measured using Image Pro Plus V.7.0 software
(Vashaw Scientific Inc.) were 75.442 pm, 67.703 pm, 49.925 um,
43.178 pm, respectively. This result showed that the large
macrovoids became smaller as the amount of THF increased.
This result is in accordance with the bulk porosity of the
fabricated membranes (Table 5), which is in the order of M7 <
M6 < M4 < M1. However, the existence of macrovoids in the
cross-section of membranes is usually detrimental, as this will
form weak spots within the membrane, especially in the
condition with high pressure.** As mentioned in Section 3.1,
THF can increase the time of phase separation due to its worse
affinity with water compared to NMP, which can inhibit the
formation of macrovoids and porous surface layer.>* The more
THF is added, the longer the time of phase separation is, thus
the inhibition for the formation of macrovoids is stronger.”
Therefore, the Dyyerage, pore density and porosity of the
membrane decreased with increasing THF/NMP ratio, and the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Surface and cross-sectional morphologies of all blended membranes: (a and b) M1, NMP, 60 s; (cand d) M2, T/N =1/9, 0s; (e and f) M3, T/
N =1/9,30's; (g and h) M4, T/N = 1/9, 60 s; (i and j) M5, T/N = 1/9, 90 s; (k and |) M6, T/N = 3/7, 60 s; (m and n) M7, T/N = 5/5, 60 s.

structure of membranes M6 and M7 was denser than that of
membranes M1 and M4.

As shown in Fig. 3c, e, g, i and Table 4 (membranes M2, M3,
M4 and M5), when the THF/NMP mixing ratio was 1: 9, the
Dayerage decreased with the increase of evaporation time in
general, which was consistent with the result reported in the
previous literature.*® The surface pore density and porosity of
the membrane also decreased with increasing evaporation
time, which was due to the higher polymer concentration at
the interface resulted from longer evaporation time. As shown
in Fig. 3d, f, h and j, membranes M2, M3, M4 and M5 all

Table 4 The surface pore size distribution of the blended membranes

exhibited asymmetric structures with macrovoids, but the
cross-sectional structure of the membranes did not change
much as evaporation time increased from 0 s to 90 s. Holda
et al.® prepared polysulfone (PSf) solvent resistant nano-
filtration membranes with 3/7 of THF/NMP as solvent,
distilled water as coagulation bath under 21 wt% of polymer
concentration. They found that the number of macrovoids
decreased when evaporation time increased, but its shape
remained the same. When the solvent evaporated for 120 s, the
macrovoids disappeared. This suggested that solvent evapo-
ration could inhibit the formation of macrovoids before the

Membrane ID Dayerage (NM) Dpmax (Nm) Pore density (m™?) Porosity (%)
M1 NMP 60 s 14.79 64.53 4.03 x 10" 0.106
M2T/N=1/90s 14.53 50.38 10.10 x 10*? 0.240
M3 T/N=1/930s 9.02 46.47 8.72 x 102 0.077
M4 T/N = 1/9 60 s 13.89 30.98 1.64 x 10'2 0.036
M5 T/N = 1/9 90 s 7.22 19.60 1.45 x 102 0.008
M6 T/N = 3/7 60 s 7.53 21.94 0.93 x 10" 0.005

This journal is © The Royal Society of Chemistry 2019
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Table 5 The bulk porosity, pure water flux and SA rejection ratio of all blended membranes

Pure water flux (L m > h™") SA rejection ratio (%)

Membrane ID Bulk porosity “ (%)
M1 NMP 60 s 91.95 £ 0.04
M2T/N=1/90s 92.89 £ 0.01
M3 T/N=1/9 30 s 92.60 £ 1.87
M4 T/N =1/9 60 s 91.52 £ 2.07
M5 T/N =1/9 90 s 82.63 + 1.83
M6 T/N = 3/7 60 s 89.91 £ 0.91
M7 T/N = 5/5 60 s 83.56 + 2.89

¢ Calculated by eqn (1).

casting solution was immersed in the coagulation bath.
However, in the current system, solvent evaporation did not
obviously control the macrovoids. There might be three
reasons: (1) the polymer concentration was very low, only
13.2%; (2) the amount of THF was very small, and the ratio of
THF to NMP was only 1:9; (3) as described in our previous
amphiphilic copolymer PVC-g-PEGMA existed in the

study,*®

Fig. 4

226.06 &+ 5.71 91.05 £ 3.38
254.11 + 38.68 86.10 + 1.48
247.25 £ 35.19 89.16 £ 0.71
141.54 4 30.18 92.12 £ 0.63
138.16 £ 8.92 92.21 £ 0.40

73.10 £ 6.70 92.47 £ 1.73

24.85 £ 0.45 92.16 £ 0.48

blend system, which helped to accelerate the exchange
between solvent and non-solvent, thus weakening the inhibi-
tion of solvent evaporation on macrovoids formation.

3.4. AFM analysis

As exhibited in Fig. 4, the root mean square (RMS) roughness of
the membrane surface generally decreased with increasing

15} 13'0513.70

10.1010.70

14.45
10.30

/\\g 2 ;S”D

5
"“W ‘3\1 ‘\:1\/3 RO
Membrane ID

AFM images of all blended membranes: (a) M1, NMP, 60 s; (b) M2, T/N =1/9, 0's; (c) M3, T/N =1/9, 30 s; (d) M4, T/N =1/9, 60 's; (€) M5, T/N

=1/9, 90 s; (f) M6, T/N = 3/7, 60 s; (g) M7, T/N = 5/5, 60 s; (h) the RMS roughness of all blended membranes.
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THF/NMP mixing ratio but increased as solvent evaporation
time, which was consistent with changes in oxygen content of
the membrane surface. Combined with the results in our
previous study,'® we ascertained that the more PVC-g-PEGMA on
the membrane surface, the rougher the membrane surface. In
this work, the addition of THF could significantly lower the
surface roughness of the membrane and the casting membrane
should not evaporate for too long before immersion in the
coagulation bath.

3.5. Hydrophilicity analysis of the blended membranes

As presented in Fig. 5, the water contact angle of all blended
membranes declined with time. For the case of increasing THF/
NMP mixing ratio, the initial water contact angle of membranes
M1, M4, M6 and M7 was 70.38 =+ 0.98°, 70.87 + 1.24°, 70.46 +
1.09° and 70.45 + 1.19°, respectively. In other words, the water
contact angle was similar for the membrane M1 and the
membranes M4, M6, M7, which was probably due to the
synergistic effect of hydrophilic PEGMA segments on the
membrane surface and the surface roughness of the
membrane. Membrane M1 had the most hydrophilic PEGMA
segments on the surface, but simultaneously, its surface
roughness was higher than that of membranes M4, M6, M7. The
hydrophilicity and the roughness of the membrane surface can
impact the change of contact angle.***® The surface oxygen
content of membranes M4, M6 and M7 was almost the same,
and their surface roughness was similar. Therefore, the initial
water contact angles of membranes M4, M6 and M7 were
similar.

When the THF/NMP mixing ratio was 1 : 9, the initial water
contact angle of the blended membranes first declined from
76.32 £ 1.55° to 70.82 + 1.24° with increasing solvent evapo-
ration time from 0 s to 60 s and then increased to 72.00 + 2.03°
when evaporation time increased to 90 s. This result suggested
that increasing evaporation time properly could enrich the
hydrophilic PEGMA segments on the membrane surface, thus
enhancing the hydrophilicity of the membrane.

80
76 |-
o T2k
2 681
o0
5 64l
3 —a— M1 NMP 60s
2 60k —e—M2T/N=1/90s
g
H —A— M3 T/N=1/9 30s
O 56 —w—M4T/N=1/9 60s
sy —MSTN=1/990s
—»— M6 T/N=3/7 60s
48} ——M7 T/N=5/5 60s
1 1 1 1 1 1

40 60 80 100 120 140 160
Time (s)

0 20

Fig. 5 Change of water contact angle for all blended membranes at
different THF/NMP ratios and different solvent evaporation time. M1,
NMP, 60s; M2, T/IN=1:9,05s; M3, T/IN=1:9,30s; M4, T/N=1:9,
60s; M5 T/N=1:9,90s; M6, T/N=3:7,60s; M7, T/N=5:5,60s.
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3.6. Filtration performance

Fig. 6 shows the flux performance of the blended membranes
under a constant pressure of 20 psi at room temperature (~25 °C).
As shown in Fig. 6 and Table 5, both the amount of THF and the
solvent evaporation time could significantly affect the pure water
fluxes of the membranes. For the case of different THF/NMP
mixing ratio, membrane M1 exhibited the highest pure water
flux of 226.06 + 5.71 L m~> h™'. The pure water flux decreased to
24.85 4 0.45 L m~> h™" with increasing THF : NMP mixing ratio
to 5:5. The pure water flux of the membrane is affected by
hydrophilicity, pore size, porosity and transmembrane pressure.
Surface porosity, Dayerage (Shown in Table 4) and bulk porosity
(shown in Table 5) of the membrane decreased with increasing
the amount of THF, which caused a decrease in the pure water
flux of the membrane. Moreover, the SA rejection ratios of the
blended membranes increased as THF/NMP mixing ratio
increased, which was probably due to the decreased Dayerage and
maximum diameter (D, of the membrane. For the case of
changing evaporation time, the water pure flux of the membrane
declined from 254.11 £+ 38.68 Lm > h ' t0 138.16 + 8.92 L m >
h™" as the solvent evaporation time increased, which was prob-
ably because of the decreased surface porosity, Dayerage and bulk
porosity of the membrane. In addition, the decrease of maximum
diameter (Dpa) resulted in higher SA rejection ratio for
membranes M2, M3, M4, M5.

Characterization of the antifouling properties for all
blended membranes are shown in Fig. 7. For the case of
increasing THF/NMP mixing ratio, the flux recovery ratio
(FRR) of membranes M1, M4, M6 and M7 was 88.21 £ 10.13%,
98.65 + 0.85%, 92.79 £ 2.71%, and 81.81 + 7.22%, respectively.
The FRR of membrane M1 was lower than that of membranes
M4 and M6, which was probably due to larger surface pore size*
and higher surface roughness** of membrane M1 comparing
with membranes M4 and M6. The FRR of membrane M7 was
lower than that of membranes M4 and M6, which probably was
because the surface roughness of membrane M7 was larger than
that of membranes M4 and M6. For the case of varied solvent
evaporation time, the FRR of membranes M2, M3, M4, and M5
was 92.20 £ 3.83%, 96.48 £ 3.35%, 98.65 £ 0.85%, 96.44 +

—o— M1 M2 —o—M3 o M4
> M5 —o M6 —o—M7
| | |
300 r Dl\»:ucr‘r NaCl T

Sodium alginate

Physical
cleaning

200

Flux L/(m’ h)

100 S—

360 480 600
Time (min)

0 120 240 720

Fig. 6 Flux as a function of time using DI water or SA as feed solution
of the PVC/PVC-g-PEGMA membranes fabricated at different THF/
NMP ratio and solvent evaporation time. M1: NMP, 60 s; M2, T/N =
1:9,05,M3, T/N=1:9,30s; M4, T/N=1:9,605s;, M5, T/IN=1:9,
90s; M6, T/IN=3:7,60s; M7, T/IN=5:5,60s.
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Fig. 7 Characterization of the membrane antifouling properties: the
flux recovery ratio (FRR), total flux decline ratio (DRy), reversible flux
decline ratio (DR,), and irreversible flux decline ratio (DR;). M1, NMP,
60s; M2, T/IN=1:9,05; M3, T/IN=1:9,30s; M4, T/IN=1:9,60s;

M5, T/N=1:9,90s; M6, T/N=3:7,60s; M7, T/IN=5:5,60s.

0.19%, and the DR, of them was 63.21 + 4.86%, 59.91 4+ 6.11%,
41.67 £ 2.65%, and 35.21 + 3.91%, respectively. The FRR
generally increased and the DR, decreased as solvent evapora-
tion time increased, which was due to the increase of hydro-
philicity.** Overall, membrane M4 exhibited the best antifouling
properties with high pure water flux and SA rejection rate
simultaneously.

4. Conclusion

In this work, we investigated the effect of THF as co-solvent and
the solvent evaporation time on the performances of PVC/PVC-
g-PEGMA blended membranes. When the THF/NMP mixing
ratio was up to 3 : 7, the macrovoids at the bottom layer could
become smaller. The addition of THF could effectively reduce
the surface roughness of PVC/PVC-g-PEGMA membranes, thus
improving its antifouling properties. Increasing the dose of THF
or solvents evaporation time both could decrease the surface
pore size of the membrane, causing the increase of SA rejection
ratio. But it was worth noting that too much THF and too long
solvent evaporation time reduced the membrane flux. There-
fore, based on the performances of the membrane including
hydrophilicity, flux performance, SA rejection ratio, the surface
roughness, and the flux recovery ratio, the blended membrane
prepared under the THF/NMP mixing ratio of 1 : 9 with solvent
evaporation for 60 s showed optimal performance.
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