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ABSTRACT

Sulfonated poly(arylene ether sulfone) containing sulfonic acid and amino groups (SDADPS)
were successfully synthesized using direct-step polymerization as a novel thin-film compos-
ite (TFC) reverse osmosis (RO) membrane material for high chlorine resistance. TFC mem-
branes were prepared using an interfacial polymerization (IP) reaction with trimesoyl
chloride (TMC) and amine solution, containing m-phenylenediamine (MPDA) and SDADPS,
on a polysulfone (PS) ultrafiltration (UF) support membrane. The synthesized SDADPS and
fabricated TFC RO membranes were characterized by nuclear magnetic resonance spectros-
copy and scanning electron microscope. Moreover, RO performances, salt rejection and water
flux, were measured using a cross-flow cell instrument. Chlorine resistance was evaluated
using sodium hypochlorite solution. The membrane fabricated with SDADPS was compared
with a typical polyamide (PA) TFC membrane which was prepared by IP reaction with TMC
and MPDA on a PS support membrane. The SDADPS RO membrane had much higher chlo-
rine resistance than PA RO membrane and showed good RO performances, such as water

flux (32L/m?h) and salt rejection (95%).
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1. Introduction

Recently, desalination technology using mem-
branes, especially RO seawater desalination, is an
attractive and efficient technique for new sources of
water. The RO membrane plays an important role in
the seawater desalination process. RO membrane tech-
nology is the widespread technique of membrane
desalination process. RO membrane is required to
have high salt rejection and high water flux [1-4].

*Corresponding author.

The first RO desalination membrane was devel-
oped by Loeb and Sourirajan in the 1960s. The first
desalination RO membrane started from the cellulose
acetate (CA) membrane [5,6]. The development of PA
thin-film composite (TFC) membrane is a major turn-
ing point in the membrane desalination field. PA TFC
RO membranes consisted of a top active layer formed
in situ on the surface of a support layer via interfacial
polymerization (IP) technique. The support layer is
usually an ultrafiltration (UF) substrate made of PS or
polyethersulfone. The UF support substrate gives the
membrane necessary mechanical strength, while the
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top active layer is used for performing the separation
function. The active top layer and the support
substrate layer can be independently improved to
enhance the membrane performance [7,8].

PA RO membranes exhibit good transport proper-
ties and are more stable over a wider range of pH than
CA membranes. Thus PA TFC RO membranes are the
most widely used commercial seawater desalination
membranes. However, PA TFC RO membranes are sen-
sitive to chlorine attacks, which led to a performance
loss of the membrane. Moreover, low water flux is one
of the problems of PA TFC RO membranes [9,10].

In order to overcome these disadvantages, much
effort has been centered on developing membranes
with higher water flux through design and synthesis
of new active layer materials or modifications of the
membranes. Among them, sulfonated poly(arylene
ether sulfone) (PES) materials, based on polysulfone
(PS) which has a PES structure, are of considerable
interest, because these materials have good physical
properties and good chemical and thermal stability.
PS is a hydrophobic material, thus, if used in a TFC
membrane, water permeation will be very low. There-
fore, to improve water flux, chemical modification of
the membrane materials by the introduction of hydro-
philic functional groups, such as sulfonic acid groups,
has been employed. Sulfonated aromatic materials are
one of the promising materials for desalination RO
membranes, which have high water flux and chlorine
resistance [11-15].

The objective of this study was to synthesize sul-
fonated PES materials containing sulfonic acid
groups and amino groups, desulfonated 4,4'-bis(3-
aminophenoxy) phenylsulfone (SDADPS), and to pre-
pare asymmetric TFC RO membranes using IP. To
synthesize the SDADPS, we prepared 3,3'-disulfonat-
ed-4,4'-dichlorodiphenyl sulfone (SDCDPS) from
dichlorodiphenyl sulfone (DCDPS).The synthesized
SDCDPS and SDADPS were characterized by nuclear
magnetic resonance (NMR). The fabricated mem-
branes, PA and SDADPS, were characterized by field
emission scanning electron microscope (SEM). The
membranes were immersed in 2000 ppm aqueous
sodium hypochlorite (NaOCI) solution to evaluate
the chlorine resistance of the membranes. The perfor-
mances of membrane were evaluated in a cross-flow
cell apparatus.

2. Methods

2.1. Materials

DCDPS, m-aminophenol and anhydrous potassium
carbonate (K,COsz;) were obtained from Aldrich.
DCDPS, m-aminophenol were dried under vacuum at

80°C for 12h prior to use. Anhydrous potassium car-
bonate was used as received. 3,3'-disulfonated-4,4'-
dichlorodiphenyl sulfone (SDCDPS) was synthesized
according to previously published methods [16,17]
and dried under vacuum at 100°C for 24 h before use.
N,N-dimethylacetamide =~ (DMAc), m-phenylenedi-
amine (MPDA), ethylenediamine, trimesoyl chloride
(TMC) (Sigma-Aldrich), toluene, ethanol (J.T. Baker)
and sulfuric acid (Daejung reagents and chemical)
were used as received.

2.2. Synthesis of sulfonated PES material containing
sulfonic acid and amino groups

The sulfonated PES materials containing sulfonic
acid and amino groups were synthesized using nucle-
ophilic aromatic substitution.

First, into a three-necked round-bottomed flask
(250 mL) equipped with a mechanical stirrer, a nitrogen
inlet-outlet and a Dean-Stark trap fitted with a con-
denser, m-aminophenol (3.33g) and K,CO; (4.63g)
were charged along with DMAc (45mL) as a solvent
and toluene (18.0mL) as an azeotropic agent. The mix-
ture was stirred by refluxing at 145°C for 6 h. Finally,
the azeotropic solvent was completely removed after
6h, and then SDCDPS (7.5g) was added into the reac-
tion flask along with more DMAc (10 mL) and the reac-
tion mixture was stirred by heating at 170°C for 24 h.
The reaction solution was cooled to room temperature
and diluted with DMAc. The solution was filtrated to
remove inorganic salts. After filtration, the product
was isolated by precipitating in ethyl acetate solution
resulting in a light brown solid. The precipitated mate-
rial was successively washed several times with etha-
nol and dried under vacuum at 100°C for 12 h.

2.3. Fabrication of thin-film composite reverse osmosis
(RO) membrane

Both polyamide (PA) and SDADPS TFC RO mem-
branes were fabricated via typical IP using PS UF
membranes (UE50, Trisep Corporation, USA). The
method used for the formation of the PA TFC RO
membrane is as follows. The PS 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 off the membrane surface. Then, the mem-
brane was immersed into a solution of 1% (w/v) TMC
in cyclohexane for 1min. After removing the excess
solution, the membrane was heated in an oven at 70°
C for 1min for further polymerization.

An SDADPS membrane was prepared according to
the method as follows. The PS UF membrane was
placed in the aqueous solution, which was adjusted to
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pH 10 by camphor sulfonic acid, containing a 1%
(w/v) mixture of SDADPS and MPDA, triethylamine
(1%) and dodecyl sulfonic acid sodium salt (0.05%).

Feed Retentate
Cell
Permeate
Feed
Tank
Pump

Scheme 1. The simplified structure of the cross-flow cell
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The solution was then rolled with a roller to get rid of
excess solution off the membrane surface. The mem-
brane was immersed into a solution of 1% (w/v) TMC
in cyclohexane for 5min. After removing the solution,
the membrane was treated in an oven at 70°C for 1 min.

2.4. Characterizations

The SDCDPS and SDADPS were identified by ele-
mental 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-dg
(DMSO-ds) as a solvent. The membrane surface was
imaged by electron microscope (SEM) with S-4300, Hit-
achi, Japan.

Separation performance of the TFC membranes
was tested with 32,000 ppm NaCl solution using the
cross-flow cell apparatus and evaluated in terms of
water flux and salt rejection. The simplified structure
of the cross-flow cell apparatus is shown in Scheme 1.

The effective membrane area was around
12.56 cm®. All tests were conducted at room tempera-
ture at an applied pressure of 55bars. The water flux

apparatus.
NaO;S
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Scheme 2. The synthesis sequence of the SDCDPS.
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Fig. 1. "H NMR spectroscopy of SDCDPS in DMSO-ds.
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was determined by measuring the weight of the per-
meate solution through the membrane per unit time
in terms of liter per square meter per hour (L/m”h).
Salt rejection was measured by the salt concentration
in the feed and permeated solutions using a conduc-
tivity meter (PC 650, EUTECH). The rejection rate was
calculated using the following equation:

C eed T C ermeate
rejection (%) = (%) x 100
feed

where Cgeeq and Cpermeated are the concentrations of
the feed solution and permeate solution.
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Especially for the measurement of chlorine resis-
tance, the membrane was immersed in aqueous
sodium hypochlorite (NaOCl) solution (2,000 ppm).

3. Results and discussion
3.1. Characterization

SDCDPS was prepared via electrophilic aromatic
substitution using DCDPS and fuming sulfuric acid.
For purity of monomers, recrystallization of the
SDCDPS from alcohol-water mixture was performed.
The synthesis sequence of the SDCDPS is outlined in
Scheme 2.

NaO;S
I
Cl1 " Cl1
0 Na0s$ NH;
SO

SDCDPS i 1’|

¥ = ° ||

NH; v

HoN S049Na
HO
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Scheme 3. The synthesis sequence of the SDADPS.
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Fig. 2. "H NMR spectroscopy of SDADPS in DMSO-ds.
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The chemical composition and structure of the
SDCDPS were confirmed by elemental analysis, 'H
NMR spectroscope using DMSO-d; as the solvent. The
spectra of SDCDPS are shown in Fig. 1. Assignment of
each proton is given in this figure, and these agree with
the proposed molecular structures of the SDCDPS.

Sulfonated PES containing sulfonic acid and amino
groups was synthesized through polycondensation
3,3 -disulfonated-4,4’-dichlorodiphenyl sulfone (SDCDPS)
and m-aminophenol in the presence of anhydrous
potassium carbonate in DMAc. Toluene was used as
an azeotroping agent to remove water during the
reaction. The reaction sequence of the sulfonated PES
sulfonic acid and amino groups is shown in Scheme 3.

The 'H NMR spectra of SDADPS are shown in
Fig. 2. Assignment of each proton is given in this fig-
ure, and these agree with the proposed molecular
structure of the sulfonated PES containing sulfonic
acid and amino groups.

The active layer surface and structure of the TFC
membrane were observed by SEM. Fig. 3 shows a

-
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SEM image of the PS UF membrane surface, fabri-
cated TFC RO membrane surface and fabricated TFC
RO membrane cross section.

As shown in Fig. 3, the surface of the TFC RO mem-
brane exhibited the familiar “hill and valley” structure
of PA RO membranes [18] and the cross-section of TFC
RO membrane indicated the presence of a thin, selec-
tive active layer, which was a few hundred nanometers
thick and was supported on a PS UF support layer. The
SEM images of the membrane confirmed that the TFC
membrane was successfully fabricated.

3.2. Performances of RO membranes

The TFC RO membranes were fabricated by IP of
the tri-functional biphenyl acid chloride with a
mixture of SDADPS 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 solution at room tem-
perature. The RO performance of TFC membranes fab-

Bottom Support Layer

WD13 .0mm 15.0kV x50k

Fig. 3. SEM images of membranes; (a) PS UF membrane surface, (b) SDADPS TFC RO membrane surface and (c)

SDADPS TFC RO membrane cross section.
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ricated in this study was compared with that of the
PA membrane produced in our laboratory.

Fig. 4 shows the salt rejection and the water flux
of the membranes.

In these comparative studies, the water flux was
found to be enhanced for SDADPS membranes, while
a little decrease in salt rejection. The good perfor-
mance of the SDAPDS membrane comes from the
incorporation of the rigid and hydrophilic materials.
The improved water flux of the membranes containing
SDADPS material is due to the hydrophilicity of the
functional groups, such as sulfonic acid groups (-
SO3;H), in the materials. The sulfonic acid groups in
the SDADPS provided additional hydrophilic sites to
the TFC RO membranes, which could provide the
increase in water flux. The water flux of membranes
increased  from  23L/m’*h  (PA) to 32L/m’h
(SDADPS). However, as the amount of sulfonic group
increases, the amount of amino groups in the materi-
als is decreased. This leads to a decrease in the

(a) 100 ' ' '
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50 |
40 |
30 |
20 |
10 |
i

Salt Rejection (%)

PA SDADPS

~—
=2
S

Water Flux (L/m°h)

PA SDADPS

Fig. 4. Comparison of the RO performances of the
SDADPS membrane with PA membrane; (a) salt rejection
and (b) water flux.
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amount of amide bonds in the active layer of mem-
brane, which was the reason why the salt rejection
decreased from 98% (PA) to 95% (SDADPS).

We compared the RO performance of SDADPS
membrane which is immersed in various typical sol-
vents for 24 h with the original membrane for chemi-
cal stability test. Fig. 5 shows the salt rejection and
water flux of the SDADPS membrane after immersion
in various solvents for 24 h.

Actually, the SDADPS materials are soluble in
polar solvents. However, it can be seen that the RO
performance of SDADPS membrane was not
decreased. These results represented that the SDADPS
membrane was very stable in these solvents after the
formation of an active top layer by IP reaction. The
high chemical stability of the SDADPS membrane
comes from the cross-linked structure in the top active
layer.

The TFC RO membranes have been exposed to
2,000 ppm aqueous NaOCl solution for certain times.
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Fig. 5. Chemical stability of SDADPS membranes in
various solvents; (a) salt rejection and (b) water flux (%
before immersion, l: after immersion).
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Fig. 6. Variation of RO performances of the membranes on
chlorine exposure; (a) salt rejection and (b) water flux.

Fig. 6 shows the variation of RO performances of the
membranes with chlorine treatment.

Fig. 6 clearly shows a decrease in salt rejection
within 6 hours of exposure to 2,000 ppm chlorine
solution. The salt rejection performance of SDADPS
membrane was compared with PA membranes pre-
pared by the MPDA and commercial PA membrane
(RE4040-SHN, CSM). In the case of PA membrane,
the salt rejection decreased rapidly with chlorine
exposure time (98-21%) and (99-33% for commercial
membrane), while salt rejection of SDADPS mem-
brane a little decreased (95-55%). Water flux of PA
membrane increased drastically with chlorine solution
immersion time (20-62L/m?h and 23-63L/m’h for
commercial membrane), while water flux of SDADPS
membrane increased (31-48L/m*h). For PA mem-
brane, the decrease in salt rejection accompanying the
abrupt increase in the flux of the PA membrane is
due to the chemical deposition of amide bonds by

free chlorine. However, the SDADPS membrane
showed better chlorine resistance compared with the
PA membrane, because the SDADPS has good chemi-
cal stability.

It is supposed that the high chlorine resistance and
RO performance of the SDADPS membrane comes
from the sulfonated PES materials containing sulfonic
acid and amino groups.

4. Conclusions

A sulfonated PES containing sulfonic acid and
amino groups was successfully synthesized via an
aromatic substitution reaction from 3,3'-disulfonated-
4,4'-dichlorodiphenyl sulfone (SDCDPS) and m-amino-
phenol in the presence of anhydrous potassium car-
bonate in DMAc, which was confirmed by 1H NMR
spectrum.

Two kinds of TFC RO membranes were success-
fully fabricated through IP of the TMC with a MPDA
(PA membrane) and mixture of SDADPS and MPDA
(SDADPS membrane) on PS UF support membrane.
The surface and cross-section structures were verified
by SEM images.

The SDADPS membrane shows good chlorine
resistance and comparable RO performance with typi-
cal PA membrane. The water flux of the SDADPS
membrane was 32L/m?h, which was significantly
higher than the PA membrane (23L/ m? h), while a lit-
tle decrease in salt rejection. This is because of the
presence of the bulky, hydrophilic sulfonated PES
material containing sulfonic acid groups. In addition,
the SDADPS membrane showed much higher chlorine
resistance than PA membrane.

The chemically stable structure of SDADPS mate-
rial and cross-linked structure of the active layer
would contribute to the high chlorine resistance and
good RO performances, respectively.

Consequently, the SDADPS TFC RO membrane
which has high chlorine resistance and good RO per-
formance is favourable for the seawater desalination
process without significant decrease in performance.
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