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ABSTRACT

The composite nanofiltration membrane was prepared by coating the covalent crosslinked
sulfonated polysulfone on porous substrate. Polyethylene glycol (PEG), dopamine (DA) and
m-phenylenediamine (MPD) were used as crosslinkers, respectively. The polyethersul-
fone/sulfonated polysulfone substrate was prepared by phase inversion. The membrane sur-
face chemistry, hydrophilicity, morphology, PWF and rejections of PEG, methyl red and
Na,SO4 were characterized. The effects of different crosslinkers and their concentrations on
membrane characteristics were investigated. The effect of the sulfonated polysulfone concen-
tration on the membrane characteristic was also investigated. The PEG crosslinked membrane
showed the lowest contact angle of 9.0°, the highest PEG-600 rejection of 99.8%, the highest
methyl red rejection of 99.8%, and the rejection of Nay,SO, was 93.4% and the PWF was
31 L m 2hL The DA crosslinked membrane had the highest PWF of 51.5 L m 2 h7}, and the
rejections of PEG-600, methyl red and Na,SO, were 46.0, 44.0, and 34.0%, respectively.
The MPD crosslinked membrane had the lowest PWF and rejections.

Keywords: Composite membrane; Nanofiltration; Crosslinked sulfonated polysulfone

1. Introduction strong adaptability, low operation pressure and low
investment, etc. Nanofiltration (NF) has been also
rapidly developed in the last decade for various
industries, such as food and textile industry [1-3]. NF
membranes are mainly made from cellulose acetate,
cellulose triacetate, polyamide aromatic and sul-
fonated polyethersulfone (SPES), etc. Polysulfone (PSf)
is also used in NF membrane fabrication with

Water pollution is an urgent worldwide problem,
and there are lots of technologies developed to obtain
secure and sustainable source of water. Membrane
technology has been applied in large-scale in water
and wastewater treatment with the advantage of
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the advantage of excellent mechanical, biological,
chemical, and thermal stability. However, its relatively
hydrophobic nature is a considerable limitation in
water and wastewater treatment application because it
is prone to high degree of fouling.

It is commonly accepted that the increase of mem-
brane hydrophilicity offers better antifouling perfor-
mance because protein and many other pollutants are
hydrophobic in nature. Many works, which focused
on the membrane antifouling, have been conducted by
surface hydrophilic modification including surface
coating and surface grafting [4,5]. And hydrophilicity
of membrane material can be modified by blending
with hydrophilic polymers [6,7] and nanoparticles [8-
10], grafting with hydrophilic monomers like acrylic
acid and acrylamide [11,12], sulfonation and amina-
tion [13-15], etc. Sulfonation has attracted great inter-
est and sulfonated polysulfone (SPSf) and SPES have
been used to fabricate the separation membrane for
NF [16-20]. Our group also developed the polyether-
sulfone (PES)/SPSf blend nanofiltration membrane
[21]. However, SPSf and SPES with high degree of sul-
fonation (DS) have poor mechanical stability because
of high water swelling, which prevents the application
in water and wastewater treatment. In order to over-
come the swelling problem, Nohet et al. [22] prepared
the crosslinking SPES membrane by reacting activated
sulfonic acid with diamine. The result showed 50%
reduction in swelling compared with noncrosslinked
membranes. Tripathi et al. [23] also prepared the
crosslinked SPES membrane for ultrafiltration by
reacting activated sulfonic acid with poly(ethylenegly-
col) bis-(3-aminopropyl) terminated, which resulted in
the increase of the hydrophilicity and water flux. The
crosslinking of highly sulfontaed PSf has also been
performed mainly for the proton conducting mem-
brane [24].

The main objective of the study is to present a
novel NF composite membrane fabricated by coating a
crosslinked SPSf skin on the PES/SPSf membrane sub-
strate. The separation layers were prepared by
crosslinking SPSf with m-phenylenediamine (MPD),
polyethylene glycol (PEG, M,, =200) and dopamine
(DA), respectively. The porous substrate was prepared
by wusing PES/SPSf blending to increase the
hydrophilicity of the supporting layer. In addition, the
SPSf in supporting layers could crosslink with the
crosslinker in the separation layer, which could
strengthen the conjunction of the two layers. The
membrane characterizations such as hydrophilicity,
permeability and rejection, were investigated for mem-
branes prepared in different conditions.
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2. Experimental
2.1. Materials

SPSf (DS = 10 and 50%) were obtained from Tianjin
Normal University, China. PES (Ultrason® E3010) was
purchased from BASF. Polyvinylpyrrolidone (PVP,
M, = 30,000) was purchased from Shanghai Sunpower
New Material Co., Ltd, China. PEG, MPD, and sodium
sulfate (NaySO,4) were purchased from Tianjin Guang-
xia Fine Chemical Research Institute, China. DA was
purchased from Wuhan Kangbao Fine Chemical Co.,
Ltd, China. N,N-dimethylacetamide (DMAC) and iso-
propanol were purchased from Tianjin Yingdaxigui
Chemical Reagent Plant, China. Methyl red was pur-
chased from Shanghai Hushi Laboratory Equipment
Co., Ltd, China. All chemicals were used as received.
Deionized water used in experiment was self-made in
laboratory.

2.2. Fabrication of the composite membrane
2.2.1. The PES/SPSf substrate fabrication

The PES/SPSf porous membrane used as substrate
was prepared by the Loeb-Sourirajan wet-phase inver-
sion method. The casting solution was consisted of
12.6 wt% PES, 8.4 wt% SPSf (DS =10%), 7 wt% PVP
and 72 wt% DMAC. The casting solution was cast on
the nonwoven fabric which is fixed on a flat glass
plate by adhesive tape and then immersed into deion-
ized water to form a porous substrate with a thickness
of about 200 pm. After being peeled off from the glass
plate, the membrane was washed in running water for
48 h to remove the residual solvent. And then the
membrane was dried in nature air.

2.2.2. The composite membrane fabrication

The composite membrane was synthesized by coat-
ing method. SPSf (DS =50%) was dissolved in the
mixture of isopropanol and deionized water to form
the homogeneous solution and then the crosslinker
was added into the SPSf solution to form the coating
solution. After being degassed, the coating solution
was poured onto the substrate membrane, pressure
was applied to the casting ring to prevent the solution
from leaking. After 1 min, the coating solution was
removed from the substrate membrane, and then, the
membrane was suspended in a vacuum oven at 80°C
for 2 h to allow the crosslinking reaction. The reaction
schemes are presented in Fig. 1.
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Fig. 1. Schemes for SPSf crosslinking reactions: (A) MPD crosslinked, (B) PEG crosslinked, and (C) DA crosslinked.

2.3. Characterization of the composite membrane
2.3.1. Chemical structure of the crosslinked coated layer

X-ray photoelectron spectroscopy (XPS, K-alpha X,
Thermo Fisher, USA) was used to characterize the sur-
face elemental content of membrane with a monochro-
matic Al Ko;p, X-ray source (15kV, 150 W). The
surface elemental stoichiometries were determined
from peak area ratios after correcting with experimen-
tally determined instrumental sensitivity factors.
Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR, Bruker Vector 22, Germany)

was used to characterize the chemical structure of
membrane. For each measurement, 128 spectra were
accumulated from 600 to 4,000 cm™! at a resolution of
4cm L

2.3.2. Morphology of composite membrane

SEM of the membranes obtained by using a scan-
ning electron microscope (SEM, HItachi-s-4800, Japan)
characterized the membrane surface and cross-section
morphologies. One specimen was prepared for each
case. The membrane specimen dried by a freeze dryer
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(DF-1A-50, Beijing Boyikang, China) was fractured
by using a sharp razor blade before sputtering with
gold.
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Table 1
Surface elemental composition (mol%) of oxygen, nitrogen,
and carbon measured by XPS

Surface elemental
composition (mol%)
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Fig. 2. XPS survey scan spectra of separation layers: (A)
MPD crosslinked, (B) PEG crosslinked, and (C) DA cross-
linked.
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Fig. 3. ATR-FTIR spectra for the crosslinked skins of the
composite membranes and noncrosslinked SPSf.

2.3.3. Hydrophilicity of the membrane surface

The surface hydrophilicity of the membrane was
characterized by the static contact angle, which was
evaluated by the sessile drop method in the contact
angle geniometer (SL200KB, Shanghai Solon, China)
using the deionized water as the probe liquid at room
temperature. To minimize the experimental error, the
contact angle was randomly measured at more than

Fig. 4. The corlor changes of the membranes: (A) non-
crosslinking, (B) MPD crosslinked, (C) PEG crosslinked,
and (D) DA crosslinked.
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five different locations for each specimen and the
average value was reported.

2.3.4. NF performance of the composite membrane

NF performance of the composite membrane was
tested by a laboratory-scale crossflow filtration unit at
room temperature. The effective area of the membrane
was 22.06 cm®. Permeability data characterized by
pure water flux (PWF, Lm >h™") was obtained by
direct measurement of the permeate flow, which was
calculated by the following equation [25]:

Q
PWF = ==
At

¢))
where Q is the volume of permeate collected (L), A is
the effective membrane surface area (m?) and f is the
sampling time (h). The PWF was measured at 0.5 MPa
after a compaction time of 30 min.

PEG (M,, = 600, PEG-600), dye (methyl red) and
inorganic salt (NaySO,), were used to determine the
rejection of the composite membrane (R), which was
calculated by the following equation [25]:

R (%) = <1 —ﬁ) X 100 @

Cr

where C,, and C¢ are the concentrations of the rejections
in the permeate side and the feed side, respectively. The
concentration of methyl red was determined by
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measuring the absorbance at 433 nm with a UV-vis
spectrophotometer (UV-2450, Schimadu Co., Japan).
The concentration of PEG-600 was determined by mea-
suring the absorbance at 535 nm after iodine complexa-
tion [26]. The concentration of Na,SO, was measured
based on the conductivity measurement by the electri-
cal conductivity (DDS-11A, Shanghai Hongyi Instru-
ment Co., Ltd, China). The feed solutions were
contained 1g L' NaSO, 1 g L' PEG-600 and
0.1 g L™" methyl red, respectively.

3. Results and discussion
3.1. Chemical structure of the crosslinked separation layer

The XPS survey scans of the crosslinked separation
skins are presented in Fig. 2. All membranes scanned
were prepared in the same condition except the cross-
linker. The intense signs of XPS peaks for C, O, and N
elements appear in the spectra. The atomic concentra-
tion data from XPS analysis are presented in Table 1.
The MPD crosslinked membrane had the lowest
oxygen content and the highest nitrogen content
caused by the highest molar percentage of nitrogen in
MPD. The PEG-200 crosslinked membrane has the
highest oxygen content caused by the highest molar
percentage of oxygen in PEG-200. The results were
expected according to the chemical compositions of
the crosslinkers. Furthermore, the XPS results were
qualitatively consistent with the ATR-FTIR results
[23,27-29] and the color changes of the membranes
(Figs. 3 and 4).

I (C) Surface

(C) Cr .

Fig. 5. Images of surface and cross-section morphologies: (A) MPD crosslinked, (B) PEG crosslinked, and (C) DA

crosslinked.
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3.2. Morphology of the composite membrane

The typical morphology of the composite mem-
brane is depicted in Fig. 5. No significant difference
was found except the thickness of the separation layer
when the different crosslinkers were used. In the same
condition, the membrane crosslinked with DA had the
thickest separation layer, and the membrane cross-
linked with PEG had the thinnest separation layer.
The membrane surfaces were flat and smooth, no
crack and big hole were observed. The cross-sectional
image exhibited the typical asymmetric structure. The
composite membrane was consisted of a dense sym-
metric skin and an asymmetric supporting layer. The
supporting layer had a small portion of sponge-like
structure beneath the top separation layer and finger-
like cavities near the nonwoven fabric layer.
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Fig. 6. Contact angles for composite membranes with MPD
crosslinked skins: (A) tested at initial time and (B) tested
after 30 s.
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3.3. Hydrophilicity of the membrane surface

The contact angle is used to characterize the
hydrophilicity of the membrane surface, which is pre-
sented in Figs. 6-8. The membrane skin crosslinked
with MPD had the highest contact angle and some
even exceeded 90°, which indicated the membrane
skin was changed to be hydrophobic. The membrane
skin crosslinked with DA had the lower contact angle
than the membrane skin crosslinked with MPD, which
mainly owed to the residual hydroxyl groups in skin
since the crosslinker was excess. The membrane skin
crosslinked with PEG had the lowest contact angle,
which mainly owed to the hydrophilic PEG chain. The
contact angles of membrane skins crosslinked with
MPD and DA were independent of the concentrations
of SPSf and the crosslinkers, while that of membrane
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Fig. 7. Contact angles for composite membranes with PEG-
200 crosslinked skins: (A) tested at initial time and (B)
tested after 30 s.
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skin crosslinked with PEG was decreased with the
increase in concentrations of SPSf and the crosslinker.
In Figs. 68, the time dependence is also presented by
comparing the contact angle tested at initial time with
which tested after 30 s. Water droplet volumes on the
MPD crosslinked membrane were found to change
insignificantly showed in Fig. 9(A) and (B), which also
indicated that the effect of evaporation on the droplet
volume could be neglected. Water droplet volumes on
the PEG and DA crosslinked membranes were found
to decrease showed in Fig. 9(C)—(F). The only reason
for the decrease in water droplet volume could be due
to the adsorption of the water by the hydrophilic skin,
since the evaporation could be neglected [30].

3.4. Pure water flux and rejection of the composite
membrane

The pure water flux and rejection of the composite
membrane are presented in Figs. 10-13. The PWF was
decreased with the increase in the crosslinker concen-
tration and SPSf concentration (Fig. 10). The higher
concentration of SPSf and crosslinker caused the
higher crosslinking density and then the more com-
pact coating layer. In addition, the higher crosslinking
density induced the higher viscosity and then the
thicker coating layer. The increases of compactness
and thickness increased mass transfer resistance in
membranes, which decreased the PWF. The mem-
brane crosslinked with DA had the highest flux, while
the membranes crosslinked with MPD had the lowest
flux. The mass transfer resistance of the composite
membrane is the sum of the mass transfer resistance
of separation layer and supporting layer. At
the same condition, the DA crosslinked solution had

(B

- (F)

Fig. 9. Images of droplet corrected at initial time and after 30 s. (A) and (B) crosslinked with MPD; (C) and (D) cross-
linked with PEG-200; (E) and (F) crosslinked with DA; (A), (C) and (E) corrected at initial time, (B), (D) and (F) corrected
after 30 s. The concentration of SPSf was 1 wt% and the concentration of crosslinker was 9 wt%.
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(A) MPD crosslinked, (B) PEG crosslinked, and (C) DA
crosslinked.
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the highest crosslinking density due to three func-
tional groups in one DA molecule. The higher
crosslinking density induced higher viscosity, which
induced the less intrusion of the coating solution into
the supporting layer. The intrusion of coating solution
increased the mass transfer resistance and decreased
the PWF. This phenomenon has been widely studied
in the composite membrane for gas separation synthe-
sized by coating method [31,32] and also appeared in
this study. Both MPD molecule and PEG-200 mole-
cule have two functional groups, while MPD has
smaller molecular weight than PEG-200. With the
same concentration, the MPD crosslinked solution
had the higher crosslinking density than the PEG-200
crosslinked solution. As described above, the higher
crosslinking density induced the more compact skin
of membrane. The compact structure increased the
mass transfer resistance of the membrane and then
decreased the PWF. On the other hand, the mem-
brane crosslinked with PEG-200 had more hydrophilic
skin contributed by ether oxygen groups, which
increased the PWF. The membranes crosslinked with
PEG-200 had the higher fluxes than membranes cross-
linked with MPD.

The rejections of the membranes were increased
with the increase of SPSf concentration and crosslin-
ker concentration (Figs. 11-13). The increase in
the SPSf and crosslinker concentration induced
the increase in the crosslinking density, and then, the
structure compactness, which decreased the PWF and
increased the rejection. The membrane with a skin
crosslinked with 9 wt% SPSf and 9 wt% PEG-200, had
the highest separation performance with a PEG-600
rejection of 99.8%, methyl red rejection of 99.8%,
NaySO, rejection of 93.4%. In all membranes, the
PEG-600 rejection had the highest values, while
the Na,SO, rejection had the lowest values, since the
PEG-600 has the highest molecule weight and largest
molecular size. For PEG-600 rejection and methyl red
rejection, the membranes crosslinked with DA had
the highest values since the most compact structure
in the membrane skin due to the highest crosslinking
density. The membranes crosslinked with PEG-200
had the higher PEG-600 rejection and methyl red
rejection due to the higher water flux, even the
membranes crosslinked with MPD had the more com-
pact and rigid structure in membrane skin due to
higher crosslinking density and benzene ring. For
NaySO, rejection, the membranes crosslinked with
MPD had the lowest values, while the membranes
crosslinked with PEG-200 had the highest values even
with the loosest structure in membrane skins. H-
bonds formed between the water and ether oxygen

25969

groups in the skins of membranes crosslinked with
PEG-200, and then, a layer of pure water formed at
the interface of membrane-solution, which hinder the
absorption and transfer of inorganic salt. The mem-
brane crosslinked with DA had more compact and
hydrophilic skin than the membrane crosslinked with
MPD, and then had the higher Na,SO, rejection.

4. Conclusion

NF series membranes with a crosslinked SPSf skin
were prepared by coating method. The crosslinking
changed the hydrophilic and hydrophobic characteris-
tics of the membrane surface. The membrane with a
PEG crosslinked skin had a hydrophilic surface with a
lowest contact angle of 9.0°, and the contact angle
decreased with the increase in the concentration of
SPSf and PEG. While the membrane with a MPD
crosslinked skin had a hydrophobic surface with a
contact angle of 96.9°, the membrane with a DA cross-
linked skin had a more hydrophilic skin than the
membrane crosslinked with MPD due to the residual
hydroxy group. The contact angle was independent of
the concentration of SPSf, MPD and DA. The flux and
rejections had closed correlations with the concentra-
tion of crosslinker, the concentration of SPSf and the
surface hydrophilicity. The membrane with a DA
crosslinked skin had a highest pure water flux, methyl
red rejection, and PEG-600 rejection. The membrane
with a MPD crosslinked skin had a lowest pure water
flux and rejections for all analytes. The membrane
with a PEG crosslinked skin had a highest Na,SO,
rejection.
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