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ABSTRACT

In this study, hyperbranched aromatic polyamide-grafted silica (HBP-g-silica) and disulfonat-
ed 4,4-bis(3-aminophenoxy)phenyl sulfone (aPES) composite membrane was prepared to
enhance the chlorination resistance of reverse osmosis (RO) membrane for desalination pro-
cess. As the commercial polyamide (PA) RO membrane is very weak against free chlorine in
desalination process, inorganic nanoparticle and new membrane material were introduced to
RO membrane’s active layer. The HBP-g-silica which includes lots of PA chains on the sur-
face of silica and the new material aPES for RO membrane were characterized by 1H-NMR
and Fourier transform infrared spectroscopy (FT-IR). The surface morphology of synthesized
RO membrane was characterized by scanning electron microscope, and the performance, salt
rejection, and water flux were evaluated before and after chlorination test. After the chlorina-
tion test, salt rejection was decreased by 36.2% and water permeation was increased only by
5.6% compared to the performance before chlorination measurement. The HBP-g-silica
loading significantly modified the three-dimensional polyamide network structures and
contributed to high performance by the chain stiffness of the copolymer with high degree of
cross-linking. Therefore, the HBP-g-silica that protects PA structure from degradation
enhances chlorine resistance in RO membrane.
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1. Introduction

In the past several years, there has been increasing
interest in RO membrane for desalination [1]. Thin-
film composite (TFC) polyamide (PA) membranes are
currently used in commercial RO membranes [2]. The
active layer of these membranes is formed by

interfacial polymerization on top of mesoporous ultra-
filtration (UF) support layer. The interfacial polymeri-
zation is based on a polycondensation reaction
between polyfunctional amine and acid chloride.
Among these materials, m-phenylenediamine (MPD)
and trimesoyl chloride (TMC) are the most successful
commercial products [3,4]. Water flux and salt rejec-
tion rate are two key parameters for RO membranes.
Ideally, RO membranes should possess high flux and
high salt rejection, in addition to excellent chlorine*Corresponding author.
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and fouling resistance, mechanical durability, and low
cost. However, PA membranes have some drawbacks
such as chlorine susceptibility in the desalination pro-
cess [5]. The research has been carried out to develop
chlorine resistance membranes with higher salt rejec-
tion, water permeation through changing monomer
structure [6–8], adding nanoparticle [9,10], and design
and synthesis of new polymer membranes [11,12].

Sulfonated poly arylene ether sulfones (PESs)
based on polysulfone have excellent chemical,
mechanical properties, and thermal stability. PESs do
not possess the vulnerable amide bond that is suscep-
tible to chlorine attack. However, the salt rejection is
below the acceptable level necessary for commerciali-
zation [13]. The use of sulfonated aromatic polymers
as RO membranes began with sulfonated poly phenyl-
eneoxide in the 1970s [14]. PES membranes have also
been considered for RO applications [15,16]. The early
success of McGrath in using sulfonated aromatic poly-
mers as RO membrane has led to intensive research
[17]. However, all of these membranes were
postsulfonated using concentrated sulfuric acid, and
undesirable side reactions and poor quantitative
reproducibility were encountered. Paul et al. charac-
terized the membrane via a series of controlled molec-
ular weight which disulfonated 50% of PES with
phenoxide endgroups [18].

Introduction of hyperbranched aromatic polyam-
ide-grafted silica (HBP-g-silica), which includes lots of
amine groups on the surface of silica, can enhance the
chlorination resistance of PA membrane for desalina-
tion process. Amine groups on the surface of silica
particles are chemically combined with copolymer in
the PA active membrane and change the matrix of
active layer into firm and complex structure with
steric conformation. In this study, an enhanced chlo-
rine-tolerant TFC RO membrane was prepared by
introducing aPES and HBP-g-silica. Furthermore, the
surface-modified nanoparticles were synthesized to
enhance the effect of nanopaticles in RO membrane
active layer. TFC membrane was prepared through an
interfacial polymerization on the polysulfone support-
ing film. The characterization of synthesized HBP-g-
silica, chemical structure of polymer, morphology of
the TFC membrane, as well as the chlorine resistance
was also discussed. To evaluate the influence of the
aPES and HBP-g-silica in the modified membrane,
water permeation and salt rejection were measured
before and after exposure in a solution of 500mg/L
aqueous sodium hypochlorite (NaOCl) for 24 h at
room temperature for accelerated stress test of RO
membrane. All tests were conducted at 55 bar and
room temperature using a 32 g/L NaCl solution of the

same condition with desalination process in the
cross-flow cell apparatus.

2. Experimental

2.1. Chemicals

Nano-sized silica with an average diameter of
7 nm, 1,3-aminopropyl triethoxysilane (APS), 3,5-
diaminobenzoic acid (DABA), 4-(4,6-dimethoxy-
1,3,5-triazine-2-yl)-4-4-methyl-morpholinium chloride
(DMTMM) were purchased from Aldrich, Seoul,
Korea. The disulfonated material was synthesized
with 3-amino phenol, sulfonated 4,40-dichlorodiphe-
nyl-sulfone (SDCDPS), potassium carbonate (K2CO3)
which were obtained from Aldrich, Seoul, Korea.
These monomers were used as received. The materi-
als, MPD, triethylamine (TEA) in distilled water as
aqueous phase and TMC in cyclohexane as organic
phase were obtained from Aldrich, Seoul, Korea. The
solvents, toluene, methanol, ethanol, dimethylacet-
amide (DMAc) were of analytical grade purchased
from TCI, Korea and were used without further
purification.

2.2. Synthesis of aPES

The aPES was synthesized by the method of
McGrath et al. [19–21]. A mixture of 6.65 g 3-amino
phenol, 9.27 g dry K2CO3, 90ml of dry DMAc, and
37.5ml of toluene was stirred by refluxing at 145�C
for 6 h. Fifteen grams of SDCDPS was added into the
mixture along with 15ml of more DMAc and the
reaction mixture was stirred by heating at 170�C for
20 h. The reaction solution was filtered to remove the
salt and then cooled down to room temperature. The
synthesized aPES was isolated by precipitating in
ethyl acetate solution resulting in very light brown
solid.

2.3. Synthesis of HBP-g-silica

The following experimental procedures were
applied for the synthesis of HBP-g-silica. A mixture of
5.0 g nano-silica, 150mL toluene, and 5g APS was stir-
red under refluxing temperature for 8 h under nitrogen
atmosphere. The APS-silica particles were filtered and
extracted with ethanol for 24h to remove the excess
silane adsorbed on the silica. After, the light brown
powder was dried overnight at 60�C under vacuum. A
mixture of 5.0 g APS-silica, 15.2 g DABA, 2.76g
DMTMM, and 500ml methanol was stirred for 24h at
room temperature under nitrogen atmosphere. The
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HBP-g-silica product was filtered and extracted with
methanol for 12h. Finally, the HBP-g-silica was washed
with methanol and was dried overnight at 60�C under
vacuum.

2.4. Fabrication of TMC membrane

The composite RO membranes were prepared
using the following procedure. The porous polysulf-
one UF membranes (UE50, Trisep Corporation, USA)
were used as a support membrane. The types of RO
membranes which were polyamide membrane (PAM),
aPES composite polyamide membrane (aPAM), and
HBP-g-silica/aPES composite polyamide membrane
(H-aPAM) were fabricated by interfacial polymeriza-
tion. Fig. 1 shows that chemical structure of RO mem-
branes (a) PAM, (b) aPAM, and (c) H-aPAM. First,
1wt% aqueous solution was prepared by the dilution
of TEA in distilled water. The 1wt% aqueous solution

was poured over the support membrane and allowed
to soak in for 2min. The excess solution was drained
from the surface by soft rubber roller until no liquid
had remained. The membrane was placed into an
organic phase solution of 0.1wt% TMC in cyclohexane
for 1min. After removing the excess organic phase
solution, the membrane was heated in an oven at 60�
C for 1min. The optimal ratio of aPES to MPD and
inorganic particle contents in RO membrane were
obtained by other researches in our laboratory. Table 1
described the fabrication type of RO membranes and
mixture component of aqueous phase solution.

2.5. Membrane performance evaluation

All tests were conducted at 55 bar and room tem-
perature using a 32 g/L NaCl solution in the cross-
flow cell apparatus. The chlorine resistance of RO
membrane was evaluated comparing the salt rejection

Fig. 1. Chemical structure of RO membranes: (a) PAM, (b) aPAM, and (c) H-aPAM.
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and water permeation before and after hypochlorite
exposure with 500mg/L NaOCl solution for 24 h at
room temperature. Synthesized RO membranes were
soaked in chlorine solution for hypochlorite exposure.
The area of effective membrane was around 12.56 cm2.
The water flux was measured by the amount of water
permeation flow in terms of liter per square
meter-hour (L/m2h). The salt rejection rate was deter-
mined by the salt concentration in the feed solution
(Cf) and permeate solution (Cp) obtained by a conduc-
tivity meter (PC 650, EUTECH) and was calculated by
using the following equation:

rejectionð%Þ ¼ Cf � Cp

Cf

� �
� 100

2.6. Characterization

The molecular structure of aPES was identified by
elemental analysis such as C, H, N. 1H-nuclear mag-
netic resonance (NMR) spectra of the products were
obtained at 300MHz on the Varian Mercury 300 spec-
trometer using dimethyl sulfoxide-d6 (DMSO-d6) as a
solvent. The characterization of synthesized HBP-g-sil-
ica and composite polymer on the RO membrane was
identified by Fourier transform infrared spectroscopy
(FT-IR). The FT-IR spectra were recorded by using a
Bomen DA-8 spectrometer. The membrane surface
was imaged by a scanning electron microscope (SEM)
with an S-4300, Hitachi, Japan.

3. Results and discussion

3.1. Synthesis and characterization of aPES

The aPES was synthesized via aromatic nucleo-
philic reaction chemistry using SDCDPS intermediate
and m-aminophenol as a nucleophile in the presence
of K2CO3. The molecular structure and composition of
the aPES were confirmed by proton 1H-NMR in
DMSO-d6. The

1H-NMR spectra show seven different
aromatic ring protons that appear at H1 (8.21 ppm),

H2 (7.79 ppm), H3 (7.0 ppm), H4 and H5 (6.19 ppm),
H6 (6.88 ppm), and H7 (6.39 ppm) Fig. 2. Aromatic
amine proton shows a peak at 5.33 ppm which means
the amine functional group in the sulfonated poly
(arylene ether sulfone) material. The protons have an
integration ratio of seven ring protons/1 aromatic
amine protons.

3.2. Synthesis and characterization of HBP-g-silica

Organic/inorganic conjugation was examined in
HBP-g-silica. The FT-IR spectroscopy was used to
identify the presence of related bond with inorganic
materials Fig. 3. The band at 1630 cm�1 is due to amid
I band (C=O stretch) [22,23]. Relatively strong bending
band is shown at around 1550 cm�1 for secondary
amide structure due to its combination of C–N
stretching band and its N–H bending band [24]. Also,
the band at 3,180, 3,350 cm�1 suggested the formation
of amide bond which is caused by the grafted PA
polymer onto HBP-g-silica. The presence of HBP-g-sil-
ica is reflected as a strong band at about 670, 740, and
1,060–1,080 cm�1. These results verify that PA chains
from HBP were chemically grafted onto the HBP-g-sil-
ica surface.

3.3. Properties of membrane

The FT-IR spectroscopy was used to identify the
presence of functional groups in the active layer of
TFC membranes.

In Fig. 4, there are various peaks of aPAM, H-
aPAM and PAM membranes. There are only few
peaks and small transmittance in the PAM spectrum.
The peaks examine chemical bonding at 1663 cm�1

amid I band (C=O stretching—dominant contributor,
C–N stretching, and C–C–N deformation vibration in
a secondary amide group), at 1,609 cm�1 aromatic
amide (N–H) deformation vibration and C=C ring
stretching vibration, at 1,550 cm�1 amid II band (N–H
in-plane bending and N–C stretching vibration of a –
CO–NH– group) and for semi-aromatic poly(piperaz-
inamide), at 1,630 cm�1 amid I band for poly(piperaz-

Table 1
Fabrication type of RO membranes and mixture component of aqueous phase solution

Membrane Polyfunctional amine Inorganic particle

PAM MPD –

aPAM aPES:MPD (1:1) –

H-aPAM aPES:MPD (1:1) HBP-g-silica 2wt%
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inamide) in aPAM and H-aPAM FT-IR spectra [22–
25]. A linear relationship exists between the degree of
sulfonation and the density ratio of sulfonate stretch-
ing at 1,030 cm�1 to diphenyl ether band at
1,006 cm�1. The presence of HBP-g-silica is well
reflected as a strong band at 670, 740, and 1,060–

1,080 cm�1. Thus, the FT-IR spectra confirm that HBP-
g-silica was chemically combined with copolymer in
the H-aPAM active layer. The presence of HBP-g-silica
may change the matrix of active layer into a firm and
complex structure on the RO membrane.

Fig. 2. 1H-NMR spectra of aPES in DMSO-d6.

Fig. 3. The FT-IR spectra of neat silica and HBP-g-silica. Fig. 4. The FT-IR spectra of PAM, aPAM, and H-aPAM.

S.Y. Park et al. / Desalination and Water Treatment 43 (2012) 221–229 225



Fig. 5. SEM images of surface of fresh PAM (a), aPAM (b), and H-aPAM (c) before chlorination, and surface of PAM (d),
aPAM (e), and H-aPAM (f) after chlorination.
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3.4. Membrane surface structure

Surface morphological structure of the composite
membranes before and after chlorination condition
was characterized by using SEM. SEM images of the
fresh and chlorinated membrane surface for PAM,
aPAM, and H-aPAM are provided in Fig. 5. Fig. 5(a)
shows that the surface feature of the fresh PAM
appears regular and with packed patterns, while the
surface feature of aPAM and H-aPAM in Fig. 5(b) and
(c) appears to be infrequently and irregularly. The
microscale surface morphology of H-aPAM shows
three-dimensional structures due to steric conforma-
tion with HBP-g-silica particles. After chlorination, the
surfaces of membranes are flat and smooth due to the
degradation of copolymer matrix. The round and
large defects appeared on PAM of Fig. 5(d), while the
linear and thin defects appeared on aPAM of Fig. 5(e).
The surface feature of H-aPAM in Fig. 5(f) becomes
denser and compacter than others, and the degradable
copolymer is sparsely dotted with HBP-g-silica
particles.

3.5. Effect HBP-g-silica on chlorine toleranance of RO
membrane

RO performance in Fig. 6 in terms of water flux
and salt rejection was evaluated using the PAM,
aPAM, and H-aPAM before and after chlorination
through cross-flow permeation tests. The test condi-
tions were the same as the actual desalination process
conditions, 32 g/L NaCl concentration and 55 bar pres-
sure. The performance of RO membranes fluctuated in
the beginning of the measurement, but it reached a
steady state after 2 h. The measured water flux and
salt rejection of membranes chlorinated under condi-
tions of 500mg/l NaOCl for 24 h is presented in Fig. 6

(b). After chlorination, the lower performance of mem-
branes resulted from flow through a lot of defects and
large pores in all membranes’ surface. The salt rejec-
tion of chlorinated aPAM is reduced by 52%, while
the salt rejection decreases from 95.9% for the fresh

Fig. 6. The performance of self-made RO membranes: (a)
salt rejection and (b) water permeation.

Fig. 7. The mechanism of chlorine attack on the RO membrane active layer.
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PAM to 40.6% after chlorination. The water perme-
ation of chlorinated aPAM and PAM increases to 34%
and 242% when compared to values before chlorina-
tion, respectively. The N-chlorination and concomitant
ring-chlorination reactions through Orton-rearrange-
ment can disrupt the intermolecular hydrogen bonds
and destroy the symmetry of polyamide network,
sequentially resulting in a transformation from crystal-
line regions to an amorphous state [26–28]. Fig. 6
clearly shows that the chlorine resistance of the H-
PAM is much better than that of the aPAM, PAM.
The good chlorine resistance of the H-aPAM can be
explained as follows. HBP-g-silica was chemically
combined with copolymer in the H-aPAM active
layer. The intermolecular hydrogen bonding is
enhanced by the coating layer [29]; this will impede
the replacement of hydrogen with chlorine on the
amide groups of the aromatic polyamide membranes
[26]. The presence of HBP-g-silica may change the
matrix of active layer into compacted and complex
structure with steric conformation. Furthermore,
amino groups in HBP-g-silica and TMC are combined
through the formation of an amide bond in the RO
membrane active layer. These additional amide bonds
and unreacted amino groups of HBP-g-silica protected
the active layer from chlorine. The scheme of simpli-
fied mechanism of chlorine attack on the active layer
is shown in Fig. 7.

The protective and sacrificial composition between
HBP-g-silica and copolymer will prevent the attack of
chlorine on the underlying active layer.

4. Conclusion

The chlorine-tolerance of HBP-g-silica and aPES
composite polyamide membrane has been presented.
The FT-IR spectra of HBP-g-silica showed that amine
groups were grafted onto the silica surface and amide
bonds were conjugated between PA and HBP-g-silica.
The PAM, aPAM, and H-aPAM were fabricated by
interfacial polymerization. The different properties of
membranes were characterized by FT-IR spectra and
SEM to verify effectiveness of HBP-g-silica. The per-
formance of H-aPAM was evaluated to exhibit 91.2%
salt rejection and 78.34L/m2 water permeation. After
chlorination, H-aPAM shows lower decrease in 36% of
salt rejection and increase in 5% of water permeation
than PAM. The HBP-g-silica loading significantly
modified the three-dimensional PA network structure
and contributed to high performance by the chain
stiffness of the copolymer and high degree of cross-
linking.
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