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Further improvement of nanofiltration is significantly hindered by the trade-off between the permeability and
selectivity. This study proposes a new strategy of significantly improving performance by enhancing the effective
membrane area, hydrophilicity, membrane porosity, negative charges of a membrane, and decreasing pore size
through designing a new polyarylene thioether sulfone/sulfonated sulfone (PATS/SS) copolymer. Via copoly-
merization, thioether (-S-) and sulfonic groups were integrated in one polymer, endowing it with oxidizable
properties, in combination with improved hydrophilicity, negative charges and membrane porosity. Nano-
filtration membranes prepared from this copolymer are hydrophilic (contact angle: 69.1°) and negatively
charged. After the -S- groups were altered to sulfone (-SO2-) units by a simple oxidization treatment, both
hydrophilicity (contact angle: 37.9°) and surface charge were enhanced, rendering improved antifouling prop-
erties. Furthermore, the solvent stability of oxidized membranes was significantly improved, maintaining the
structure intact even in N-methyl-2-pyrrolidone (NMP) for 24 h. Most importantly, a simultaneous enhancement
of rejection (by 85.2%) and permeability (by 105%) of the membrane was observed when applied in nano-
filtration for water purification and dye desalination, significantly improving performance compared to currently
reported membranes.

1. Introduction both extremely high permeability and selectivity, which stimulated the
development aquaporin membranes, but so far no reports have shown

Nanofiltration has attracted extensive research interest due to its low that aquaporin membranes are highly selective [9,10]. Block co-

investment cost, high efficiency and green approach by simply applying
a pressure gradient [1-3]. Conventional pressure driven nanofiltration
membranes have a molecular weight cutoff range of 200-1000 Da and
pore size of about 0.5-2.0 nm [4]. As the core part of a nanofiltration
device, the selective membrane should have high membrane flux, suf-
ficient rejection and excellent antifouling properties at the same time [2,
5]. However, in practical applications, the rejection of a nanofiltration
membrane usually increases by sacrificing membrane flux, and vice
versa. As a result, the application of the membrane is primarily limited
by its intrinsic trade-off between permeability and selectivity [6-8].

In order to overcome the trade-off between permeability and selec-
tivity, many efforts have been made [6]. Biological membranes have
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polymers provide opportunities for the production of isoporous mem-
branes (with pore size reduced to 1.5 nm, and still maintain high flux) by
utilizing their ability to self-assemble to form a narrow pore size dis-
tribution [11,12]. However, block copolymers are expensive compared
to traditional polymers for water purification membranes; the cost of
block copolymers can be a significant barrier, limiting their use to high
value, low volume separations. Inorganic materials (MOFs, MXenes,
graphene-based materials, etc.) can provide an effective strategy for
adjusting the pore size and shape of the selective membrane, and
contribute to the narrow pore size distribution of a selective membrane,
making the membrane highly permeable and selective [13-15]. Ac-
cording to the above reports, the mainstream strategy of present
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research is to increase the free volume of the membrane (increasing
permeability) while simultaneously narrowing the size distribution of
the free volume (increasing selectivity). Due to the complexity and high
cost of adjusting the pore structure, this strategy is not suitable for in-
dustrial application. Therefore, it is necessary to develop cheap and
efficient strategies to break through the trade-off between permeability
and selectivity.

In nanofiltration, electrostatic repulsion, the dielectric effect and size
exclusion are the main rejection mechanisms for anionic dyes [16-20].
Therefore, if the membrane exhibits strongly negative charge or a small
and uniform pore size, it will contribute to improve the membrane
selectivity for anionic dyes. Furthermore, the permeability is affected by
the water-permeable area and the hydrophilicity of the selective mem-
brane. The increase of the water-permeable area of the support mem-
brane per unit area is beneficial to improve the permeability of the
membrane [3]. For example, a film with crumpled texture has a larger
surface area and a better permeability than a smooth film. Besides,
improving the hydrophilicity can ensure that the membrane has a good
antifouling ability, in order to avoid foulant adhesion/membrane pore
blocking and to ensure high flux operation of the nanofiltration for dye
solutions [2,21]. In addition, pore size and porosity also play a decisive
role in improving the separation performance. However, to the best of
our knowledge, breaking through the trade-off based on improving the
membrane porosity electrical charge, the effective area, hydrophilicity
and decreasing pore size at the same time has not been reported else-
where. In addition, it has not been studied which materials and modi-
fication methods can be used to achieve this effect.

Polymer molecular designing is an emerging method to address
membrane separation problems [22]. Sulfonated polymers are charac-
terized by a good hydrophilicity, low contamination tendency, selective
ion migration and chlorine resistance, which can be used to improve the
membrane permeability [23]. Therefore, it is a good choice to introduce
sulfonic groups into the nanofiltration membrane. However, a high
sulfonation could lead to a decreased solvent resistance of a polymer,
resulting in a deterioration of the selectivity of such sulfonated mem-
brane in applications. Thioether groups (-S-) can be utilized to enhance
the solvent resistance of a polymer by oxidization [24]. The -S- group in
a poly(arylene sulfide sulfone) membrane can be oxidized to —-SO»- by
oxidation (with hydrogen peroxides, acetic acid, sulfuric acid), which
can improve the molecular chain packing density, rigidity and interac-
tion [24]. In addition, due to the dramatic increase of oxygen-containing
groups, the pore sizes of membrane are greatly decreased, which favor a
higher selectivity. Therefore, it is speculated that if the sulfonic group
and the —-SO5- bond can be introduced into the same molecular chain, the
purpose of significantly improving performance can be achieved, how-
ever, it has never been explored.

In this study, a new high-performance membrane was developed by
designing a polymer PATS/SS with sulfonic and —-SO,- groups. The
functionalized membranes are extensively characterized to confirm the
successful molecular design of PATS/SS and to evaluate its effect on the
nanofiltration properties. The aim of this study is not only to provide a
new candidate membrane for water purification and dye desalination,
but also to develop an efficient molecular design method in order to
enhance the potential of membrane applications.

2. Experiment
2.1. Chemicals and materials

Sulfuric acid, anhydrous potassium carbonate, fuming sulfuric acid
(30% SO3) (all from Chengdu Ke Long Co. Ltd, China) were used as
received. 4,4'-thiodibenzenethiol (TDB, 99.5%) was procured from
ZheJiang ShouErFu Chemical Industry Company (China). 4, 4'-dichlor-
odiphenyl sulfone (DCDPS, AR) was obtained from JiangXi Jinhai New
energy technology Limited company (China). The disodium 3, 3'-disul-
fonate-4, 4’-dichlorodiphenylsulfone (SDCDPS) monomer used in this
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study was synthesized based on a similar method as reported earlier [25,
26]. Polyarylene thioether sulfone/sulfonated sulfone (PATS/SS) with
sulfonation degree of 20, 30 and 40 mol% was synthesized by aromatic
nucleophilic substitution at atmospheric pressure. N-methyl-2--
pyrrolidone (NMP, 99%) from Sigma-Aldrich and deionized water were
used as the solvent and coagulant for membrane fabrication. Novatexx
2471 non-woven (thickness 0.18 mm) was provided by Freudenberg
Performance Materials. A mixed solution including hydrochloride
peroxide (H202, 30% by weight), sulfuric acid (H2SO4, 97-98%), acetic
acid (CH3COOH, 99%) from Sigma-Aldrich was used as the oxidant.
Dyes listed in Table S1 including Direct Red 80 (DR80), Direct Red 23
(DR23), and Reactive Orange 16 (RO16) from Sigma-Aldrich, were
utilized to measure the molecular weight cut-off of the membranes.
Sodium sulfate (NazSO4, 99%) from Sigma-Aldrich was used to test salt
permeation.

2.2. Preparation of monomers and copolymers

2.2.1. Synthesis of disodium 3, 3'-disulfonate-4, 4'-dichlorodiphenylsulfone
(SDCDPS)

As shown in Fig. 1a and b, 0.3 mol DCDPS was added into a three-
neck flask that was equipped with a mechanical stirrer and allihn
condenser. Then 140 ml 30% fuming sulfuric acid was added. After-
wards, the mixture was heated up to 110 °C, and kept for about 6 h. Then
the reaction mixture was poured into ice-water and NaCl was added into
the solution with stirring. The white precipitate was collected, and
dissolved with deionized water, neutralized with NaOH until the pH
value of the solution was about 8-9. Then the solution was salted out
with NaCl and filtrated. The precipitate was collected, and the solid was
dried at 105 °C. The crude product was then recrystallized with the
mixture of isopropyl alcohol and water to produce a white needle-like
crystal. The crystal was dried at 90 °C under vacuum to yield SDCDPS
115.6 g (product yield: 78.6%).

2.2.2. Synthesis of polyarylene thioether sulfone/sulfonated sulfone
copolymers (PATS/SS)s

The polyarylene thioether sulfone/sulfonated sulfone copolymers
(PATS/SS)s with different amount of SDCDPS were synthesized via an
aromatic nucleophilic substitution polymerization of 4,4'-thio-
dibenzenethiol (TDB) and various ratios of disulfonated monomers
(SDCDPS) to non-sulfonated monomers (DCDPS) in N-methyl-2-pyrro-
lidone (NMP)/toluene (as shown in Fig. 1c). TDB (25 g), potassium
carbonate (33.1g), DCDPS (23 g), SDCDPS (9.8 g), toluene (20 ml) and
NMP (120 ml) was added into a three-necked round bottom flask. Then
the reaction mixture was heated to 150-160 °C to remove the by-
product water. Afterwards, a reaction temperature of 180-190 °C was
applied for 8 h. During this procedure, the reaction solution became
more and more viscous. After 8 h, the polymerization mixture was
poured into water with stirring to precipitate gray fibrous solids, then
the crude product was further acidified with hydrochloric acid and
washed with hot water. After pulverizing the fibrous solids into powder,
it was washed by deionized water and ethanol. After repeating the
washing procedure 3 times, the copolymers were finally obtained. These
were dried in a vacuum oven for 20 h at 105 °C; they were labeled as
PATS/SS-20%, 20%represents sulfonation (Yield: 97.6%, Fig. S1).

With a similar procedure, PATS/SS-30% and PATS/SS-40% were
prepared by adjusting the content of DCDPS and SDCDPS.

2.3. Membrane preparation

2.3.1. Membranes were prepared via nonsolvent induced phase inversion
As shown in Fig. 1a, dope solutions with PATS/SS concentration of
16.0, 18.0 and 20.0 wt% were prepared by dissolving 1.6, 1.8 and 2.0 g
of PATS/SS materials in 8.4, 8.2 and 8.0 g of NMP, respectively, at room
temperature for over 24 h. Before casting the PATS/SS membrane, the
dope solution was centrifuged for 10 min at 4000 rmp to remove air
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bubbles. The denotation ‘PATS/SS (x/y)’ represents a PATS/SS mem-
brane prepared from a dope solution with sulfonation degree of x% and
a PATS/SS dope solution concentration of y%. The polymer solutions
were subsequently cast onto the surface of the non-woven fabric using a
casting knife with a thickness of 200 pm at room temperature (Fig. S2).
The non-woven fabric was then immediately immersed in a deionized
water bath for phase separation. After the PATS/SS membrane was
formed, it was kept immersed in deionized water to remove residual
NMP.

2.3.2. Oxidization of membranes

The obtained PATS/SS membranes were immersed in an oxidizing
solution at room temperature; the oxidizing liquid was composed of 10
vol% hydrogen peroxide (30%), 87 vol% acetic acid and 3 vol%
concentrated sulfuric acid (98%). In order to completely oxidize the
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PATS/SS membrane, the oxidization time was selected to be 12 h. The
oxidation principle is shown in Fig. 1d. After that, the oxidized mem-
branes were transferred in to deionized water for 1 h to remove the
residual oxidizing solvent; they were kept in deionized water for further
testing. The oxidized membranes were coded as ‘O PATS/SS (x/y)’.
Fig. S2 shows the fabrication of the PATS/SS membrane and the
oxidation-treatment process.

2.4. Characterization methods

Fourier transform infrared (FT-IR) and 'H NMR were used to confirm
the successful preparation of S-PASS copolymers. Fourier transform
infrared (FT-IR) spectra of the samples were recorded on a Nicolet
NEXUS 670 spectrophotometer. The samples of polymer were prepared
in the pellet form by mixing the dry powder material with KBr. 'H NMR
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Fig. 1. Schematic overview of preparation of pristine and oxidized PATS/SS membrane: (a) The process of preparation of PATS/SS and oxidized PATS/SS membrane;
(b) synthesis route of 3, 3'-disulfonate-4, 4'-dichlorodiphenylsulfone (SDCDPS); (c) synthesis; (d) oxidation treatment.
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Fig. 2. (a) The FT-IR spectra of copolymers PATS/SS-(20%-40%); (b) The 1H NMR spectra of copolymers (20%-40%)-PATS/SS; (c) The DSC curves of PATS/SS-
(20%-40%) at a heating rate of 10 ‘C/min in N2; (d) The TGA curves of PATS/SS-(20%-40%) at a heating rate.

spectra were recorded on a 400 MHz Bruker spectrometer using
deuterated dimethyl sulfoxide (DMSO-dg) as solvent and tetrame-
thylsilane (TMS) as internal standard. Thermal analysis of these samples
was performed by differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA). DSC measurements were determined by
a NETZSCH DSC 200 PC thermal analysis instrument. The heating rate
for the TGA Q500 V6.4 Build 193 thermal analysis instrument. The
heating rate for the TGA measurements was 10 C/min under Ny
atmosphere.

In addition, the chemical changes of the oxidation reaction were
recorded by a NEXUS670 Fourier transform infrared (FT-IR) spectrom-
eter and Krais ULFRA x-ray photoelectron spectroscopy (XPS). The
surface and cross-section morphologies of PATS/SS and OPATS/SS
membranes were observed by field emission scanning electron micro-
scopy (SEM, Netherlands). The samples were mechanically broken and
dried in liquid nitrogen and then the cross-section was observed. A
Dimension 3100 Atomic force microscopy (AFM, Bruker USA) was uti-
lized to observe the surface roughness of the prepared membranes under
ambient conditions in tapping mode with a scanning area of 2 x 2 pm?
and 5 x 5 pm>. A contact angle goniometer (OCA20, Dataphysics In-
struments, Germany) was utilized to observe the hydrophilicity changes
of these membranes before and after oxidization with a 3 pL water
droplet. Each reported contact angle represents an average of five
measurements taken at random positions on the membranes surface to
minimize experimental errors. The zeta-potential was analyzed using a
Zeta-potential & Particle size Analyzer Mastersizer NaNoZS.

2.5. Membrane performance

2.5.1. Evaluation of membrane separation performance

The separation performance (water flux, salt retention, and dye
retention) of PATS/SS and OPATS/SS membranes was evaluated using a
stainless-steel dead-end apparatus (HP4750) with an effective perme-
ation membrane area of 14.6 cm?. The nanofiltration equipment was
continuously stirred at 500 rpm to minimize concentration polarization
at 6 bar and room temperature. The water permeability (L m~2 h™!
bar™1) was calculated by the following equation:

water permeability (L m™2 h™! bar™!) was calculated by the
following equation:

\%

WP =
A-At-P

@

where V is the volume of the permeate (L), At is the operation time (h),
the effective area A of the membrane (14.6 cmz), P is the applied
pressure.

PEG molecules with different molecular weights (200, 400, 600,
1000, 1500 and 3000 Da) were used as the solutes in aqueous solutions
to obtain the molecular weight cut off (MWCO, molecular weight of
solution with 90% rejection) and mean effective pore size as described in
a previous method [27]. The PEG, salt and dye rejection (R, %) were
calculated according to the following equation:

R=1-Cp/C; &)
where Cr and C, (g L) are the solute concentration in the feed and

permeate, respectively. The concentration of dye in the feed (500 ppm)
and permeate were measured with a UV-spectrophotometer (Shimadzu,
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Fig. 3. (a-a2, d) SEM surface and cross-section images of PATS/SS (30/16) membrane, (b-b2, e) PATS/SS (30/18) membrane, and (c-c2, f) PATS/SS (30/

20) membrane.

Japan). The concentration of salt in the feed (NazSO4, 1.0 g L) and
permeate were measured by a conductivity meter (Thermo Scientific
Orion Star A212). The concentration of PEG molecular was examined
using a UV-visible absorption spectrophotometer at 535 nm with BaCly
and I5/KI solutions as chromogenic reagents [28].

To measure the porosity of membrane substrates, wet membranes
were taken out from the water bath followed by careful and quick
removal of excess water on the surface by tissue paper. The wet mem-
brane was then weighed (mj, in g), freeze dried overnight, and re-
weighed (my, in g). Subsequently, the absorbed water is calculated as
m;-my, and the dry weight of the membrane is my. The overall porosity
was then obtained as follows:

o (my —my)/p,
€=l —m2)]py + malps ®

where p,, and pp are the densities of water and polymer, respectively.

2.5.2. Solvent resistance performance after modification
In order to know the stability of PATS/SS and OPATS/SS mem-
branes, they were immersed in NMP for 24 h.

3. Results and discussion
3.1. Synthesis of copolymers of PATS/SS-(20%—-40%)

In order to achieve the molecular design of copolymers containing
both sulfonic groups and -S- bonds, SDCDPS monomers containing a
sulfonic group and TDB monomer containing an -S- bond were used. The
polymerization reaction between TDB, DCDPS and SDCDPS monomers
was carried out with a nucleophilic substitution method. KoCO3 was
used as alkali to neutralization the active hydrogen of the TDB. The
reaction temperature was first heated to 150-160 °C to form the organic
salt and remove the by-product water, which was beneficial for the re-
action of nucleophilic substitution reaction. After that, the reaction
temperature was raised up to 180-190 °C to further enlarge the poly-
mer’s viscosity. Table S2 describes the intrinsic viscosities (nint) of the
copolymers.

The chemical structure of the prepared copolymers was character-
ized with FT-IR and 'H NMR. As shown in Fig. 2a, from the difference

between the FT-IR spectra, it can be obviously observed that the sym-
metric and asymmetric vibrations of the sulfonic group (-SO3H)
appearing near 1195 cm ™! enhanced with increasing the content of
SDCDPS. And the absorption peaks around 1320 cm ™!, 1150 cm ™! and
1070 cm ! were ascribed to the absorption peaks of —-SO,- and -S- unit,
respectively. These peaks indicate that the copolymers containing sul-
fonic groups and -S- units were successfully synthesized. The composi-
tion of the polymer was further confirmed by H NMR. As shown in
Fig. 2b, with increasing ratio of SDCDPS monomers, the proton signals
around 8.3 ppm corresponding to sulfonic groups become more intense.
Simultaneously, the signals attributed to the proton close to the -S-
group became much smaller with decreasing ratio of DCDPS. In com-
bination with the data of FT-IR, it is safe to conclude that the copolymers
with integration of sulfonic groups and -S- units were synthesized as
described in Fig. 1c. In addition, the thermal performance of copolymers
PATS/SS-(20%-40%) was tested by DSC (Fig. 2¢) and TGA (Fig. 2d).

The Ty values of PATS/SS-(20%-40%) were in the range of 180.3 and
185 °C, (as depicted in Fig. 2c). Increasing the content of SDCDPS
increased the T, of the copolymer, whereby the copolymer PATS/SS-
40% showed the highest Tg value (185 °C) among this series. The reason
could be that with the addition of monomer SDCDPS containing sulfonic
group, the hydrogen bond density substantially increased; the interac-
tion force between the polymer molecules was therefore enhanced, so
the glass transition temperature of the copolymers showed an increasing
trend with a higher copolymerization ratio of SDCDPS.

Fig. 2d shows the thermal degradation curves of PATS/SS-(20%—
40%) in nitrogen atmosphere. The initial degradation temperatures
(T5%) of PATS/SS-(20%-40%) were in the range of 382.3-413 °C, far
above their Tg. The char yield of PATS/SS-(20%-40%) at 620 °C in ni-
trogen atmosphere was in the range of 44.8-53.6%. Based on the above
results, it was concluded that the increase of the sulfonic groups ratio in
polymer chain does not sacrifice the thermal performance of the
copolymer.

3.2. PATS/SS membranes and the oxidized membranes

As shown in Fig. 3a—c, the membrane has an unconventional wave
structure consisting of peaks and valleys (micron size). More specif-
ically, the distance between two neighboring peaks or valleys is around
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Fig. 4. SEM surface and cross-section images of oxidized membranes: (a-a3, d) OPATS/SS (30/16) membrane, (b-b3, e, g) OPATS/SS (30/18) membrane, and (c-c3,

f) OPATS/SS (30/20) membrane.

150 pm. In addition, the wave structure gradually becomes flat with
increasing concentration of the PATS/SS dope solution, implying that
the formation of wave structures is due to the low concentration and low
viscosity of the dope solution. The wave structure formed by surface
collapse may be caused by gravity. The nonsolvent induced phase
inversion first occurs in the surface layer. When the viscosity of the
casting film under the surface layer is low, the instability of casting film
(similar collapse) may occur under the action of gravity-driven con-
vection, resulting in the appearance of a wave structure. The high-
concentration and high-viscosity dope solution is more difficult to
flow, and the impact of collapse caused by gravity becomes smaller [29,
30]. There are also studies that suggest that these waves are caused by a
combination of the stress caused by the contraction of the hard surface
layer due to the solvent away, and the fact that the solvent-rich material
underneath is still soft [31,32]. The cross-section morphology is pre-
sented in Fig. 3d-f and Fig. S6. The height of the casting knife was
adjusted to 200 pm to all the substrate, after phase inversion, the
thickness of these membrane obtained was in the range of 9-30 pm. The
membrane thickness is uneven due to the presence of a wavy structure
(the peaks are thicker, and the valleys are thinner). These copolymer
membranes have a symmetric and sponge-like structure, which is un-
common to membranes synthesized by nonsolvent induced phase
inversion as these have a typical asymmetric configuration with a thin
surface layer on a porous carrier consisting of finger-like microporous
structures [24]. Combined with the high permeability (see 3.3.2.), the
measured high porosity (Table S3) and insights from the literature
(sulfonated membranes tend to form sponge-like structure), it can be
proven that the sulfonated membranes have a sponge-like structure
[33-37]. During the phase inversion, several pathways may occur in the
dope solution, which can be explained by ternary diagrams [38,39].
Based on the ternary diagram, adding sulphonated material would cause
delayed demixing which results in the sponge-like PATS/SS substrate

without macrovoid formation due to the hydrophilic nature of sulfonic
groups [27,36]. Obviously, the presence of sulfonic acid groups can
hinder the formation of macrovoids. Thus, instantaneous demixing oc-
curs in non-sulfonated samples, resulting in macrovoid structures. The
formation of macrovoids can be associated with many factors (solubility,
coagulants, rheological properties and kinetics) [40-42]. This structural
difference is mainly due to the presence of hydrophilic sulfonic groups,
which are prone to form bonds with water. The much greater affinity of
the sulfonated materials to water (non-solvent) leads to a longer time for
the solvent and non-solvent exchange. This structural difference is
mainly due to the delayed demixing induced by the hydrophilic nature
of sulfonic groups, which would reduce macrovoid formation in a
PATS/SS dense membrane (with nano level sponge-like structure) [27,
43]. This kind of macrovoid-free membrane can be very stable under
high pressure, which is beneficial for its application as a nanofiltration
membrane.

As mentioned before, the -S- group can be oxidized to -SO5- by an
oxidizing solution, which improves the solvent resistance of the mem-
brane, negative charge and decreases the effective pore sizes. Interest-
ingly, after the oxidation treatment of PATS/SS membrane, many
volcanic structures appeared on the surface of the membrane (Fig. 4a3,
b3, ¢3). In addition, a regular array of nano-sized triangular stripes was
present at the bottom of the valleys and at the top of the peaks (Fig. 4al,
a2, bl and b2). According to the scale bar in SEM results (Fig. 4), the size
can be estimated. The width of nano-sized triangular stripes is about 60
nm. This is mainly attributed to swelling of the PATS/SS membrane in
acidic solution [24]. During the oxidation process, acetic acid can make
a PATS/SS membrane swell and invade the membrane body, which
provides a channel for H,O, molecules to enter the PATS/SS membrane.
The Hy0, molecule can react with the -S- bond on the PATS/SS mo-
lecular chain, resulting in reconfiguration of the molecular chain.
Finally, under the relaxation effect of swelling and reconfiguration of
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Fig. 5. AFM images of membrane surface: (a) PATS/SS (30/16); and (b) OPATS/SS (30/16).

Table 1

AFM surface roughness of pristine and oxidized PATS/SS membrane: Ra
(average roughness), Rrms (root mean square roughness), and Rm (maximum
vertical difference between the highest and lowest points).

Membrane R, (nm) Rims (nm) Ry (nm)
PATS/SS (30/16) 3.450 4.341 34.639
OPATS/SS (30/16) 4.946 6.439 67.829
PATS/SS (30/18) 2.103 2.587 15.981
OPATS/SS (30/18) 2.650 3.339 24.369
PATS/SS (30/20) 1.393 1.754 15.135
OPATS/SS (30/20) 1.859 2.381 21.684

molecular reactions, micro level volcanic structures and nano level
triangular waves crumpled appear on the surface of OPATS/SS mem-
brane. This generates additional effective surface area, which is ex-
pected to enhance the membrane permeance [3,44]. Fig. 4g shows that
the OPATS/SS membrane surface is constructed with micro level vol-
canic projections, which is in accordance with the results observed in

Fig. 4a3, b3, 3. There is no significant difference between the original
and oxidized PATS/SS membrane in cross sections, and the cross sec-
tions of both are very dense (Fig. 3d, e, f and 4(d, e, ).

Comparing Figs. 3 and 4, the oxidation treatment had no obvious
effect on the waves, but the valleys and peaks of the wave showed nano-
sized triangular strips. The surface morphology and roughness param-
eters of the nano-sized triangular stripes were further explored by AFM,
as shown in Fig. 5a and b. The surface roughness values of the membrane
on 5 x 5 pm? scans are summarized in Table 1. As expressed by the
roughness values (Table 1), the pristine PATS/SS membranes have a
smoother surface with R, = 3.450-1.393 nm, and R,; = 4.341-1.754
nm than oxidized PATS/SS membranes (with R, = 4.946-1.859 nm, and
Ryms = 6.493-2.381 nm). After the oxidation treatment, the overall
increased value in R, and R, indicates that the oxidation reaction in-
creases the membrane surface roughness, thus increasing the effective
permeable area of the membrane surface, which is highly consistent
with the SEM results discussed previously. In addition, with an increase
of the concentration in the casting solution, the decrease in surface
roughness confirms the formation of a denser, stronger membrane

Fig. 6. PATS/SS membrane (first line) and OPATS/SS membrane (second line) after exposure to NMP for 24 h.



P. Jin et al.

(a) : i —— PATS/SS(30/16)
| —— OPATS/SS(30/16)
1
1
1
|
1
o 1
(5]
[ = |
@© d
£
[o]
(72}
e}
<
1 1 1 1 1
1800 1600 1400 1200 1000 800
-1
(C) Wavenumber (cm)
100
PATS/SS(30/16)
[ ] OPATS/SS(30/16)
80 |
0
5 7 % Z
o 60 |
()]
=3
c A T
[ 7 77/ T
T 40 | 4 X
2 N ,
=
o]
(O]
20|
(30116) (30/18) (30/20)
Membrane types

Journal of Membrane Science 608 (2020) 118241

( b )70000

——PATS/SS(30/16)
60000 |- —— OPATS/SS(30/16)
50000
40000
Q
o
30000
20000
10000
0 1 1 1 1 1 1 1 1 1 1
174 172 170 168 166 164 162 160 158 156
(d) Binding energy (eV)
0
" - - SPASS(30/16)
“r -@ - OSPASS(30/16)
>
£ -4
® B |-
;g s.\. 1 . 1‘
5 e
o 6 @ --. _0._,__0‘_“
& -9
8}
,10 1 i | 1
4 6 8 10

pH
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and OPATS/SS membranes; (d) zeta potential of PATS/SS and OPATS/SS membrane at various pH values.

surface, as more PATS/SS material comes in and repairs the valley area.
The increase in roughness is mainly caused by the swelling of PATS/SS
in acetic acid. During the oxidation treatment, the acetic acid molecules
penetrated into the PATS/SS membrane and caused swelling, which
provided channels for hydrogen peroxide molecules to diffuse into the
PATS/SS membrane and react with the -S- groups in PATS/SS chains.
The nano-sized triangular strips generated on the oxidized PATS/SS
membrane surface can be attributed to the relaxation of PATS/SS chains
during swelling and the reconfiguration of the OPATS/SS chains
arrangement.

The solvent resistance of PATS/SS and OPATS/SS membranes was
investigated by immersing them in NMP solution (Fig. 6). Photos were
taken at 0 min, 1 min, 10 min and 24 h. The PATS/SS membrane is
immediately dissolved in NMP for 10 min; the OPATS/SS membrane was
found to be not dissolved, still retaining its structure even after 24 h. To
shed light on the mechanism for the solvent resistant improvement, the
chemical structure of PATS/SS and OPATS/SS was characterized by FT-
IR. As shown in Fig. 7a, the peaks at 1074 cm ™! and 762 cm ™! attributed
to -S- groups almost completely disappeared after oxidation, while the
characteristic peak at 1285 cm™! corresponding to the —SO,- groups
becomes larger, indicating that -S- groups were oxidized to -SO»-
groups. The adsorption bands appearing at 1573 and 1474 cm
attributed to the stretching vibration of benzene rings disappeared after
oxidation. This is mainly because the structure attached on both sides of
the benzene rings are exactly the same, giving a perfect symmetry after
oxidation when -S- becomes -SO,- [24]. The change of chemical
composition during the oxidation process was further examined by XPS.

As shown in Fig. 7b, after oxidation, the sulfur peak at 161.0 eV
responding to -S- in the polymer backbone disappeared after the
oxidation, while the intensity of the peak at 166.0 eV attributed to the
—-S0,- group increases [24,45]. In addition, the peak area of -SOs- in
OPATS/SS is the sum of the -S- and -SO5- peak areas in the PATS/SS
spectrum. This suggests that the -S- was changed to —-SO»- groups after
oxidization, which confirms the analysis of the FT-IR results. Compared
with the —-SO2- bond, the -S- bond length is longer and bond angle is
larger, which makes the PATS/SS molecular chain easier to move. The
oxidation treatment converts the -S- bond to a —-SO»- bond, thereby
increasing the rigidity and intermolecular forces of the polymer chains
[24,46]. These factors give the OPATS/SS membrane an excellent
chemical stability in NMP. Due to the enhanced solvent resistance of
OPATS/SS, this membrane is promising to be used in organic solvent
nanofiltration.

The water contact angle of PASS and OPATS/SS membranes is shown
in Fig. 7c. The concentration of the casting solution has little effect on
the water contact angle. However, oxidation treatment reduced the
contact angle from 69.1° (PATS/SS membrane) to 37.9° (OPATS/SS
membrane), indicating a significant improvement in hydrophilicity. It is
well known that the hydrophilicity of a membrane is mainly determined
by the surface roughness and the polarity of the membrane materials
[47,48]. According to the results of FT-IR and XPS, the increase of polar
—S0,- in the OPATS/SS molecular chain after oxidation reaction is the
main reason for the decrease of the water contact angle. In addition,
AFM results show an increase in the roughness of the OPATS/SS mem-
brane, which is also helpful for improving the hydrophilicity.
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concentration used was of 0.5 g L1, Pressures applied were 6 bar.

Hydrophilic properties can help the membrane to reduce fouling effects,
and to increase the membrane permeability.

The zeta potential of PATS/SS and OPATS/SS membranes was
measured at different solution pH (4-9); the effect of oxidation treat-
ment on the surface charge of the membrane was investigated (Fig. 7d).
The primeval PATS/SS membrane is negatively charged, as illustrated in
Fig. 7d. After oxidization, the OPATS/SS membrane showed an
enhanced negative zeta potential at all solution pH values investigated.
Oxidative treatment can increase the membrane charge by increasing
dissociation of sulfonate groups due to the strong electronegative of
oxygen in the -SO,- groups [49]. In addition, compared to -S- groups,
-S0,- groups are more negative groups. During the oxidization, the -S-
groups was changed to —-SO»- groups, thus, the surface of the membrane
becomes more negative charged after oxidization. It is well known that
the zeta potential has a great influence on the rejection characteristics of
charged membranes [50]. Therefore, the electrostatic interaction be-
tween negatively charged dyes and OPATS/SS surface groups may also
play an important role in negatively charged dyes solution [51,52].

3.3. Nanofiltration performance of PATS/SS and OPATS/SS membranes

3.3.1. Membrane molecular weight cut off (MWCO)

The effective pore size of membranes was obtained from the MWCOs,
which were determined by the molecular weight of the PEG aqueous
solute in which rejection is equal to 90%. Fig. S3 exhibits the rejection
curves of the tested membranes to PEG with different molecular weights.
The MWCO of the membrane is 1168 and 1402 g mol~* for the tested

PATS/SS and OPATS/SS respectively, showing a decreasing tendency
with oxidation treatment. In addition, the calculated mean pore size of
the membrane was 0.86 and 0.95 nm (Table S3), respectively. Compared
to the pristine membrane, the smaller pore size of the oxidized mem-
brane is likely due to the formation of a membrane with a higher packing
density and intermolecular interaction as the result of oxidation treat-
ment. The bond length and bond angle of the C-S bond are 180 p.m. and
90°, which is relatively large, giving more freedom for the PATS/SS
chain to move, while the —-SO»- units enable the PATS/SS to have a more
rigid chain because the polar groups would reinforce the intermolecular
interaction of the polymer chains. In addition, the —SO5- units occupies a
larger physical space than -S-. The oxidation treatment converts the -S-
bond to a -SO,- bond, increasing the packing density, rigidity and
intermolecular forces of the polymer chains [24,46]. The reduction of
the pore size will have a beneficial effect on the improvement of the
selectivity of the NF membrane.

It is interesting to take note that the oxidation treatment made the
membrane pores smaller, but the porosity increased. Oxidation treat-
ment increased the porosity of the pristine PATS/SS (30/16) membrane
by 81.32%-84.43% (Table S3). This oxidation treatment results in a
higher porosity since polymer swelling in the acetic acid solution causes
the PATS/SS molecular chain to change from a compacted state to a
relaxed state to increase the porosity [15,24,53].

3.3.2. Permeation and rejection
The selectivity of a nanofiltration membrane is mainly determined
by size exclusion, the Donnan effect and the dielectric effect [16,17,19,
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20]. The Donnan effect is essentially electrostatic repulsion, so it is
closely related to the charges of both the membrane surface and the
solute. A series of negatively charged dyes (DR80, DR23 and RO16) was
employed to investigate the performance of PATS/SS and OPATS/SS
nanofiltration membranes. In addition, a feed solution containing
NaySO4 was also used to test the inorganic salt rejection performance,
thereby judging the application potential of membrane in fractionation
of dye/salt mixtures.

Fig. 8 shows the permeance, and the rejections dyes and NaySO4 of
the pristine and oxidized PATS/SS membrane. Oxidation treatment can
effectively improve the permeance of a membrane, as illustrated in
Fig. 8a. For instance, compared with the PATS/SS (30/16) membrane,
the OPATS/SS (30/16) membrane can yield a 105% improvement of the
permeance (from 15.00 Lm 2 h ™! bar ! t0 30.75 Lm 2 h~! bar1). The
increase of permeance was mainly caused by the enhanced membrane
hydrophilicity, permeable area and porosity; this was confirmed by the
contact angle results, SEM images and membrane porosity discussed
above. Although the oxidation treatment will make the pore size smaller
and negatively affect the permeability, the permeability increase caused
by the enhanced porosity will cover up the negative effect of the former.
The enhanced hydrophilicity of the PATS/SS membrane was ascribed to
the increasing number of —-SO»- bonds in the OPATS/SS membrane
chain, the improved membrane surface area was due to the wave
structure, triangular strips and volcanic structure on the membrane,
while enhanced membrane porosity was caused by the relaxation of
polymer chains during swelling in the oxidized solution. These features
synergistically contribute to the enhancement of rejection and perme-
ability of OPATS/SS after oxidization. The increase in the concentration
of the casting solution causes the membrane to be dense, resulting in a
decrease of the membrane permeability and an increase in selectivity.
The oxidation can increase the permeability (Fig. 8a) and selectivity
(Fig. 8b, c and d) simultaneously, but the oxidation enhancement effect
of the low concentration casting solution is more obvious.

Fig. S5 and Table S5 compares the simultaneous improvement of
permeability and selectivity for nanofiltration of dye solutions between
this study and the literature. Considering the simultaneous improvement
of permeability and selectivity (breaking balance between permeability
and selectivity), the performance promotion of modified membranes
compared with the nascent one was evaluated [54,55]. Obviously, the
oxidized PATS/SS membrane fabricated by this molecular design
method stood out, with a significantly improved NF performance. Most
studies aim at improving the selectivity while sacrificing permeability,
due to the balance between permeability and selectivity, which is the
bottleneck of nanofiltration development [6-8]. However, in this study,
the OPATS/SS membrane (16 wt%) was shown to have an enhancement
of rejection and permeability simultaneously. This is a rare phenomenon
that breaks the balance. The pristine PATS/SS (30/16) membrane ex-
hibits rejections lower than 60% for dyes (60.53% for DR23, 51.37% for
DR80, and 24.72% for RO16) and 20% rejection for NaySOy4, indicating
that the rejection performance of the PATS/SS (30/16) membrane is not
excellent (Fig. 8b and c). In contrast, the oxidized PATS/SS membranes
show a significantly higher selectivity; the OPATS/SS (30/16) mem-
brane shows the dyes rejection decrease in order of DR23 (96.99%)>
DR80 (95.13%)> RO16 (69.61%) and NaySO4 rejection of 43.77%,
indicating that the rejection performance of the OPATS/SS (30/16)
membrane is greatly improved (Fig. 8b, d). For instance, compared with
the PATS/SS (30/16) membrane, the OPATS/SS (30/16) membrane can
yield an 85.2% improvement of the DR80 rejection (from 51.37% to
95.13% rejection). Based on the zeta potential results, the OPATS/SS
membrane is more negatively charged compared with the pristine
PATS/SS membrane. Accordingly, this result should be attributed to the
enhanced repulsion force between DR80 molecules (negatively charged)
and the oxidized PATS/SS membrane, which will more strongly repel
DR80 molecules, thereby increasing the DR80 rejection [15,24,53]. As
shown in Fig. S3 and Table S3, the mean pore size of the pristine
PATS/SS (30/16) membrane is 0.95 nm and the mean pore size of
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OPATS/SS (30/16) membrane is 0.86 nm, which means that the
oxidation treatment also enhances the size exclusion effect to achieve
the purpose of improving rejection.

The increase of permeation is also attributed to the swelling of PATS/
SS in the acetic acid solution. It causes the PATS/SS molecular chain to
change from a compacted state to a relaxed state. Furthermore, the
immersion of acetic acid solution into the molecular chains creates more
channels, thus the permeation can be increased.

Fig. S4 shows images of the pristine and oxidized PATS/SS mem-
brane before and after nanofiltration of a dye solution. As shown in
Fig. S4, the color of the oxidized PATS/SS membrane is lighter, due to
the change in chemical structure during the oxidation treatment. After
filtration, it can be observed that the pristine PATS/SS membrane sur-
face is covered with a relatively thick dye layer, while the oxidized
PATS/SS membrane is only slightly polluted (Figs. S4a and b). The
enhanced antifouling ability of the oxidized PATS/SS membrane is
attributed to the improvement in surface hydrophilicity and negative
charge. Obviously, the hydrophilicity of the OPATS/SS membrane
would be greatly enhanced by oxidation treatment, resulting in strong
hydration (hydration layer), which effectively inhibits the binding of the
dye to the membrane surface. The negative charge of the OPATS/SS
membrane is enhanced after oxidation, which could enhance the
repulsion force between negatively charged dye molecules and the
OPATS/SS membrane surface and further prevent membrane fouling. In
addition, the oxidation treatment makes the effective mean pore size of
the membrane smaller, and it is difficult for dye molecules to invade the
membrane body, so the reduction of effective mean pore size can also
play an important role in improving the antifouling performance.

In order to further explain the oxidation principle, the OPATS/SS
(30/16) membrane was chosen in the following experiment. Further-
more, the sulfonation degree may also affect the performance of the
membrane in nanofiltration.

3.3.3. The role of chemicals in oxidation solution during oxidization

As mentioned above, oxidation treatment (hydrophilicity, permeable
area, negatively charged surface) and a slight swelling (narrow pore
size, more channels) can increase both the permeability and selectivity
of membrane. Fig. 9 shows the DR80 dye solution nanofiltration per-
formance of the PATS/SS (30/16) membrane treated with different so-
lutions (oxidation solution (3 v% H3SO4 + 87 v% acetic acid + 10 v%
H505), HyO9, acetic acid, 90 v% acetic acid + 10 v% Hy0,). After
treatment of the PATS/SS (30/16) membranes with acetic acid and
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Fig. 10. Comparison of the oxidized PATS/SS membrane with various com-
mercial and lab-made NF membrane reported for dye desalination (for details
see Table S4).

acetic acid + Hy0,, the permeation increased sharply and the rejection
decreased significantly, indicating that the swelling was too strong. In
addition, HyO; is relatively mild, and the permeation of the PATS/SS
membrane treated with Hy05 is slightly increased by a relatively small
decrease in rejection. It was found that the permeation and rejection of
the membrane can be simultaneously increased under the treatment of
oxidation solution. It can be found that the HySO4 is an indispensable
catalyst in the oxidation treatment, which is why only strong swelling
(membrane treated by acetic acid + Hy05) occurs without the HySO4.

In order to highlight the performance of the OPATS/SS membrane,
the separation performance of various membranes was compared
(Fig. 10). The OPATS/SS membrane shows the highest water perme-
ability, with a relatively high dye rejection. Despite satisfactory re-
jections, most membranes have a relative low water permeance, i.e.,
below 15 Lm~2h 'bar L. The water permeances through our OPATS/SS
membrane were nearly 2-6 times higher than the permeances reported
for other lab-made NF membranes (see Table S4). This is likely due to
the combination of a high porosity, high permeable area and strong
hydrophilicity. More importantly, this work provides an efficient mo-
lecular design method to significantly improve performance. The
OPATS/SS membrane was shown to have an enhancement of rejection
and permeability simultaneously. This is a rare phenomenon that breaks
the balance between permeability and selectivity. These results indicate
that the OPATS/SS membrane is competitive in dye desalination.

4. Conclusions

A novel strategy to achieve an enhancement of permeability and
selectivity by increasing the membrane porosity, effective area, hydro-
philicity, surface electrical charge, and decreasing pore size was pro-
posed in this study. More specifically, oxidation converts the -S- bonds in
PATS/SS into —SO- bonds, which improve the negative charge, hydro-
philicity, permeable area, and swelling resistance of OPATS/SS. Most
importantly, the OPATS/SS membrane has an improved permeance and
rejection at the same time during nanofiltration of dye solutions (For
example, 105% improvement for permeance and 85.2% improvement
for rejection performance of DR80 dye solution nanofiltration), signifi-
cantly breaking through the balance between permeability and selec-
tivity. In addition, the oxidized PATS/SS membrane allowed for
fractionation of dye/salt, antifouling and organic solvent resistance
ability.
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