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ABSTRACT: A polyamide (PA) nanofiltration (NF) com-
posite membrane with TiO, layers was designed and pre-
pared, in which the TiO, layers were chemically linked to
the crosslinked polyamide layers of the membrane. In this
study, TiO,, one of the well known photo-catalysts effec-
tively degrading organics with UV light, was introduced
to the PA NF membrane by using 3-aminopropyltrime-
thoxysilane (APTMOS), titanium (IV) isopropoxide (TIP) to
improve its antifouling property. In particular, for this
membrane, SiO, layers were formed between the TiO,
layer and the crosslinked polyamide layer of the mem-
brane to protect the organic parts of the membrane from
the TiO, catalyzed UV degradation. The prepared mem-
brane with TiO, layers was then characterized using sev-

eral analytical methods: scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), X-ray dif-
fraction (XRD) and permeation tests. It was found that the
prepared membrane was stable; especially the TiO, layer
of the membrane was found to be stable after several times
of use for permeation test. The membrane showed a typi-
cal NF property, despite of the presence of the TiO, layer.
From long time tests with or without UV light, it was
found that there was good antifouling effect on the mem-
brane by the TiO, layer. © 2007 Wiley Periodicals, Inc. ] Appl
Polym Sci 105: 1267-1274, 2007
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INTRODUCTION

With growing concern about environment, mem-
brane technology has been attracting a great deal of
attention as one of the technologies most often used,
especially for the wastewater treatment and pure
water production. However, one of the problems
that one cannot be avoided is membrane fouling by
the contaminants in the feed water during the sepa-
ration process.' The materials contained in the feed
water adhere to the surface of the membrane, the
amount of the materials accumulating on it grow-
ing with help of the selective permeation of water
through the membrane. Especially, organic materials
that are sometimes sticky are the most notorious fou-
lants, which would eventually block the pores of the
membranes completely, bringing the membrane to
its failure.
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DISCOVER SOMETHING GREAT

To solve such problems, many different ways
have been tried so far and some of them were suc-
cessful; in particular, cleaning with chemical cleaners
was successful.®” However there is still a require-
ment to improve the antifouling properties of the
membrane and to come up with a better way to treat
the foulants accumulated on the membrane surface.
There was a report about antifouling study with a
membrane with TiO, layers on its surface.® They
claimed that the TiO, was good to protect the mem-
brane from the biofouling by E. coli. They found
good antifouling effect of TiO,, but they neglected
the fact the membrane they used was made of or-
ganic polymers so that it could be degraded by the
TiO, by the same degradation mechanism. They just
attached TiO, nanoparticles to the conventional poly-
amide nanofiltration (PA NF) membrane by the self-
assembly process.

With the fact that TiO, is good to give membrane
effective antifouling properties and that the mem-
brane should have a layer to prevent photodegrada-
tion, a new PA NF membrane with TiO, layers was
designed and prepared. The features of the mem-
brane prepared in this study were as follows: The
TiO, layers were connected to the crosslinked PA
layer of the membrane through the formation of the



1268

+—Ti0, layer
4—5i0, layer
*+—PA network

<+—Porous PSf support

i

IR e Wa W aw i

Figure 1 Schematic draw of the PA NF composite mem-
brane with a TiO, layer on its surface. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

S5i0,-TiO, hybrid layers as shown in Figure 1, in
which the SiO, layers were directly connected to the
PA layer by the formation of amide linkage. The pre-
pared membranes were then characterized using
various analytical instruments such as field emission
scanning electron microscope (FESEM), XRD, XPS,
and others. The antifouling properties of the mem-
branes were also studied. The details of this study
are elaborated as follows.

EXPERIMENTAL
Materials

Polysulfone (PSf) ultrafiltration (UF) membranes
with MWCO of about 30,000 g/mol, purchased from
the Fluid System Co., were used as a microporous
support. Monomers used for the formation of PA
active layers were piperazine (PIP), and trimesoyl
chloride (TMC) from Aldrich Company. ATMOS
and TIP from Sigma-Aldrich and P25 TiO, from
Degussa were used for the formation of TiO, layers
and SiO; layers on the PA composite membrane sur-
faces. Other chemicals used in this experiment were
used without further purification.

Preparation of PA composite membranes
with TiO, layers

PA composite membranes with TiO, layers were
prepared by the conventional interfacial polymeriza-
tion of PA active layers on microporous PSf sup-
ports, followed by the sequential treatment with
ATMOS, TIP and TiO, particles. The typical process
used in this study was as below: A PSf support
whose surface was cleansed with a dilute sulfuric
acid solution in water (0.01M) was dipped for about
1 min into a 1.0 wt % PIP solution in water, in which
1.0 wt % of triethyl amine (TEA) was also dissolved
as a catalyst, shaking sometimes. The surface of
the support was then rolled with a rubber roller to
remove the excess amount of the PIP solution
remained on it and immersed into a 0.05 wt % TMC
solution in hexane for 5 s for the interfacial polymer-
ization of PA active layers on the PSf support. After
which, it was kept in a hexane solution containing
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0.1 wt % 3-aminopropyltrimethoxysilane (APTMOS)
for 30 min and then again in 1.0 wt % TIP solution
in hexane for another 10 min. It was then immersed
in the isopropanol solution that contained 10 wt %
of distilled water and 1.0 wt % TiO, particles dis-
persed in the solution. The membrane prepared so
was then dried in air at room temperature for 2 h
and kept in distilled water before its use. The
unreacted TiO, particles, just accumulated on the
membrane surface, were removed by washing the
membrane in distilled water for several times.

Characterization

The surface and cross section morphology of the PA
composite membranes were studied with a field
emission scanning microscope (FESEM) (Model: XL
30, Philips, USA). X-ray diffractometery (XRD) (Model:
D/MAX IIIB Rigaku X-ray diffractometer) and X-ray
photoelectron spectroscopy (XPS) (Model: ESCALAB
MK-II, VG Scientific, England) were also used to char-
acterize the TiO, layers of the membrane surfaces.

Permeation tests

The PA composite membranes were tested with vari-
ous feed solutions such as 1000-ppm aqueous solu-
tions of PEG 600, NaCl and Na,SO; to determine
their permeation performances, using a general RO
test set-up. Using backpressure regulators controlled
the operating pressure, ranging from 100 to 400 psi.
Other test conditions were as same as in the previ-
ous report. Flux was measured by weighing the per-
meate penetrated through the membrane per unit
time and a solute rejection was calculated from the
concentrations of the feed solution and permeate
using the following equation:

. . Cf - Cp
Rejection = 100 ——+
G

where Cr and C, are the concentrations of the feed
solution and permeate, respectively. Cr and C, were
measured using a high performance liquid chroma-
tography (HPLC) (model Waters 501) that attached
with a differential refractometer R401 as a detector.

Tests for antifouling property of TiO, layers

To test the antifouling performance of TiO, layers
positioned on the membrane surface, UV light was
used. For this experiment, a medium pressure mer-
cury arc lamp was used to irradiate UV light on the
membrane surface for the membrane cleaning. While
operating the membrane, with 1000 ppm aqueous
solution of PEG 600 as a feed solution, after 3 h of
operation, it was stopped, and the membrane was



PA NF COMPOSITE MEMBRANES WITH TiO, LAYERS

1269

4] Q
| [
C—Cl c—Cl
HM NH + e
o—< — — W—C —nN N—
[ i W [ "o
0 : 0
PIP ™C Crosslinked PA
o]
J’I_HB—[CHm-Si—(Omh
Crosslinked +  NH—(CHz)y— Si—{(OMe)s
PA —_— —
- —h i
/Tl A,
APTMOS M1
(w00
1,1L_/,C'ﬁpfl
1
'-“.‘-""0
o T':/O'jm
N
M1 ., TOCHCH)ly —— )
oge)
lpr)

—N/_\N
LD

TIP

0=(L

M2

Figure 2 Reaction mechanism involved in the formation the PA NF composite membrane with TiO, and SiO, layers,

where ipr is —OCH(CH3),.

removed from the test cell and rinsed with just dis-
tilled water three times, without any physical treat-
ment to clean the membrane surface, and with or
without UV irradiation for 1 min. After cleaning, the
membrane was relocated on the cell and operation
was resumed again for another 3 h. This process
was repeated five times, measuring the flux and
rejection of the solute.

RESULTS AND DISCUSSION
Membrane preparation

The structural features of the PA NF composite
membrane with a TiO, layer prepared in this study
are such that the TiO, layer is connected to the
membrane by the chemical bond formation, and that
the SiO, layer, which is expected to work as a pro-
tecting layer of the membrane from the TiO, cata-
lyzed UV degradation, presents between the TiO,
layer and the crosslinked PA layer of the membrane
as shown in Figure 1. TiO; is one of the hydrophilic
photo-catalysts most often used for the photo-degra-
dation of organics. TiO, has an excellent property
of degrading organics with UV light irradiation.
Because of its organics degrading property, people

in environmental filed have often used it for their
purpose of wastewater treatment and so on” ! The
reason for us to use TiO, in this experiment was
both its good organics degrading performance and
its good hydrophilicity, to develop a functional PA
NF composite membrane with a good antifouling
performance.

For most of the membrane process for wastewater
treatment, fouling occurs at the surface of the mem-
brane by the concentration polarization effect caused
by the selective permeation of water through the
membrane. However, the easiness of the membrane
fouling depends on several chemical, physical fea-
tures of the membrane. For instance, a membrane
with hydrophobic surface is easier to be contami-
nated by the materials in the wastewater by the
hydrophobic-hydrophobic interaction than a mem-
brane with hydrophilic surface. Also, when a mem-
brane has rougher surface, it’s easier for the foulants
to be accumulated on the surface of the membrane.
Considering these factors for the membrane fouling,
it can be suggested that a membrane with a hydro-
philic and smooth surface has better antifouling per-
formance. In addition to that, when the membrane
has functionality to easily remove the foulants from
the membrane surface, it will be better.

Journal of Applied Polymer Science DOI 10.1002/app
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So, TiO, was used in this study to form a PA NF
membrane with good antifouling performance, and
that is expected to be easy to remove the accumu-
lated foulants by the TiO, catalyzed UV degradation.
In the coating process of TiO, on the PA NF mem-
brane surface, TiO, was chemically connected to the
membrane by the reaction mechanism as shown in
Figure 2 to improve the stability of the TiO, layer.
Another structural feature of the prepared mem-
brane, SiO, layer was also formed by the reaction
mechanism of Figure 2 to protect the organic parts
of the membrane from the UV degradation.

Expecting that the TiO, layer of the membrane
will effectively photo-degrade the foulants accumu-
lated on the top of the TiO, layer, it has also to be
taken care of the organic parts of the membrane
positioned below the TiO, layer, because without a
protecting layer, it is certain that the organic part of
the membrane will also be photo-degraded by the
TiO, through the same UV degradation process of
the foulants. So, SiO, layer was formed between the
TiO, layer and the crosslinked PA layer of the mem-
brane in this study.

Figure 2 shows the details of the reaction mecha-
nism involved in the formation of the PA NF mem-
brane with TiO, layer. For the preparation of the
membrane, as explained in the Experimental section,
interfacial polymerization technique, using PIP and
TMC as monomers, was used, followed by the sub-
sequent treatment with APTMOS and TIP. On the
surface of the microporous PSf support, interfacial
polymerization of PIP with TMC occurred, forming
thin crosslinked PA layers. During the interfacial po-
lymerization, however, not all of the —COCI groups
of the TMC reacted with PIP, so that some of the
—COCl groups remained unreacted. We used these
unrecated —COCI groups to form chemical bonds
with TiO; layers. Amino group of the APTMOS that
is the precursor of SiO, reacted with the —COCI
groups to form amide linkages, as one can see from
the Figure 2. Then the APTMOS reacted further with
TIP to form the structure M1 of the Figure 2. The
APTMOS and TIP were then transformed into SiO,
and TiO,, respectively, by the addition of water/iso-
propanol mixture solution in which 10 nm sized an-
atase TiO, particles were dispersed. By doing so,
TiO, layers and SiO, layers were successfully formed
on the surface of the PA NF membrane. The amide
linkages acted as bridges connecting TiO, layer to
the membrane.

Characterization
FTIR (ATR)

To see the formation of layers of TiO, and SiO, on
the membrane surface, FTIR-ATR spectra were taken

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 FTIR-ATR spectra taken at each step of the for-
mation process of the PA NF composite membranes with
TiO, layers; (a) just the PA-NF composite membrane, (b)
after coating with APTMOS, (c) after coating with TIP.

as shown in Figure 3. During the formation process
of the PA NF membrane with TiO, layers, FTIR
spectra were taken from each step. Figure 3(a) shows
the FTIR-ATR spectrum of the surface of the PA NF
membrane before coating with APTMOS, showing a
strong —C=0 stretching peak at 1700 cm™'. Figure
3(b) shows the one after coating with APTMOS,
which shows Si—O stretching peaks around 1000-
1100 cm™'. After coating with TIP on the top of the
APTMOS layer, the spectrum became very much dif-
ferent as shown in Figure 3(c). The —C=O stretch-
ing of the amide linkage of the crosslinked PA layer
became very weak, indicating that the membrane
surface was fully covered by the TIP layer. From
these spectra, it was proved that the SiO, layer and
TiO, layer were successfully formed on the surface
of the PA NF membrane.

FESEM

Figure 4 shows the FESEM photographs of the sur-
face and the fracture of the PA NF membranes with
and without TiO,. It is found that the structure of
the microporous PSf support is the combination of
finger-like structure and sponge-like structure. The
micro-pores were developed on the skin layer of the
PSf support [Fig. 4 (a)]. Figure 4(b) shows the mor-
phology of the membrane surface covered by nano-
sized TiO, particles. From these photographs, it is
possible to see the TiO, particles on the membrane
surface but the distinction between the crosslinked
PA layer and TiO; layer is hard to be observed.
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Figure 4 FESEM photographs of TiO, containing surface of the PA NF composite membrane; (a) Fracture, (b) Surface, (c)

PA NF membrane without TiO,.

XPS and XRD

To prove the formation of TiO, layers on the mem-
brane surface, the XPS graph and the XRD pattern
were also obtained as shown in Figures 5 and 6. The
sharp peak of Ti 2p at 458 eV of the XPS graph
strongly indicates the presence of the TiO, layers on

Ti 2p

ua lllﬂ llll llll l-lI! IIII l.':ﬂ IS6 154 us2
Binding Energy(eV)

Figure 5 XPS graph of the TiO, containing surface of the
PA-NF composite membrane.

the membrane. The XRD pattern obtained from the
membrane also confirms the presence of the TiO,
layer. The sharp two peaks at around 25 degree of
26 of the XRD pattern strongly indicate the presence
of the anatase TiO, particles on the membrane sur-

Figure 6 XRD patterns of the TiO, containing surface of
the PA NF composite membrane (box: XRD patterns of the
anatase TiO, powder).

Journal of Applied Polymer Science DOI 10.1002/app
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face, as compared with the XRD pattern in a small
box of the Figure 6 that was obtained separately
from anatase TiO, powder sample. From these data,
it is certain that the TiO, layer containing anatase
TiO, particles was formed on the surface of the
membrane.

Permeation performance

To figure out how the TiO, layer formed on the sur-
face of the membrane affects on the permeation per-
formance of the membrane, the flux and rejection of
the PA NF membranes with TiO, were compared
with those of a PA NF membrane without TiO,. The
PA NF membrane without TiO, layers used in this
study as a reference was prepared by the exactly
same process as the membrane containing TiO,
layers, using same monomers and same interfacial
polymerization conditions, except for using TiO,.

Figure 7 shows the flux and rejection of the PA
NF membrane without TiO, layers, when three dif-
ferent feed solutions (1000 ppm aqueous solutions of
NaCl, Na,SO,, and PEG 600) were used at 25°C. As
expected, this membrane showed a typical NF per-
formance: relatively high flux at moderate pressures
and high rejections of divalent ions (SO,*") and low
molecular weight organics (PEG 600), but low rejec-
tion of NaCl, monovalent ion. The flux appeared to
be dependent on the feed solutions used, exhibiting
size effect of the solutes of the feed solutions. The
flux for the NaCl solution was about 2.5 m’>/m?day
at 200 psi, while the others were in the range of
1.5 m®/m?day. The behavior of the flux, depending
on the feed solutions, is because this membrane was
a NF membrane. In general, a NF membrane is
known to have pores on its surface whose size is in
the range of 1 nm. Because of the nanometer size
pores, the permselective properties of a NF mem-
brane are different from those of a RO membrane
that is believed to have no pores on its surface. Rela-
tively bigger size solutes such as Na,SO, and PEG
600 have a tendency to plug the pores while the feed
solutions penetrate the membrane, reducing the flux.
However, small size solutes such as NaCl have less
resistance from the membrane for its penetration,
causing a high flux. This kind of flux behavior
depending on the feed used is closely related to the
solute rejection. The rejection of solutes is strongly
dependent on the size of the solutes as well as the
number of charges of the solutes. Usually large size
solutes with higher charges show a high rejection. In
this study, the rejection of the Na,SO, and PEG 600
of this membrane was also fairly high, more than
80% at 200 psi, while that of the NaCl was as small
as 30%.

Figure 8 shows the flux and rejection of the mem-
brane having TiO, layers. Its performance turned

Journal of Applied Polymer Science DOI 10.1002/app

MO ET AL.

u L) L T T
0 100 200 00 400
Pressure [psi)
100
m 1 L+ 28 PR —
G
80 e
=
g
S g0 ——
ﬁ cogress 8,80,
c 504 —y— PEGEM
-]
6 9
)
X - .—__—-—-.—._,__.—.
(13
20 4
10 -
u T T L T
0 100 200 300 400

Pressure [psi)

Figure 7 Flux and rejection of the PA NF composite
membrane without TiO, layers, Feed solutions: 1000 ppm
aqueous solutions of NaCl, Na,SO,, and PEG 600.

out to be quite different from the membrane without
TiO, layers. By coating the TiO, layers, over all flux
of the membrane improved by about 28%, but the
rejection pattern became completely different. As
shown in Figure 8(b), at 200 psi the rejection of both
Na,SO,4 and PEG 600 are about 70 and 80%, respec-
tively, decreasing with increasing operating pressure.
The rejection of Na,SO, decreased substantially from
90 to 70% by coating the membrane with TiO,
layers, while the rejection of PEG 600 remained con-
stant. The rejection of NaCl also slightly decreased.
The variation of the membrane performances maybe
due to the change in the chemical property of the
membrane surface and different degree of crosslink-
ing of the PA layers of the membrane induced by
the coating of TiO; layers.
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Figure 8 Flux and rejection of the PA NF composite
membrane with TiO, layers, Feed solutions: 1000 ppm
aqueous solutions of NaCl, Na,SO,, and PEG 600.

First of all, by coating the surface of the PA NF
membrane with TiO,, the chemical property of the
membrane surface transformed from crosslinked PA
layers with —COOH groups to TiO, layers, so that
the anionic character of the membrane changed into
nonionic state. Because of this change in the surface
chemistry, the repulsion between the anionic groups
of —COO™ of the membrane surface and SO4%~
from feed solution became very week, causing low
rejection of NaySO,. As a result, the rejection of
Na,SO, decreased to 70% by coating the TiO, layers.
However, PEG 600 without any charges was not
affected, showing similar rejection ratio of about
80%. The rejection of NaCl also did not change sub-
stantially.
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The flux increase by coating with TiO, layers can
be explained by the slight decrease in the croslinking
degree of the crosslinked PA layers of the membrane
with TiO; layer. Even though it is not easy to prove
analytically, it is evident when considering the mem-
brane preparation process. For the membrane prepa-
ration of the membrane with TiO, layers, the time
for the interfacial polymerization of PIP with TMC
was not long enough to have enough degree of
crosslinking. Since APTMOS was consecutively
reacted with the —COCI groups of the TMC right
after the reaction with PIP, there was less chance for
the amine groups of PIP to react with —COCI
groups of TMC to give higher degree of crosslinking.
The resulting lower degree of crosslinking of the PA
layer produced relatively larger pores on the mem-
brane, and the rejection decreased and flux increased
substantially.

Antifouling properties

Figure 9 shows the normalized flux of the two types
of membranes as a function of the operating time
under different operating conditions. One of the
membranes was the PA NF composite membrane
without TiO, layers and the other was the PA NF
composite membrane with TiO, layers. The feed so-
lution used for this experiment was 1000 ppm aque-
ous solution of PEG 600.

When the membrane without TiO, layers was
used, with periodic membrane cleaning with only
water without UV irradiation on the membrane sur-
face every 3 h of operation, the flux decline with
time was as serious as seen in the Figure 9. This
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Figure 9 Behaviors of flux decline as a function of operat-
ing time using different types of membranes under differ-
ent conditions.
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kind of flux decline was improved by the exposure
of the membrane to UV light for 1 min in the mem-
brane cleaning stage, up to 9 h of operation, but after
that the flux decline became also very fast.

However, when the membrane with TiO, layers
was used, even without the UV irradiation, the flux
decline became less significant. After 15 h of opera-
tion, only about 7% of flux was decreased. When UV
light was irradiated on the membrane surface for
cleaning, the cleaning effect became very good and
the flux decline became almost negligible. Up to fif-
teen hours of operation, the flux decline was <2%.

From this result, it became evident that the TiO,
layers coated on the NF PA membrane was effective
for preventing the membrane from fouling. Also
degradation of organics by the UV light with the aid
of TiO, catalysis reaction improved the efficiency of
the membrane cleaning with water, recovering the
membrane flux.

CONCLUSIONS

A PA NF composite membrane with TiO, layers
chemically connected to the polyamide layers of the
membrane can be prepared by the consecutive treat-
ment with APTMOS and TIP right after formation of
PA NF composite membrane by the interfacial poly-
merization of PIP and TMC on the surface of micro-
porous support. The TiO, layers coated on the outer-
most surface of the membrane was effective to
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improve the antifouling property of the membrane
by changing the membrane surface into nonionic
hydrophilic state, and by helping cleaning of the
membrane surface through the photo-degradation of
the organic foulants. The TiO, coating onto the PA
NF membrane was not harmful for the performance
of the membrane. The flux and rejection of the mem-
brane after coating with TiO, was in the range of
nanofiltration.
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