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ABSTRACT

Sulfonated poly(arylene ether sulfone) material containing amino groups (aPES) is
successfully synthesized using aromatic substitution polymerization. This material was
shown to be a novel thin-film composite (TFC) reverse osmosis (RO) membrane material
with high chlorine resistance. Graphene oxide (GO) and aminated graphene oxide (aGO)
nanoparticles were also prepared. TFC membranes were prepared using an interfacial
polymerization (IP) reaction with trimesoyl chloride (TMC) and amine solution, containing
synthesized materials, on a polysulfone (PS) ultrafiltration (UF) support membrane. The syn-
thesized aPES and fabricated TFC RO membranes were characterized by nuclear magnetic
resonance spectroscopy and scanning electron microscope. Moreover, RO performances, salt
rejection, and water flux were measured using cross-flow cell instrument. The chlorine resis-
tance was evaluated using sodium hypochlorite solution. The membrane fabricated with
aPES/GO/aGO was compared with the typical polyamide (PA) TFC membrane which was
prepared by the IP reaction with TMC and MPDA on a PS support membrane. The aPES/
GO/aGO RO membrane had much higher chlorine resistance than PA RO membrane and

showed good RO performances, such as water flux (28 L./m*h) and salt rejection (98%).

Keywords: Desalination; Reverse osmosis; RO membrane; Sulfonated poly(arylene ether
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1. Introduction

Reverse osmosis (RO) is the most widely used
desalination technology worldwide. RO has overtaken
conventional thermal technologies such as multi-stage
flash [1], and the widespread use is expected to
continue despite advances in other technologies, such
as membrane distillation [2], electrodialysis [3], and
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forward-osmosis [4]. Commercial interest in RO tech-
nology is increasing globally because of continuous
process improvements, which in turn lead to signifi-
cant cost reductions. These advances include develop-
ments in membrane materials, process design, feed
pre-treatment, and energy recovery or reduction in
energy consumption [5, 6].

Over the past few decades, remarkable advances
have been made in the preparation of RO membranes
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from different materials. However, reviews on RO
membrane materials are rare, likely because RO
membrane design of practical importance is patented
rather than examined through conventional academic
research.

The published comprehensive review on RO mem-
brane materials was by Petersen more than 17 years
ago. This review focused only on the thin-film com-
posite (TFC) membranes in existence at that time.
Recently, Li and Wang published a review of research
on RO membrane surface modification. In addition to
ongoing research towards the development of conven-
tional polymeric RO membrane materials, nanotech-
nology incorporates the use of nanomaterials into RO
processes. It is therefore time to review the historical
development of commercially successful RO mem-
brane materials comprehensively, and to discuss novel
nanostructured materials that will shape the future
trends in the research of membrane materials.

Various chemicals have been tried to produce the
active layer, such as poly(vinyl alcohol), polybenzimi-
dazole, polyether, etc. The cross-linked aromatic poly-
amide (PA) which is produced via interfacial
polymerization of m-phenylenediamine (MPDA) and
trimesoyl chloride (TMC) has been used for commer-
cial seawater desalination membranes [7,8]. The poly-
amide TFC membrane has a very high salt separation
performance and good mechanical strength, and the
performance of the PA TFC membrane has improved
over the last 40 years. However, the main weakness of
the PA TFC membranes is that free chlorine in the
seawater attacks the active layer of PA and degrades
the amide bond of the active layer [9].

Many materials and methods have been developed
to overcome the weakness of PA TFC membranes.
Among these polymers, sulfonated poly(arylene ether
sulfone) (PES) materials are of considerable interest
because these materials have good mechanical proper-
ties, and high chemical and thermal stability. Sulfo-
nated poly(arylene ether sulfone)s do not contain the
vulnerable amide bone that is susceptible to chlorine
attack. More recently, some studies have prepared

and characterized poly(arylene ether sulfone)
materials [10-16].
Nanocomposite = membrane technology  has

produced several new classes of materials for seawa-
ter desalination and water purification. Functional
proper nanoparticles in a membrane matrix might
enhance the mechanical and chemical stability as well
as separation performances [17,18].

In this study, we prepared sulfonated poly(arylene
ether sulfone) material containing amino groups
(aPES). In addition, we prepared nanocomposite
membranes via layer-by-layer (LbL) assembly
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method based on solution dipping process and IP
method. LbL assembly method is quite useful for
preparing nanocomposite membrane and thickness
control [19-22].

2. Methods
2.1. Materials

4,4°-Dichlorodiphenyl sulfone (DCDPS), m-amino-
phenol,anhydrous potassium carbonate (K;COj3), and
graphite powder (particle size,<0.2 mm) were obtained
from Aldrich. DCDPS and m-aminophenol were dried
under vacuum at 80°C for 12 h for further purification.
Anhydrous potassium carbonate was used as
received. 3,3’-disulfonated-4,4’-dichlorodiphenyl sul-
fone (SDCDPS) was synthesized according to previ-
ously published methods [23] and dried under
vacuum at 100°C for 24 h before use. Graphene oxide
(GO) was prepared according to the Brodie method
[24]. N,N-dimethylacetamide (DMAc), MPDA, ethy-
lenediamine, TMC (Sigma-Aldrich), toluene, ethanol
(J.T. Baker) and sulfuric acid (Daejung reagents and
chemical) were used as received.

2.2. Synthesis of sulfonated poly(arylene ether sulfone)
material containing amino groups

First, into a three-necked round-bottomed flask
(250ml) equipped with a mechanical stirrer, a N,
inlet-outlet, and a Dean-Stark trap, m-aminophenol
(6.66g, 60mmol) and K,CO; (9.26g, 66 mmol) were
charged along with DMAc (90ml) as a solvent and
toluene (36.0ml) as a azeotropic agent. The reaction
mixture was stirred by refluxing at 150°C for 7h,
while toluene azeotropically removed water. Finally,
the azeotropic solvent was completely removed after
7h, and then SDCDPS (15.0g, 30 mmol) was added
into the reaction flask along with more DMAc (20 ml)
and the reaction mixture was stirred by heating at
165°C for 24h. The reaction solution was cooled to
room temperature and diluted using DMAc. The solu-
tion was filtrated to remove inorganic salts and unre-
acted chemicals. After filtration, the product was
isolated by precipitation in ethanol solution resulting
in solid. The precipitated material was successively
washed several times with ethanol and dried under
vacuum at 90°C for 24 h.

2.3. Synthesis of aminated graphene oxide nanoparticles

The following experimental processes were used to
synthesize aminated graphene oxide (aGO). A mixture
of graphene oxide (1.0g) and ethylenediamine (20 mL)
was stirred at room temperature for 12h under a N,
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Fig 1. '"H NMR spectroscopy result for SDCDPS in
DMSO-dg.

atmosphere. Next, the modified nanoparticles were
filtered and thoroughly washed with deionized water,
filtered, and dried at 80°C.

2.4. Fabrication of TFC reverse osmosis membrane

The method used for the formation of the PA TFC
RO membrane is as follows. The polysulfone UF
membrane was placed in an aqueous solution of 1%
(w/v) MPDA for 2min, and then rolled with a roller
to remove excess solution of the membrane surface.
Then, the membrane was immersed into a solution of
1% (w/v) TMC in cyclohexane for 1 min. After remov-
ing the excess solution, the membrane was heated in
an oven at 70°C for 1 min for further polymerization.

aPES membrane was prepared according to the
method as follows: The polysulfone UF membrane was
placed in the aqueous solution containing a 1% (w/v)
mixture of aPES and MPDA, triethylamine, (1%) and
dodecyl sulfonic acid sodium salt (0.05%). The solution
was then rolled with a roller to get rid of excess solu-
tion of the membrane surface. The membrane was
immersed into a solution of 1% (w/v) TMC in cyclo-
hexane for 5min. After removing the solution, the
membrane was treated in an oven at 70°C for 1 min.

aPES/GO/aGO nanocomposite membrane was
prepared as follows: The solution concentration of GO
and aGO was adjusted to 1mgmL~". The pH of the
GO and aGO solutions was controlled by 0.1M HCl
and NaOH without the addition of ionic salts. For the
deposition of LbL assembled multilayer films onto the
PS support layer, negatively charged PS substrates
were prepared by a treatment with a H,SO, solution
at 80°C for 30min. The PS support layer was first
dipped in the cationic aGO solution for 10min,
washed twice in deionized water for 1 min each, and
air-dried with a gentle stream of N,. The anionic GO
was then deposited onto the cationic aGO-coated sub-
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strates by adsorption for 10 min, washed in deionized
water, and dried. This process was repeated until the
desired number of layers had been deposited. To
impose the chemical cross-linking between GO and
aGO layers, the (GO/aGO);5 multilayer membranes
were heated at 180°C for 1h under vacuum condition.
After this LbL process, MPDA-TMC PA active layer
was formed via IP method described above.

2.5. Characterization

The aPES was identified by elemental analysis,
such as C, H, H. 'H NMR spectra of the products
were obtained at 300 MHz on the Varian Mercury 300
spectrometer using dimethyl sulfoxied-d, (DMSO-de)
as a solvent. Fourier transform-infrared (FT-IR)
characterization was accomplished using a Bomen
DA-8 spectrometer. Hydrophilicity of the membrane
surface was assessed by measuring the contact angle
of water droplets with an Automatic Contact Angle
Analyzer (Phoenix 300; Surface Electro Optics,
Gyunggido, Korea). The membrane was imaged by
scanning electron microscopy (SEM) with S-4300,
Hitachi, Japan.

Membrane separation performance of the tested
TFC RO membranes was tested with 32,000 ppm NaCl
solution using the cross-flow cell apparatus and evalu-
ated in terms of salt rejection and water flux. The
effective membrane area was around 12.56cm? All
tests were conducted at room temperature at an
applied pressure of 55bars. Especially for the
measurement of chlorine resistance, the membrane
was immersed in aqueous sodium hypochlorite
(NaOCl) solution (300 ppm).

3. Results and discussion
3.1. Characterization

SDCDPS was prepared via electrophilic aromatic
substitution with DCDPS and sulfuric acid. The syn-
thesis sequence of SDCDPS is outlined in Scheme 1.

The chemical composition and structure of
SDCDPS were confirmed using elemental analysis and
'"H NMR spectroscopy with DMSO-ds as the solvent.
The spectrum of SDCDPS is shown in Fig. 1.
Assignment of each proton is shown in this figure,
and these assignments agree with those of the pro-
posed molecular structures of SDCDPS.

Sulfonated poly(arylene ether sulfone) containing
amino groups was synthesized through polycondensa-
tion of 3,3'-disulfonated-4,4’-dichlorodiphenyl sulfone
(aPES) and m-aminophenol in the presence of anhy-
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Scheme 1. The synthesis sequence of SDCDPS.

drous potassium carbonate in DMAc. Toluene was
used as an azeotroping agent to remove water during
the reaction. The reaction sequence of the sulfonated
poly(arylene ether sulfone) sulfonic acid and amino
groups is shown in Scheme 2.

"H NMR was used to confirm the chemical struc-
ture of the copolymers and the spectrum of SDADPS
with DMSO-de as the solvent is shown in Fig. 2.
Assignment of each proton is given in this figure and
these agree with the proposed molecular structure of
the sulfonated poly(arylene ether sulfone) containing
sulfonic acid and amino groups.

The GO and aGO nanoparticles were successfully
prepared using the Brodie method. FT-IR spectroscopy
was used to identify the presence of related bonds, as
shown in Fig. 3. Bands at 1,600 cm ! and at 1,700 cm ™!
indicate an ether bond and the presence of a
carboxylate carbonyl group on GO and aGO spectra,
respectively. For aGO spectra, bands at 1,100cm ™' and
1,650 cm ™! were attributable to the presence of func-
tional amine groups. These results verify that the GO
and aGO nanoparticles were prepared successfully.

As shown in Fig. 4, the LbL multilayer of the
(GO/aGO)y5 on the PS support membrane was suc-
cessfully fabricated. The active layer surface of the
TFC membranes were observed by SEM. Fig. 5 shows
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Scheme 2. The synthesis sequence of aPES.

a SEM image of the polysulfone UF membrane surface
and fabricated TFC RO membrane surface. As shown
in Fig. 5, the surface of the TFC RO membrane exhib-
ited the familiar “hill and valley” structure of PA RO
membranes and the cross-section of TFC RO mem-
brane indicated the presence of a thin, selective active
layer, which was a few hundred nanometers thick,
and was supported on a polysulfone UF support
layer. The SEM images of the membrane confirmed
that the TFC membrane was successfully fabricated.
AFM was used to investigate the surface morphol-
ogy of the active layer overcoated onto the PS support
layer. Fig. 6 shows the surface morphology of the
composite membranes prepared using PA, aPES, and
aPES/aGO. The bar at the bottom of each image indi-
cates the vertical deviations in the sample; light
regions indicate high deviation and dark regions indi-
cate low deviation. Root-mean-square roughness
(RMS) was defined as the mean of the root for the
deviation from the standard surface to the indicated
surface; and lower smaller RMS values indicate a
smoother membrane surface. The RMS value of the
aPES membrane (31 nm) was smaller than that of the
PA membrane (55nm) indicating a smoother surface
on the aPES membrane than on the PA membrane.
During interfacial condensation to form the thin-film

Na03$

SOyNa
aPES
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Fig 2. "H NMR spectroscopy of aPES.
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Fig 3. FT-IR spectra for graphite, GO, and aGO.

100 nm

Fig 4. Cross-section SEM image of (GO/aGO),5 multilayers
prepared on PS support layer.
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active layer, amine reactants dissolved in the aqueous
phase diffused into the immiscible organic phase and
reacted with TMC. Water-soluble polymeric amine
reactants (aPES) are not expected to diffuse into the
organic phase because of their poor solubility in the
organic phase. As a result, cross-linking of PA and
aPES would decrease the diffusion rate of amine reac-
tants into the organic phase. Furthermore, the PA
formed from MPDA and TMC involved grafting mac-
romolecules onto aPES on the membrane surface, thus
leading to smoother membrane-surface morphology.

3.2. Performances of RO membranes

The TFC RO membranes were fabricated by inter-
facial polymerization of the tri-functional biphenyl
acid chloride (TMC) with a mixture of aPES and
MPDA on the PS UF membrane. The RO performance
of TFC membranes was evaluated with the cross-flow
cell apparatus at 55bar using a 32,000 ppm NaCl solu-
tion at room temperature. The RO performance of
TFC membranes fabricated in this study was com-
pared with that of the PA membrane produced in our
laboratory. Fig. 7 shows the salt rejection and the
water flux of the membranes.

The performance test showed that water flux was
better in membranes containing aPES and a slight
decrease in salt rejection was observed. The high per-
formance of aPES membranes was due to the incorpo-
ration of the rigid and hydrophilic aPES material.
Water flux of the membranes increased from 23.2L/
m?h (PA, prepared) to 32.5L/m>h (aPES). As shown
in Table 1, the contact angle data supported this
increase in water flux. The contact angle decreased
from 61.2° (PA) to 50.7° (aPES), explaining the increase
in water flux. In addition, the aPES/GO/aGO
membrane contained not only aPES material but also
nanoparticles which may have produced additional
amide bonds layer on the membrane. This resulted in
improved salt rejection and decreased water flux in
comparison with that of the aPES membrane.

The chlorine resistance test of the PA membrane
showed that salt rejection decreased rapidly following
chlorine exposure (98.0% to 67.2%), while salt rejection
of the aPES membrane decreased slightly (94.3% to
75.6%). Water flux of the PA membrane increased
significantly after chlorine solution treatment (23.2L/
m?h to 48.1 L/m?h), while water flux of the aPES
membrane increased (28.4L/m*h to 37.4 L/m?h). For
the PA membrane, the decrease in salt rejection that
accompanied the abrupt increase in flux of the PA
membrane was due to chemical degradation of the
amide bonds by free chlorine.
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Fig 5. SEM images of membrane surfaces.
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Fig 6. AFM surface images of the membranes.

When GO/aGO nanoparticles were introduced
into the membrane matrix, the membranes displayed
improved chlorine resistance. Salt rejection of the
aPES/GO/aGO membrane decreased from 98.4% to
84.2%, while salt rejection of the aPES membrane
decreased from 94.3% to 75.6%. The decreased salt
rejection rate of the aPES/GO/aGO membrane was
less than that of the aPES membrane. The increased
water flux rate of the aPES/GO/aGO membrane (28.4
L/m?h to 37.3 L/m?h) was less than that of the aPES
membrane (32.5 L/m?h to 45.7 L/m?h). Thus, the
amide bonds were more protected when GO/aGO

20 um

aPES/GO/aGO
RMS:25+1

nanoparticles were introduced into the membrane.
In membranes that contain nanoparticles, the
intermolecular hydrogen bonding is enhanced by the
bonding between the nanoparticles and the PA struc-
ture. This can be expected to impede the replacement
of hydrogens on the amide groups of the aromatic PA
membranes with chlorine. Furthermore, the amino
groups on the GO/aGO combine to form amide bonds
in the RO membrane active layer. These additional
amide bonds and unreacted amino groups of the
nanoparticle further protect the active layer from chlo-
rine. Therefore, the addition of nanoparticles assists in
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Table 1
Contact angles of the membranes

Samples Contact angle (‘C)
PA 61.2
aPES 50.7
aPES/GO/aGO 55.4

protecting the PA structure from degradation through
chlorination, and is effective in improving the hydro-
philicity of the active layer of the TFC membrane.

4. Conclusions

Sulfonated poly(arylene ether sulfone) containing
amino groups was successfully synthesized via an
aromatic substitution reaction from SDCDPS and
m-aminophenol in the presence of anhydrous potas-
sium carbonate in DMAc; this was confirmed using
'H NMR.
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Three types of TFC RO membranes were success-
fully fabricated using the interfacial polymerization
method on a polysulfone UF substrate. Chemical and
physical structures were verified using FT-IR analysis
and SEM images. All the membranes were prepared
using the same technique.

The aPES/GO/aGO membrane displayed good
chlorine resistance; its RO performance was compara-
ble to that of the PA membrane. Water flux of the
aPES/GO/aGO membrane was 28.4L/m?h, which
was higher than that of the PA membrane (23.2L/
m?h). In addition, the aPES/GO/aGO membrane
showed a much higher chlorine resistance than the
PA and aPES membrane. This was due to the pres-
ence of nanoparticle layer and hydrophilic sulfonated
poly(arylene ether sulfone) material containing amino
groups.

In conclusion, the aPES/GO/aGO RO membrane,
which displayed a high chlorine resistance and good
RO performance, shows promise for use in the seawa-
ter desalination process, without significant decrease
in performance due to the presence of chlorine.
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