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ABSTRACT

While the technology of spiral-wound reverse osmosis membrane tends to be more and more
mature, the reports of hollow fiber reverse osmosis membranes are still relatively sparse. In
this report, the hollow fiber composite reverse osmosis membranes were prepared by the inter-
facial polymerization of m-phenylenediamine (mPDA) and trimesoyl chloride (TMC) using
polysulfone ultrafiltration membrane as the support. Post-treatments including with NaOCl
solution and polyvinly alcohol (PVA) solution were employed to improve the performance of
the membranes. The chemical composition and surface structure of the membranes obtained
at the different post-treatment conditions were characterized by attenuated total reflection
Fourier transform infrared (ATR-FTIR), X-ray photoelectron spectroscopy (XPS) and atom force
microscopy (AFM). The results showed that the salt rejection of the membranes increases dra-
matically but the permeate flux decreases slightly after NaOCl and PVA solution treatment. The
membrane treated with 500 ppm of NaOCl solution and 20 ppm of PVA solution by turn exhib-
ited the salt rejection of 96.3% and pure water flux of 10.9 I-m=h) at 500 ppm NaCl solution,
100 psi and 25°C.
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1. Introduction

Due to the increasing demand for water coupled
with a shortage of reliable water sources, the water
treatment industry has a booming development in
recent years. Reverse osmosis (RO) has become one of
the most efficient approaches for sea water desalination,
grey water reuse and pure water production. However,
the current commercial RO membranes are mostly in the
form of spiral-wound. Hollow fiber membranes have
the advantages of high surface to volume ratio and low
cost manufacturing process [1]. But there are very few

*Corresponding author.

research on hollow fiber RO membranes [2,3]. Modern
RO membranes for water purification are predomi-
nantly thin film composite (TFC) polyamide (PA) mem-
branes. For these reasons, it is important to develop TFC
membranes based on hollow fiber ultrafiltration mem-
branes combining the advantages of TFC membranes
and hollow fiber membranes.

Post-treatment is an effective method to improve
membrane performance. Treatment of TFC PA mem-
branes has been demonstrated to lead to improved
membrane performance [4]. Among them are chlorine
treatment [5-7] and PVA coating [8-11]. Chlorine treat-
ment has been disclosed in patents to be capable of
enhancing either the membrane permeability or salt
rejections. Its mechanism has been studied in detail [5-7].

Presented at the AMS6/IMSTEC10, The 6th conference of the Aseanian Membrane Society in conjunction with the 7th International
Membrane Science and Technology Conference, Sydney Australia, November 22-26, 2010



L. Ni et al. / Desalination and Water Treatment 34 (2011) 32-36 33

The PVA coating on commercial RO membranes were
demonstrated to impart the membrane enhanced
hydrophilicity and anti-fouling properties in addition to
improved solute rejection.

In thiswork, anovel hollow fiber reverse osmosis TFC
membrane was developed by interfacial polymerization
of TMC and MPDA on polysulfone(PSF) membranes as
support membranes. Post-treatment was conducted to
improve membrane performances. The chemical and
morphological structure of the treated membranes was
characterized in detail by using ATR-FTIR, scanning
electron microscopy (SEM), atomic force microscopy
(AFM) and X-ray photoelectron spectroscopy (XPS), to
better understand the relationship between the mem-
brane performance improvements with the membrane
structure changes.

2. Experimental
2.1. Materials

Outside-in polysulfone (PSF) hollow fiber membrane
with an outer diameter of 0.38 mm (MWCO-20000, Tianjin
MoTiMo Membrane Engineering and Technology Co.Ltd.,
Tianjin, China) was used as the support membrane for
preparation of TFC RO membrane. Trimesoyl chloride
(TMC) and m-phenylenediamine (mPDA) were pur-
chased from Tianjin Guangfu Chemical Plant Co. (China).
(+)-10-champhor sulfonic acid (CSA) was purchased from
Shanghai Jingchun Reagent, Ltd. Hexane, triethyl amine
(TEA), dodecyl sulfonic acid sodium salt (DDS) and
sodium chloride were all analytical grade and used as
received without any purification.

2.2. TFC membrane preparation

PSF hollow fiber membrane stored in 10% isopro-
panol aqueous solution was taken out and directly
immersed in MPDA (2%) aqueous solution (2% of TEA,
0.1% of DDS and 4.6% of CSA 4.6%) for a 15 min. Excess
aqueous solution was removed from the PSF hollow
fiber membrane surface by dipping with filter paper.
Then the PSF support membrane saturated by MPDA
solution was immersed into TMC (0.1%) solution for
30 s. After preparation, the fibers were left to dry over
night and then the module was built. Twenty fibers were
glued inside a module having an effective membrane
area of 59.7 cm?.

2.3. Post-treatments

Membrane chlorine treatment experiments were
performed using laboratory equipments constituted by
a feed tank of 11, a centrifugal pump, a manometer for

measuring the inlet pressure and a hollow membrane
cell made in our laboratory. The membrane was con-
taced with the aqueous solutions of 10 ppm, 100 ppm,
500 ppm and 1000 ppm NaOCI (pH was adjusted 10
with hydrochloric acid and sodium hydroxide) at pres-
sure of 0 psi, the feed flow rate of 3.5 I'min™' and tem-
perature of 25°C, in a continuous process, respectively.
The polyvinyl alcohol (PVA) coating was conducted
in the same way with PVA concentrations at 10 ppm,
20 ppm and 50 ppm.

2.4. Membrane characterization

All tests for thin film composite RO membranes per-
formance were conducted at 100 psi using a 500 ppm
NaCl solution at room temperature by using a cross-
flow type apparatus. Both permeate and retentate were
recycled back to the feed tank during the tests. All mem-
brane samples were prepared and tested at least twice
with a total of 3 membranes tests for RO performance,
results of which have been averaged. The salt rejection
(R) was calculated from the following equation:

G
R=]11-—1%x100%,
Ce

where C, and C; are the salt concentrations (mg-1"") of
permeate and feed which were measured by a conduc-
tance meter (DDS-11A, Shengbang Co., Tianjin, China),
respectively.

The flux (F) was calculated from the following equation:

_o0 (Vp—AV)
ot S-o0,-C

where V is permeate volume (L); S are the effective sur-
face area of membrane (m?); t is the penetration time (h).

ATR-FTIR spectra were obtained using a Nexus 470
FTIR spectrometer (Nicolet) equipped with an ATR
element and Omnic 6.2 software (Thermo Electron
Corporation). The membrane active layers were pressed
tightly against the crystal plate, and carbon dioxide and
water vapor were removed during the measurements.

Surface chemical structure was analyzed by using a
ThermoFisher K-alpha X-ray photoelectron spectroscopy
(XPS) employing a monochromated Al-Ka X-ray source
(hv = 1486.6 eV). Survey spectra were recorded with a
pass energy of 200 eV, and high resolution spectra with
a pass energy of 50 eV. Two regimes with a diameter of
400 um on each TFC membrane were radiated by X-ray
to collect atomic information. Relative atomic concentra-
tions of the membrane surface were calculated by nor-
malizing peak areas with the elemental sensitivity factor
data provided in the ThermoFisher database.
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Membrane surface roughness was determined by
atomic force microscopy (AFM, Agilent AFM5500, USA)
imaging and analysis, equipped with standard silicon
nitride cantilever (MikroMasch, USA).

3. Results and discussion
3.1. Chlorination
3.1.1. ATR-FTIR analysis

The surface chemical composition of the unmodified
and the modified membranes were characterized by the
ATR-FTIR spectroscopy and the spectra are presented in
Fig.1. Asshownin Fig. 1(a), the peak at 1667 cm™is due to
C=0O stretching (amide I peak) and the peak at 1542 cm™
is due to in-plane N-H bending (amide II peak) [12].
A small but well resolved peak at 1609 cm™ is associ-
ated with the hydrogen-bonded carbonyl of the amide.
Which clearly indicate that the interfacial polymeriza-
tion occurred and polyamide was formed. It is shown
in Fig. 1 (a) to (e) that the peaks corresponding to amide
I and II modes changed remarkable after chlorination,
indicating that chlorine reacts with the amide hydrogen
generating CON-Cl groups [13]. The shift to higher fre-
quency of amide I and the weaken peak at 1609 cm™
both indicated that hydrogen bonds between C=0 and
N-H were weakened. This finding allows us to surmise
that CON-Cl groups may affect the adjacent aromatic
ring or the chlorine atom of CON-Cl rearranges itself to
the adjacent aromatic ring.

3.1.2. XPS analysis

XPS analysis of TFC membrane treated with chlo-
rine for 1 h is shown in Fig. 2. There are peaks at 530 eV,
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Fig. 1. ATR-FTIR spectra for (a) unmodified TFC membrane,
(b) post-treatment TFC membrane (100 ppm NaOCI), (c)
post-treatment TFC membrane (200 ppm NaOCI), (d) post-
treatment TFC membrane (500 ppm NaOCl), (e) post-treatment
TFC membrane (1000 ppm NaOCI) over 1400-1700 cm™.
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Fig. 2. XPS of the polyamide TFC membrane treat with dif-
ferent NaOCl concentration for 1 h: (a) 0 ppm, (b) 100 ppm,
(c) 200 ppm, (d) 500 ppm, (e) 1000 ppm.

400 eV, 285 eV, which can be assigned to oxygen, nitro-
gen and carbon respectively. The new peaks at 200 and
270 are due to chlorine atom attached to the polyamide
membrane [13]. The new peaks increase with the con-
centration of hypochlorous acid. The XPS study on TFC
membranes exposed to chlorine reveals the presence of
new peaks at 200 eV and 270 eV due to chlorine atom
in addition to oxygen, nitrogen and carbon as shown in
Fig. 2. This indicated chlorine atom is attached to the
polyamide membranes.

3.1.3. Membrane performance

Fig. 3 shows the effects of NaOCl solution treatment
time on the composite membrane performance. It can be
seen that the rejection increases along with the time, how-
ever the flux remained unchanged. For the treatment over
50 min, the flux declined significantly. Since the compos-
ite membrane surface is negatively charged, the rejection
of the inorganic salt is influenced by both the electrostatic
and the screening effect, while the electrostatic effect
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Fig. 3. Effect of treating time of NaOCl solution on the
composite membrane performance.
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plays a dominate role. The more negatively charged is
the membrane surface; the better is the membrane per-
formance. After the treatment of NaOClI, oxidation reac-
tion will occur on the membrane surface, which reduces
the amount of terminal amino groups of the membrane
surface and increases the negative charge along with the
rejection of composite membrane.

Fig. 4 shows effects of NaOCl concentration on the
composite membrane performance. It can be seen that
the membrane rejection increased for a certain treat-
ment, with the increasing concentration of NaOCl solu-
tion, the flux decreases slightly. When the concentration
reached 500 ppm, along with the treating solution con-
centration, the rejection began a slight decline, while the
flux remaining at a stable value unchanged.
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Fig. 4. Effect of NaOCl concentration on the composite mem-
brane performance.
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3.2. PVA coating layer
3.2.1. Surface morphology

The morphological variation of the membranes
treated with PVA of different concentration was moni-
tored by AFM. The pictures are shown in Fig. 5. It can
be seen that the composite membrane roughness sig-
nificantly decreased with PVA treatment, that is, the
membrane surface becomes smoother. The untreated
composite membrane (Fig. 5-a) has the typical ridge-and-
valley structures commonly observed for this type of PA
membranes [14-16]. And the “valley” structure on the
surface of PVA treated composite membrane (Fig .5-b)
disappeared. The reason is that the “valley” was filled
by PVA molecules, leading to a smoother membrane
surface. At the same time, the defects of the membrane
surface were repaired leading to increased salt rejection.

3.2.2. Membrane performance

Fig. 6. shows effect of the time of PVA treatment on the
composite membrane performance. It can be seen that the
salt rejection of the membranes rapidly increased firstly
and then kept stable with an increase in treating time of
PVA. When the PVA concentration was 50 ppm, the change
of rejection was the most significant. With increase of treat-
ing time, the flux began to decrease rapidly and then came
to a plateau at the treatment time over 40 min. When the
PVA concentration was 50 ppm, the flux decreased obvi-
ously. So it can be concluded that although modification
with PVA improves the rejection, it leads to decreased flux,
the effects increasing with increasing PVA concentration.
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Fig. 5. AFM images of the polyamide TFC membranes with different PVA concentration for 1 h: (a) 0 ppm, (b) 50 ppm.
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Fig. 6. Effect of treating time of PVA solution on the compos-
ite membrane performance: flux (F) and rejection (R) after
membrane coated with 10 ppm, 20 ppm and 50 ppm PVA,
respectively.

4. Conclusions

A novel polyamide hollow fiber reverse osmosis
membrane was synthesized by interfacial polymerizai-
ton on a polysulfone ultrafiltration support membrane,
followed by post-treatments to improve membrane per-
formance. Both the treatment with alkaline hypochlorite
and PVA can improve membrane rejection dramati-
cally with medium trade off of membrane flux. When
the membrane rejection is considered as a premium for
membrane performance, these treatments can be poten-
tial methods to improve membrane performance.
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